FINAL REPORT

MAY 2017

Dominic M. Di Toro

Herbert E. Allen

Stanley I. Sandler

Dave Ta Fu Kuo

Tifany L. Torralba—Sanchez

Yuzhen Liang

University of Delaware Newark, DE

Ronald T. Checkai

Roman G. Kuperman

Michael Simini

U.S. Army Edgewood Chemical Biological Center

Geoffrey I. Sunahara

Jalal Hawari

Sabine G. Dodard

National Research Council Canada, Biotechnology
Research Institute

This document has been cleared for public release

Py SERDP

DOD = EPA = DOE




Page Intentionally Left Blank



This report was prepared under contract to the Department of Defense Strategic
Environmental Research and Development Program (SERDP). The publication of this
report does not indicate endorsement by the Department of Defense, nor should the
contents be construed as reflecting the official policy or position of the Department of
Defense. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the Department of Defense.



Page Intentionally Left Blank



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

The public reporting burden for this collection of infarmation is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other
aspect of this collection of information, including suggestions for reducing the burden, to Depariment of Defense, Washington Headquarters Services, Directorate for Information
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other
provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) | 2, REPORT TYPE
05/31/2017 Final Report

3. DATES COVERED (From - To)
8/19/2010 - 8/18/2013

4. TITLE AND SUBTITLE

Developing Quantum Chemical and Polyparameter Models for Predicting
Environmentally Significant Parameters for New Munition Compounds

5a. CONTRACT NUMBER
W812HQ-10-C-0057

§b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)
Dominic M. Di Toro
Herbert E. Allen
Stanley I. Sandler

5d. PROJECT NUMBER
ER-1734
5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
University of Delaware

Department of Civil and Environmental Engineering
Pierre S. Du Pont Hall, 127 The Green

Newark, DE 19716

8. PERFORMING ORGANIZATION
REPORT NUMBER

ER-1734

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Strategic Environmental Research and Development Program
4800 Mark Center Drive, Suite 17D03

Alexandria, VA 22350-3605

10. SPONSOR/MONITOR'S ACRONYM(S)
SERDP

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

ER-1734

12. DISTRIBUTION/AVAILABILITY STATEMENT
Public distribution; unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The project objectives as stated in the statement of need (SON) are to (1) Improve methods for the prediction of physical
properties relevant for assessing environmental fate and transport, and (2) Develop predictive models to assess the
bioaccumulation of the chemical in relevant environmental receptors (plants, and soil invertebrates). The models will be
used to assess the environmental impact of new munitions compounds. Models that fulfill these objectives have been

developed in this project as described below.

15. SUBJECT TERMS

Quantum Chemical, Polyparameter Models, Munition Compounds, cuticular membranes, Equilibrium Partitioning, Interstitial

Water, Munitions Component, Quantum Mechanics,

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF | 18. NUMBER| 1%a. NAME OF RESPONSIBLE PERSON
a. REPORT | b.ABSTRACT | c. THISPAGE| ABSTRACT E:GES Domiinic Di Toro

19b. TELEPHONE NUMBER (Include arsa code)
UNCLASS | UNCLASS | UNCLASS [UNCLASS 378 302-831-4092

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18



Page Intentionally Left Blank



TABLE OF CONTENTS

LIST OF TABLES ... .ottt bbbt viii
LIST OF FIGURES ...ttt st naanaanes Xiv
LIST OF ACRONYIMS ..ottt bbb XXIX
KEYWORDS ... oottt et e et e e s ae e e nnneeennneeea XXXII
ACKNOWLEDGEMENTS ..ottt XXXili
ABSTRACT e e e nnae e nes XXXIV
1  OBJECTIVES AND BACKGROUND ......ccccotiiiiniiieiene e 1
1.1 OVerall ODJECTIVE .......ooviiiiiiicieiieee e 1
1.2 Abraham Polyparameter Model............ccccoovviiiieiiciie e, 2
1.2.1 Estimating Abraham Solute Parameters ............c.ccocvvvvniviieiienennen, 4
1.2.2 ABSOLYV Estimates of Abraham Solute Parameters for Munitions
COMPOUNGS ... 5

1.2.3 Quantum Chemical Estimates of Abraham Solute Parameters for
MUNItioNS COMPOUNGS.......ccveiviriiriiriieieieie e 6
1.3 Bioconcentration Model for PlantS..........ccccoiviininnenenesesseseeieieen 9
1.3.1 Plant-Water Partitioning ..........ccocueeriririeneiese e, 9
1.3.2 Plant-Cuticle Partitioning Model ...........cccccoeviiiiiiiiiiieiecen, 10
1.3.3 Plant Concentration Model ..........cccccooveriieviiinnieieeeeece e 12
1.4 Bioconcentration Model for Oligochaetes...........ccovveviveveiieieeiesieneen, 13
1.4.1 Lipid-Water and Protein-Water Partitioning .............ccccceevervenene 14

1.4.2 Lipid—Water and Protein—Water pp—LFERs and Prediction of

OligoChaete BCFS ..o 14
1.5 Bioconcentration Model for FiSh..........cccccoovviiiiiiniiiieesee, 17
1.6 Model Performance and Applicability to Munitions Compounds........... 20
REFERENCES ...ttt bbb 24

2 EXPERIMENTAL DETERMINATION OF SOLVENT-WATER PARTITION
COEFFICIENTS AND ABRAHAM PARAMETERS FOR MUNITION
CONSTITUENTS ..o 25

2.1 INETOAUCTION ...ttt e ettt e e e e e e e e e aeanaas 25

2.1.1 Polyparameter Linear Free Energy Relationships (pp-LFERS)...28
i



2.1.2 Octanol-Water Partition Coefficient.........cccoeeevevieeeoeeeeeeee, 29

2.2  Materials and Methods..........ccooviieiiniiiieseee e 29
2.2.1  MALEIIAlS ..o 29
2.2.2 Selection of Solvent-Water Partitioning Systems.............cccc.c..... 30
2.2.3 Experimental Methods..........ccccovevveiieiiiiececce e 30
2.2.4 Determination of Abraham Solute Parameters...........c.cccccvevuennen. 31
2.2.4.1 McGowan Characteristic Volume (V) ....cccccoveevevvenenne. 31
2.2.4.2 Excess Molar Refraction (E)........cccccoovvvvniniiininicnenn, 31

2.2.4.3 Dipolarity/Polarizability (S), Hydrogen-Bond Acidity (A), and
Hydrogen-Bond BasiCity (B) .......ccccocerireniniinieieiene, 32
2.3 ResUlts and DISCUSSION ........coueiueiieiiiiiisiisieieeenie et 32
2.3.1 Validation of Experiment ReSUILS.........ccccoeiiiiiiiiiiiiiiccee, 32
2.3.2  Analysis of Experiment ReSUltS..........cccccevveiiiieiiecc e, 33
2.3.3 Correlation of Partition Coefficients...........cccccvvvvvivereninieniennn, 36

2.3.4 Analysis of the Experimentally Derived Abraham Parameters...36
2.3.5 Comparison of Solvent-Water Partition Coefficients between

Experimental Measurements and Model Predictions .................. 38

2.3.6 Comparison of Physico-Chemical Properties between Experimental
Measurements and Model Predictions..........ccocovvveneneeienninniennn, 40
2.4 Summary and COoNCIUSIONS ........c.ccoviiririeieieiere e, 42

SUPPLEMENTARY INFORMATION FOR: EXPERIMENTAL DETERMINATION
OF SOLVENT-WATER PARTITION COEFFICIENTS AND ABRAHAM
PARAMETERS FOR MUNITION CONSTITUENTS ..o, 48

QUANTUM CHEMICALLY ESTIMATED ABRAHAM SOLUTE PARAMETERS
USING MULTIPLE SOLVENT-WATER PARTITION COEFFICIENTS AND

MOLECULAR POLARIZABILITY .ottt 61
T80 A 101 oo [0 Tox 1 o o IS 61
3.2 Materials and Methods.........c..coveiiiiiiie i 64
3.2.1 Data Compilation........cccccveveiiieiiiiesee e 64
3.2.2 ESHMALING B s 65
3.2.3 Determining S, A, and B........ccooviieiiiiiiee e 66
3.3 ReSUItsS and DISCUSSION ......ccvieivieiieciiie e eiiee st sre et 67
3.3.1 Determining E Independently...........cccccvevviieieiienienn e 67
3.3.2 Comparisons between ABSOLYV and QCAP for Various Solvent-Water
SYSEEIMS . 68



3.3.3 Comparisons between ABSOLV and QCAP for Munition Constituents
and Munition-like Compounds ...........cccevereiinininesceeee, 69
3.3.4 Adjusted Quantum Chemically Estimated Abraham Parameters (Adjusted

3.3.5 Comparison of QCAP and Adjusted QCAP .......c.ccceeveievvernenne. 73
3.3.6 Comparisons between ABSOLV, QCAP, and Adjusted QCAP for
Various Solvent-Water SYStems .........cccccveveiiieieereciie e 73
3.3.7 Comparisons between ABSOLV, QCAP, and Adjusted QCAP for
Munition Constituents and Munition-like Compounds ............... 74
3.3.8 Comparison of Adjusted QCAP and COSMOments................... 75

3id  CONCIUSIONS. ...ttt eaea e 77

REFERENGCES ... .ot 78

B

SUPPLEMENTARY INFORMATION FOR: QUANTUM CHEMICAL
ESTIMATED ABRAHAM SOLUTE PARAMETERS USING MULTIPLE
SOLVENT-WATER PARTITION COEFFICIENTS AND MOLECULAR
POLARIZABILITY Lo 85
QUANTUM CHEMICAL ESTIMATED ABRAHAM SOLUTE PARAMETERS
USING MULTIPLE SOLVENT-WATER PARTITION COEFFICIENTS AND
MOLECULAR POLARIZABILITY: SUPPLEMENTARY INFORMATIONS87

REFERENCES ... .o 108

4

QUANTUM CHEMICALLY ESTIMATED ABRAHAM SOLUTE AND SYSTEM
PARAMETERS FOR SOLVENT-WATER AND PLANT CUTICLE-WATER

PARTITION COEFFICIENTS......oi ittt 109

T 101 1 0o (8 o1 [ 109

4.2 Materials and Methods...........cooiiiiiiiiiiii e 111

4.2.1 Partition Coefficient Data ...........ccccveeeviiviieiiiiiiiee e 111
4.2.2 Determination of System Parameters using Estimated Solute Parameters

.................................................................................................... 111

4.3 Results and DISCUSSION .......ccveeiiuiieiiriie e crie et srre e srae e srae e rne e 112

4.3.1 Analysis of the Refitted Models for Solvent-Water Systems....112
4.3.2 Comparison of the Original and Refitted Models for Solvent-Water
SYSLEIMS .ttt 114
4.3.3 Comparison of QCAP and ABSOLYV for Solvent-Water Systems116
4.3.4 Comparison of QCAP and ABSOLYV for Solvent-Water Partitioning for

MuUnition CONSEITUENTS. ........ccverieiie e 117

4.3.5 Comparison of QCAP and ABSOLYV for Plant Cuticle-Water Partitioning
.................................................................................................... 118
A4 CONCIUSIONS. ...c.tiiiiiitieitieie ettt sttt neenae e 120



REFERENCES ..o 121

D SUPPLEMENTARY INFORMATION FOR: QUANTUM CHEMICALLY
ESTIMATED ABRAHAM SOLUTE AND SYSTEM PARAMETERS FOR
SOLVENT-WATER AND PLANT CUTICLE-WATER PARTITION
COEFFICIENTS ...t s 125

E  SUPPLEMENTARY INFORMATION FOR: QUANTUM CHEMICALLY
ESTIMATED ABRAHAM SOLUTE AND SYSTEM PARAMETERS FOR
SOLVENT-WATER AND PLANT CUTICLE-WATER PARTITION

COEFFICIENTS ..ottt 126
5 BIOCONCENTRATION FACTORS AND PLANT-WATER PARTITION

COEFFICIENTS OF MUNITIONS COMPOUNDS IN BARLEY ............... 133

T8 A 101 oo [0 Tox 1 o o SRS 133

5.2  Materials and Methods.........cccooeiiiiiiiiiincee e 137

5.2.1 Chemical and REAgENTS..........coovririririeieiee e 137

5.2.2 Plant Growth Conditions...........ccocueiireieieieniieseses e 137

5.2.3  Preliminary TeSTS ......cccoeierireriierisie e 138

5.2.3.1 Plant Growth in Sand..........cccccevereniiieninieseeeees 138

5.2.3.2 TOXICItY SCreENING .....cevvivieeeieierie et 138

5.2.4 Bioconcentration Uptake ASSAYS........ccevvevveiieieeiieseesieaseesnens 138

5.2.5 Plant-Water Partitioning.........c.ccocervvrimieiinene s 139

5.2.6  Analytical Methods...........cccoevieiieieieceece e 140

5.2.7 Data ANAIYSES ......ooviiiiiiieieieriese e e 140

5.3 Results and DISCUSSION .....c.ccueiuiiieiiiiiisisieieiesie et 140

5.3.1 Preliminary TeSS ......cccoeiiieririsierisiee e 140

5.3.1.1 Plant Growth in Sand.........ccccoevereniiienisisieeeieene 140

5.3.1.2 TOXICItY SCrEENING .....cviriieiiirieiierieeie e 140

5.3.2 Bioconcentration Uptake ASSAYS........cccevvevuerivereeiiesieenieareesenns 141

5.3.3 Plant—Water Partitioning vs. Uptake............cccooereniininnininnnnn, 144

5.4 CONCIUSIONS......coiiiiiiiiiiieieie et 148

REFERENGCES ...ttt sttt e e e 149

F SUPPLEMENTARY INFORMATION FOR: BIOCONCENTRATION FACTORS
AND PLANT-WATER PARTITION COEFFICIENTS OF MUNITIONS
COMPOUNDS IN BARLEY ..ot 155

Literature Data for Plant Uptake of Munitions Compounds (MCs). .............. 157

iv



MCS aNA MLCS STUTIE. ...t e e e e e e, 165

Plant Growth ConditioNS...........ccovveriiieiieir e 167
Plant Growth in SANd..........coeiiiiiiiiiesicee e 167
High Performance Liquid Chromatography (HPLC) Analytical Method ......168
TOXICILY SCIEENING ..c.vveveiie ettt aeenae e 169
Bioconcentration Uptake ASSAYS .......ccooeririiinieieieiesie st 203
Procedure for Extraction of MCs and MLCs from Plant Biomass........ 203
Plant—-Water Partitioning VS. BCF..........cccoooiiiiiiiiiiccec e 211
REFERENCES ...ttt bttt 221
6 ESTIMATING GRASS-SOIL BIOCONCENTRATION OF MUNITIONS

COMPOUNDS FROM MOLECULAR STRUCTURE.........cccccoevviviieieinn 223
6.1 INErOAUCTION.....uiiiiiic et 223
6.2 MEethOdOIOgY .....cceeeeeiiiee e s 224
6.2.1 Basis for Modeling Approach..........cccoceveieneieninienieeeees 224

6.2.2 Polyparameter Linear Free Energy Relationship (pp—LFER) Models 226
6.2.2.1 Plant Cuticle-Water pp—LFER .........ccccovviiiiiiiiiienn, 226
6.2.2.2 Soil Organic Carbon—-Water pp—-LFER....................... 227
6.2.3  Experimental Data ..........cccccoveiiiiniiieeeee e 227

6.2.3.1 Plant Cuticle-Water Partition Coefficients (Kcut) Data229

6.2.3.2 Data from Plant Uptake ASSays.........ccccoovrviriieiennennn. 230

6.2.4 Estimation of Concentrations in Plants Observed in Independent Uptake
ASSAYS .. s 230
6.3  ReSUlts and DISCUSSION .....cc.cvveruiiieriiiiiiinieieie et 231
6.3.1 Plant Cuticle-Water pp—LFER .........cccooiiiiiiiiiiece 231

6.3.1.1 Plant Cuticle-Water pp—LFER Including MCs and MLCs 233

6.3.2 Estimation of Concentrations in Plants Observed in Independent Uptake

AASSAYS .ttt 235
6.4 CONCIUSIONS... .o 239
REFERENGCES .....oeotitititet s 240



G SUPPLEMENTARY INFORMATION FOR: ESTIMATING GRASS-SOIL
BIOCONCENTRATION OF MUNITIONS COMPOUNDS FROM MOLECULAR
STRUGCTURE ...ttt 247
MCs and Munitions—Like Compounds (MLCS) .......ccccoevirininiinininicieienn, 249
Transport of Munitions Compounds (MCs) between Soil and Plant.............. 251
Comparison of pp-LFERs for Soil Organic Carbon-Water Partition Coefficients (Koc)

............................................................................................................... 254
Polyparameter Linear Free Energy Relationship (pp—LFER) Models ........... 257
Estimation of Concentrations in Plants Observed in Independent Uptake Assays 262

Estimation of Concentrations in Plants Observed in Independent Uptake Assays

Including the Contribution from Carbohydrates........................ 266
REFERENGCES ...ttt be st na e e e 269

7 PREDICTING OLIGOCHAETE WORMS-SOIL BIOCONCENTRATION OF
MUNITIONS COMPOUNDS FROM MOLECULAR STRUCTURE ......... 273
7.1 INrOAUCTION....cctiiiiiicicee et 273
7.2 MethOdolOgy ......c.ooveiiiiiiieiee e 275

7.2.1 Estimation of Oligochaete Worms Bioconcentration Factors (BCFs) 275

7.2.2 Polyparameter Linear Free Energy Relationship (pp—LFER) Models 276

7.2.2.1 Lipid-Water and Protein~Water pp—LFER:s............... 276
7.2.2.2 Soil Organic Carbon-Water pp—LFER...........ccccenenee. 278
7.2.3 Experimental Data .........c.cccecvveiieieiie e, 279
7.2.3.1 Oligochaete Worms Bioconcentration Factors........... 279
7.2.3.2 Concentrations in Oligochaete Worms........................ 280

7.2.4 Prediction of Concentrations in Oligochaete Worms Observed in
Independent Uptake ASSAYS........ccivereiieieeriesieseesie e sieenee s 280
7.3 Results and DISCUSSION ........cccovuiririeeiiiie et 281

7.3.1 Lipid—Water and Protein—Water pp—LFERs and Estimation of

Oligochaete WOrms BCFS .......ccooviiiiiiiiiie e 281

7.3.2 Prediction of Concentrations in Oligochaete Worms Observed in
Independent Uptake ASSAYS........ccoieeierierieerienieneenie e 289
T4 CONCIUSIONS......coiiiiiiiiiiiieieie e 293
REFERENGCES ...ttt sttt e e e 294

Vi



H SUPPLEMENTARY INFORMATION FOR: PREDICTING OLIGOCHAETE
WORMS-SOIL BIOCONCENTRATION OF MUNITIONS COMPOUNDS FROM

MOLECULAR STRUCTURE .....oooiiiieiiiiseeiee e 300
Munitions Compounds (MCs) and Munitions-Like Compounds (MLCs) .....302
Oligochaete Worms Bioconcentration Factors (BCFS) .........cccccevvivciivenenne. 304
Prediction of Concentrations in Oligochaete Worms Observed in Independent Uptake
AASSAYS ..ttt r e pns 321
8 CONCLUSIONS AND IMPLICATIONS FOR FUTURE
RESEARCH/IMPLEMENTATION ..ottt 332
FULUIE RESBAICI ...ttt nreas 332
REFERENCES ...ttt 334
|  PRESENTATIONS AT CONFERENCES AND PUBLICATIONS GENERATED
FROM THIS PROJECT ..ottt 335
.1 Presentations at CONFEIENCES ........ccoovvevieriiiieiieie e 335
1.2 Peer-reviewed Publications.............ccccovveiiiiciicic e, 337

vii



Table 1-1

Table 1-2

Table 1-3
Table 1-4
Table 2-1

Table 2-2

Table 2-3

Table 2-4

Table A-1
Table A-2
Table A-3

Table A-4

Table A-5

Table A-6

Table 3-1

Table B-1

Table B-2

Table B-3

Table B-4

LIST OF TABLES

Abraham pp-LFER MOGEIS. ... 3
Equations for the prediction of concentrations in plants exposed to MCs, or
MLCs, in soil and sand or water CUItUre. ........c.ceevvvviieeiiciiee e, 12
A partitioning—based oligochaete bioconcentration model®.................... 17
Equations for fish BCF Model. ... 21
Physical and chemical croperties of munition constituents. .................... 27

Validation of partition coefficients measured in this study by comparison with
literature reported VaIUES. .........cccvevveieiiiee e 34

Summary of the measured solvent-water partition coefficients. ............. 35

List of ABSOLV estimated (ABSOLV-AP), literature reported, and

experimentally derived (Exp-AP) Abraham parameters. ..........cccccceevene. 37
List Of SyStem Parameters. ........cccvevveeeieeie e 49
Solute descriptors collected from literature. .........ccoocevevevieniesieeneeiennn, 50
The statistics of the experimentally derived Abraham parameters.......... 51

Solvent-water partition coefficients from literature compilations, experimental
measurements, and model predictions. ............ccceveiveiiene e, 53

List of pp-LFERs used for model validation. ............c.ccccoovniniinincnnne, 54

Physical-chemical properties of experimental measurements and model
PIEAICTIONS. ...ttt 55

Linear equations? for Adjusted QCAP solute parameters E, S, A, B, and V.73

Residuals of COSMO-SAC predicted solvent-water partition coefficients and
summary statistics. Located in Chapter_3_Appendix B_Tables.xlsx file.85

System parameters used for computing Abraham solute parameters. Located in
Chapter_3_Appendix B_Tables.xIsx file........c.ccccooviviiiiiiiiiciiciicen, 85

COSMO-SAC predicted solvent-water partition coefficients (as well as the
corresponding solute and system parameters) used for computing QCAP solute
parameters. Located in Chapter_3_Appendix B_Tables.xlIsx file. .......... 85

Polarizability and solute parameters (QCAP, ABSOLYV, and UFZ-LSER).
Located in Chapter_3_Appendix B_Tables.xlIsx file..........c.cccevvrrnnnnn. 85

viii



Table B-5

Table B-6

Table B-7

Table B-8

Table 4-1

Table D-1

Table D-2

Table D-3

Table D-4

Table D-5

Table F-1

Table F-2

Table F-3

Table F-4

Experimental and predicted (ABSOLV, QCAP, and Adjusted QCAP) solvent-
water partition coefficients. Located in Chapter_3_Appendix B_Tables.xlIsx file.

RMSEs of prediction (ABSOLV, QCAP, and Adjusted QCAP) of solvent-water
partition coefficients. Located in Chapter_3 Appendix B_Tables.xlIsx file. 85

Solute parameters (ABSOLV and QCAP) and partition coefficients (observed,
ABSOLYV, QCAP, and Adjusted QCAP) for munition constituents and munition-
like compounds. Located in Chapter_3_Appendix B_Tables.xlIsx file. ..85

Comparison of the estimated (QCAP, Adjusted QCAP, and COSMOments) and
experimentally-based solute parameters. Located in Chapter_3_Appendix
B_Tables.XISX file. ..o 86

The literature (original), QCAP, and ABSOLYV system parameters® for selected
SY SIS, Lttt ettt ras 113

Experimental and predicted solvent-water partition coefficients as well as
ABSOLYV and QCAP solute parameters. Located in Chapter_4_Appendix
D_Tables.XISX Flle. ..c.coeiieieee e 125

Refitted system parameters determined using QCAP solute parameters. Located
in Chapter_4_Appendix D_Tables.xIsx file. ..o, 125

Refitted system parameters determined using ABSOLYV solute parameters.
Located in Chapter_4 Appendix D_Tables.xIsx file. ........ccccccevvverrnns 125

Summary of the RMSEs of prediction of partition coefficients. Located in
Chapter_4_Appendix D_Tables.xIsX file. .........cccooevvniiniiniiiiiee 125

Experimental and predicted solvent-water partition coefficients, together with
ABSOLYV and QCAP solute parameters, for munition constituents. Located in
Chapter_4_Appendix D_Tables.xIsx file. .........cccooevviieiiiiiiiiiee 125

Literature data for concentrations of MCs in plants grown in soil during uptake
R T: YA T PSR OPR O PPRROPPROPPN 157

Literature data for MCs bioconcentration factors (BCFs) in plants grown in soil
dUriNg UPLAKE @SSAYS. ...evveeveerieirieie e e etestee e et ens 163

Selected characteristics and physicochemical properties of the MCs and MLCs
] (010 [ =T SRS 165

Composition of aqueous solution used to supply nutrients for plant growth in
Y 21 OSSR 167



Table F-5

Table F-6

Table F-7

Table F-8

Table F-9

Table F-10

Table F-11

Table F-12

Table F-13

Table F-14

Table F-15

Table 6-1

Table 6-2

Table G-1

Table G-2

Barley shoot height and root elongation for each measured exposure
concentration in toxicity screening with MCs and MLCs. .................... 171

NOAEC, LOAEC, and ECso for MCs and MLCs in toxicity screening test with
DAIIEY. .o 197

Summary statistics for the fluctuation in measured exposure concentrations for
MCs and MLCs during toxicity screening with barley® ........................ 201

Summary statistics for the fluctuation in measured exposure concentrations for
MCs and MLCs during bioconcentration uptake assays with barley?...203

Summary statistics for the significance of sorption of MCs and MLCs onto the
solid growth medium (sand) during bioconcentration uptake assays with barley?

Summary statistics for the significance of exposure time in the ratios of
CiPlantCiIW for MCs and MLCs during bioconcentration uptake assays with
DAFIEY. . e 205

Ratios of CiPlantCiIW P for the compounds evaluated in bioconcentration
uptake assays With Darley. ...........cccoovevviieiieii e 206

Plant—water partition coefficients (Kpw) for 4-NAN with barley and the
summary statistics for the significance of contact time (kinetics) on log Kew
VAIUBS? .. 211

Summary statistics for the significance of the concentration of the initial solution
added on 10g Kpw VaIUEBS?. ..........ccoviiiiiicecece e 212

Plant-water partition coefficients (Kew) for the compounds evaluated.213

Time course data obtained from Sunahara ® and Dodard et al. °, and estimated
degradation rates for MCS?. .........cooiiiieieccce e 217

Munitions Compounds (MCs), Munitions—Like Compounds (MLCs), and plant
species included in the datasets. .........cccevvrveriieiesie s, 228

Equations for the prediction of concentrations in plants exposed to MCs, or
MLCs, in soil and sand or water CUITUIe. ..........ccooveveerieeieeie e 236

Selected characteristics and physicochemical properties of the MCs and MLCs.

Literature measured average volumetric flows in xylem and phloem for four
PlANT SPECIES™. ... 253



Table G-3

Table G-4

Table G-5

Table G-6

Table G-7

Table G-8

Table G-9

Table G-10

Table G-11

Table G-12

Table G-13

Table G-14

Table G-15

Observed and predicted Soil Organic Carbon—-Water Partition Coefficients (Koc)
for comparison of log Koc pp—LFERs performance. Located in

Chapter_6_Appendix G_Tables.xIsx file. .........ccccoevviieiieiiriiciiee 255
Comparison of solute descriptor space coverage for three log Koc pp-LFERs.
............................................................................................................... 257
Plant cuticle-water partition coefficients (Kcut) data. Located in
Chapter_6_Appendix G_Tables.xIsx file. .........ccccoevveiiiieiiiiiiiiee 257

Plant cuticle membrane—water partition coefficients (Kcm) and plant cuticle
matrix—water partition coefficients (Kmx) for undissociated organic compounds
from Sabljic et al. ¥ and the summary statistics for the significance of the
cuticular component on the resulting plant cuticle—water partition coefficient
(KQUL) - ettt bbb bbbt 258

Absolv estimated Abraham Parameters (Absolv—AP) 22 and Kcu calculated using
pp—LFERs with Absolv—AP. Located in Chapter_6_Appendix G_Tables.xIsx
B, s 259

Experimentally derived Abraham Parameters (Exp—AP) *2® and Kcu calculated
using pp—LFERs with Exp—AP 2. Located in Chapter_6_Appendix
G_TableS.XISX TIle. ..o e 259

Adjusted Quantum Chemically estimated Abraham Parameters (Adjusted
QCAP) 12 and Kcut calculated using pp—LFER with QCAP. Located in
Chapter_6_Appendix G_Tables.xIsx file. .........cccooevreieiieiiriciie 259

Quantum Chemically estimated Abraham Parameters (QCAP) *2 and Kcut
calculated using pp—LFER with QCAP. Located in Chapter_6_Appendix
G_TableS.XISX TIle. ... s 259

Results of the Kcut pp—LFER multiple linear regression analyses fitting the
general Abraham polyparameter model (Eq. (6-1)) to Kcut data using three
different sources of solute desCriptors? .........cccovvvvieveeiesieese e 260

Range of solute descriptor space for the plant cuticle—water pp—LFERs by Platts
and Abraham 1 and this WOrK...........cccoceeveveeeseeeee e 261

Data from published uptake assays with plants exposed to MCs, or MLCs, in the
growth medium. Located in Chapter_6_Appendix G_Tables.xlsx file. 262

Solute descriptors used in the partitioning-based bioconcentration model, Eq.
(6-9), for the prediction of MCs and MLCs concentrations in plant biomass.
Located in Chapter_6_Appendix G_Tables.xIsx file. ............c.cccueenneee. 262

Fraction of cuticle, fCut, for plant species in the uptake assays dataset.263

Xi



Table G-16

Table G-17

Table G-18

Table G-19

Table G-20

Table G-21

Table 7-1

Table 7-2

Table 7-3

Table 7-4

Table H-1

Table H-2

Table H-3

Example for prediction of a MC (HMX) concentration in grass (Perennial
FYEOTASS). weveeeeereeateesteaseesseesteaseesseesseeseesseesseassesseesseaseesseesseassesseessenneessens 264

Predicted values for MCs and MLCs concentrations in interstitial water and plant
biomass using the partitioning—based bioconcentration model (Eq. (6-9))®.
Located in Chapter_6_Appendix G_Tables.xIsx file. ........c.cccceevvenenn, 266

Examples of MCs plant uptake data surveyed but excluded from the validation
dataset. Located in Chapter_6_Appendix G_Tables.xlIsx file. .............. 266

Observed Kcn and fitted Kcn with pp—LFER using QCAP. Located in
Chapter_6_Appendix G_Tables.xIsx file. .........cccooevreieiieiiriciie 266

Kch pp—LFER from the multiple linear regression analysis fitting the general
Abraham polyparameter model (Eq. (6-1)) to Kcn data using QCAP solute
AESCIIPLOIS. ..t 267

Predicted values for MCs and MLCs concentrations in plant biomass using the
partitioning—based bioconcentration model that includes contributions from
carbohydrates (Eq. (G-6)) 2. Located in Chapter_6_Appendix G_Tables.xlIsx file.

Comparison of the competitiveness for solutes between lipid and protein,
calculated as the difference between the solvent parameters in the KLipia and
Kprotein pp—LFERS obtained by Kuo and Di Toro *°23 Eq. (7-5) and Eq. (7-6),
TESPECLIVEIY. ... 278

Comparison of the competitiveness for solutes between lipid and organic carbon,
calculated as the difference between the solvent parameters in the KLipia pp—
LFER by Kuo and Di Toro %3, Eq. (7-5), and Koc pp-LFER by Kipka and Di
TOM0 3, EQ. (T-7) vttt 279

Comparison of the competitiveness for solutes between lipid and protein,
calculated as the difference between the solvent parameters in the KLipia obtained
in this work and Kprotein pp—LFER obtained by Kuo and Di Toro 3% Eq. (7-11)
and EQ. (7-6), respectively. ... 287

Sequence of equations for the prediction of concentrations in oligochaetes
exposed to MCs, or MLCS, IN SOil.......ccooeiiiiiiiii e 290

Selected characteristics and physicochemical properties of the MCs and MLCs
included in the oligochaete worms lipid—water pp—LFER and the model
ValTJATION. .o e 302

Oligochaete worms bioconcentration factors (BCFs) dataset................ 304

Worm mass fraction of dry weight fdwt, fraction of lipid fLipid, and fraction
of protein fProtein obtained from the literature. ..........cc.coovvieeene, 308

xii



Table H-4

Table H-5

Table H-6

Table H-7

Table H-8

Table H-9

Table H-10

Table H-11

Table H-12

Worm mass fractions of lipid (fLipid), protein (f Protein), dry weight (fdwt),
and water (fWater) used for the estimation of oligochaete BCFs?......310

Quantum Chemically estimated Abraham Parameters (QCAP) and Adjusted
QCAP 2 from Liang 3! used for the prediction of the oligochaete BCFs dataset®.

Estimated oligochaete BCFs using the partition—-based model (Eq. (7-3)) with
KLipia pp—LFER either from Kuo and Di Toro %% (Eq. (7-5)) or from this work
(Eq. (7-11)), and Kerotein pp—LFER from Kuo and Di Toro %22 (Eq. (7-6))%. 316

Statistics for the comparison of the lipid phase descriptors between the KLipid pp-
LFERs from Kuo and Di Toro %32 (Eq. (7-5)) and the Kvipia pp—LFERSs from this
WOIK (EQ. (7-11))2 oottt 320

Data from independent uptake assays with oligochaetes exposed to MCs in soil.

Values for fLipid, fProtein, fdwt, and fWater, QCAP, and adjusted QCAP
31 used for the prediction of the concentrations in oligochaetes from the
independent uptake assays dataset®............cccvvrveerieeresiieneere s 323

Worked example for the prediction of a MC (2,4-DNAN) concentration in an
oligochaete worm (Eisenia andrei). ........ccovevveveiieeiesie s 325

Predicted values for soil organic carbon-water partition coefficient KOC,
concentration in interstitial water, and concentration in worm for MCs data from
independent uptake studies using the partition-based model (Eqg. (7-12)) with
KLipid pp—LFER from this work (Eq. (7-11)). ...cccooveveiieiieeieeieeieen 328

Predicted values for soil organic carbon-water partition coefficient KOC,
concentration in interstitial water, and concentration in worm for MCs data from
independent uptake studies using the partition—based model (Eg. (7-9)) with
KLipid pp—LFER obtained by Kuo and Di Toro ¥ (Eq. (7-5))............. 330

Xiil



Figure 1-1

Figure 1-2

Figure 1-3

Figure 1-4

Figure 1-5

LIST OF FIGURES

Problem framework. Estimating the physical-chemical and environmental
partition coefficients between water and the interacting phases................ 1

Modeling framework for the predictive model of bioaccumulation between soil
and soil exposed organisms. The soil-water and organism components are
assumed to be at steady state equilibrium. The arrows represent the partition
coefficients illustrated in Figure 1-1........cccccovveviiieiieie e 2

Comparison of experimental and model predicted solvent-water partition
coefficients: grey symbols are experimental measurements, red symbols are
model predictions. Upper row are for model predictions using ABSOLV
estimated AP (ABSOLV-AP), lower row are for model predictions using
experimentally derived AP (Exp-AP) from this work. The solvents in the
solvent-water systems are hexane, toluene, octanol, trichloromethane (TCM),
and dichloromethane (DCM). Experimental measurements and model
predictions for solvent-water partition coefficients are summarized in Chapter 2
TADIE A-d. o 4

Comparisons between experimental measurements and model predictions with
ABSOLYV estimated (ABSOLV-AP) or experimentally derived (Exp-AP) AP
from this work for water-air partition coefficient (log Kwa, Lair /Lwater),
organic carbon-water partition coefficient (log Koc, L kg-1), and water solubility
(log S, mol L-1). log Kwa y-axis on left, log Koc and log S y-axis on right.
Experimental values from different sources are plotted. Two grey dots per
property denote the reported ranges. Experimental measurements and model
predictions are summarized in Chapter 2 Table A-6. .........ccocovrieieennnn. 5

(A). RMSEs of the residuals (predicted log Ksw - observed log Ksw) for solvent-
water partition coefficients. Predictions by three models ABSOLV, QCAP, and
Adjusted QCAP. Solvents (left axis) ordered from the smallest to the largest
QCAP RMSE. Right axis N = number of solutes in each system. (B) Prediction
errors (predicted log Ksw - observed log Ksw) for predictions of ABSOLV,
QCAP, and Adjusted QCAP for munition constituents and munition-like
compounds (Right axis). Left axis: partitioning systems: wet octanol-water,
toluene-water, hexane-water, trichloromethane (TCM)-water, and
dichloromethane (DCM)-WaLer............cceoveieiiieiiee e 7

Xiv



Figure 1-6

Figure 1-7

Figure 1-8

Figure 1-9

Figure 1-10

Figure 1-11

Results for pp-LFERs constructed using the indicated solute parameters. (A)
RMSEs of residuals (log predicted - log observed partition coefficients) for
solvent-water partition coefficients. Predictions by four models (1) ABSOLYV,
(2) original model with QCAP, (3) refitted model with ABSOLV, and (4)
refitted model with QCAP. Solvents (left axis). Right axis N = number of solutes
in each system (B) Prediction errors (predicted log Ksw — observed log Ksw) for
solvent-water partition coefficients for munition constituents and munition-like
compounds (Right axis). Left axis list of the corresponding partitioning systems:
wet octanol-water, toluene-water, hexane-water, and chloroform-water. .8

Schematic diagram of the Equilibrium Partitioning (EqP) modeling approach:
Left-right arrows indicate partitioning of MC (or MLC) i between two phases.
KiOC = soil organic carbon—water partition coefficient (Lwaer Kgoc™), Kiroot =
root-water partition coefficient (Lwater Kgroot2), and KiCut = plant cuticle-water
partition coefficient (Lwater Kgcuticle™). wvvvrvrvrrerrrereeeeceeeeeeeeeeeese e, 9

Plant (barley)-water partition coefficients (Kew) and octanol-water partition
coefficients (Kow) for MCs and MLCs. See Chapter 5, Figure 5-4 for details.
Boxes’ widths proportional to the square-root of the number of observations in
LT3[ (01 ] oL SR 9

Comparison between BCF (labeled Uptake) and plant-water partition coefficient
Kpw (labeled Partitioning) for MCs and MLCs. Compounds ordered from small
to large difference between log Kew and log BCF. Box width proportional to the
square-root of the number of observations in the group...........cccccveevenen. 10

Predicted concentrations in the plant versus observed values from published
uptake studies (Chapter 6 Table 6-2, Table H-13, and Table H-17). Color coding
assigned based on: (A) MCs and MLCs (Chapter 6 Table 6-1), (B) growth
medium, and (C) plant species. Unfilled symbols indicate that the predicted
concentration in the interstitial water exceeded solubility. The border color for
the unfilled symbols corresponds to the color identification in each panel legend.
Root mean square error of prediction (log predicted - log observed) RMSE =
0.429 excluding the unfilled symbols. The solid line indicates the best agreement
(unity), dashed lines are spaced at 1 log unit from unity................c....... 11

pp-LFER, Eq. (1-1) fitted to the full Kcut dataset collected from the literature.
Abraham solute parameters from (A) Absolv-AP, (B) Exp—AP, (C) QCAP.
RMSE: root mean square error of prediction (log fitted - log observed) for all
compounds included in the full Kcut dataset (Chapter 6, Table H-5). The RMSEs
for only MCs and MLCs are (A) 1.261; (B) 0.478; and (C) 0.421. The solid line
indicates the best agreement (unity), dashed lines are spaced at 1 log unit from

] 1Y 1T L= PSSR 11

XV



Figure 1-12

Figure 1-13

Figure 1-14

Figure 1-15

Figure 1-16

Figure 1-17

Figure 1-18

Figure 1-19

Schematic diagram of the Equilibrium Partitioning (EgP) modeling approach:
Left-right arrows indicate partitioning of MC (or MLC) i between two phases.
KiOC = soil organic carbon-water partition coefficient (Lwater kKgoc™?), Kiroot =
root—water partition coefficient (Lwater Kgroot 1), and KiCut = plant cuticle-water
partition coefficient (Lwater KQcuticle™). «ovvevevveeereieieecceeee et 13

Predicted vs observed (a) lipid—water and (b) protein—water partitioning using
Abraham solvation parameters. For lipid—water partition LFER, n=248,
RMSE=0.57. For protein—water partition LFER, n=69, RMSE=0.38....14

Estimated versus observed oligochaete BCFs for organic compounds (Chapter 7
Table 1-6). Predictions made using a partition-based BCF model (Chapter 7 Eq.
(7-3)) with the Kvipia pp—LFER (A) fitted to the oligochaete BCF data and ((Eq.
(7-11)) or (B) fitted to an independent data set (Eq. (7-5)). Legend: Chemical
class with corresponding count; PAH: polycyclic aromatic hydrocarbon. RMSE:
Root mean square error of prediction (log predicted - log observed BCF). The
solid line indicates the best agreement (unity), dashed lines are spaced at 1 log
UNIE FIOM UNILY. oo 16

Fitted versus observed oligochaete BCFs for organic compounds partitioning to
three components, lipid, protein, and internal water (Chapter 7 Eq. (7-10), Eq.
(7-11), and Eq. (7-6)). Color coding assigned based on: (A) organic compound,
(B) exposure medium, and (C) oligochaete species. Root mean square error of
prediction (log predicted - log observed BCF), RMSE = 0.499. Abbreviations
defined in Table I-2. The solid line indicates the best agreement (unity), dashed
lines are spaced at 1 log unit from Unity........ccccoeeviininieniniiee e 16

Schematic diagram of the Equilibrium Partitioning (EgP) modeling approach:
Left-right arrows indicate partitioning of MC (or MLC) i between two phases.
The arrows in the fish denote partitioning equilibria between lipid—water and
protein—water. The arrows in the water column denote partitioning equilibria
between dissolved organic carbon-water and particulate organic carbon —water.

................................................................................................................. 18
Prediction of fish BCF using the model in Table 1-4. The RMSE = 0.56. Kuo
ANA DI TOMO L. oot 19

Predicted versus observed log half-life. Compound biotransformation half-life =
In(2)/km. RMSE = 0.71, N = 424. Kuo and Di Toro .Error! Bookmark not
defined.

(A) Percent of the residuals that exceed the indicated limits, e.g. for RMSE =
0.5, 34% of the residuals exceed the limits 3 and 1/3; 16% exceed the limits 5
and 1/5; and 5% exceed the limits 10 and 1/10. (B, C) Statistics of the model fit:
mean, standard deviation, and RMSE......Error! Bookmark not defined.

XVi



Figure 1-20 Model performance for munitions components. Estimates from models not

Figure 2-1

Figure 2-2

Figure 2-3

Figure A-1

Figure A-2

calibrated to munitions components. (A) Soil partition coefficient (Koc) (L/kg
0OC) Eq. (1-3). (B) Plant cuticle partition coefficient (L/kg cuticle) Eq.(1-5). (C)
Plant shoot concentration (mg/kg dry wt.) from soil exposure Table 1-2. (D)
Oligochaete BCF (L/kg lipid) Table 1-3..Error! Bookmark not defined.

Comparisons between experimentally derived Abraham parameters (Exp-AP)
from this work and ABSOLYV estimated Abraham parameters (ABSOLV-AP).
The dots are for nitroaromatics compounds and the squares are for cyclic
nitramines and NItrOSAMINES. ........ccoviiiirieieere e 38

Solvent-water partition coefficients: grey symbols are experimental
measurements, red symbols are estimates. Upper row are model predictions
using ABSOLYV estimated Abraham parameters (ABSOLV-AP), lower row are
experimentally derived Abraham parameters (Exp-AP) from this work. The
solvents in the solvent-water systems are hexane, toluene, octanol,
trichloromethane (TCM), and dichloromethane (DCM). Values of experimental
measurements and model predictions for solvent-water partition coefficients are
summarized in Table A-4 (Solvent-water partition coefficients from literature
compilations, experimental measurements, and model predictions). ......40

Comparisons between experimental measurements and model predictions with
ABSOLYV estimated (ABSOLV-AP) or experimentally derived (Exp-AP)
Abraham parameters from this work for water-air partition coefficient (log Kwa,
Lair /Lwater), Organic carbon-water partition coefficient (log Koc, L-kg™), and
water solubility (log S, mol-L1). The y-axis on the left is for log Kwa and y-axis
on the right is for log Koc and log S. Experimental values from different sources
were plotted individually, against model predictions. Those with two grey dots
per property denote the reported ranges. Experimental measurements were
compiled from several sources for Kwa?’, Koc'? 3% 4749 and $%7-30:% | jterature
system parameters** °152 are listed in Table A-5. Values of experimental
measurements and model predictions are summarized in Table A-6 (Physical-
chemical properties of experimental measurements and model predictions). 41

Comparisons of E between estimations using ABSOLYV algorithm and those
from experimental refractive index. The solid line shows perfect agreement.
Experimental refractive index was taken from Katritzky et al.X’. ........... 56

Pairs plot!8 of solvent-water partition coefficients ordered by solvent. The blue
dots are cyclic nitramines and nitrosamines, and the green dots are
nitroaromatics. For each data plot, x axis label is the solvent above the plot, y
axis label is to the right of the plot. The upper triangular panels display the
coefficient of determination (R?) of the respective pair. For each R?panel, x axis
label is the solvent below the plot, y axis label is to the left of the plot..57

XVii



Figure A-3

Figure 3-1

Figure 3-2

Figure 3-3

Figure 3-4

Figure 3-5

Pairs plot of solvent-water partition coefficients ordered by MCs. For each data
plot, x axis label is the MC above the plot, y axis label is the MC to the right of
the plot. The upper triangular panels display the coefficient of determination (R?)
of the respective pair. For each R? panel, x axis label is the MC below the plot, y
axis label is the MC to the left of the plot.........ccccocveiiiiiicce, 58

(1) Comparison of experimentally derived Abraham parameters (Exp-AP)*° and
ABSOLYV estimated Abraham parameter (ABSOLYV) for hexahydro-1,3,5-
trinitro-1,3,5-triazacyclohexane (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane (HMX), hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine
(MNX), hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), and hexahydro-1,3-
dinitroso-5- nitro-1,3,5-triazine (DNX). (2) Comparison of experimental®® and
ABSOLYV predicted solvent-water partition coefficients for RDX, HMX, DNX,
MNX, and TNX. The solvents are hexane, toluene, octanol, trichloromethane
(TCM), and dichloromethane (DCM).........ccceiireieniiiniiinieieeeeeees 63

Hexbin two dimensional histogram plots® comparing the predicted versus
experimental solute parameters from the UFZ-LSER database (labeled UFZ) for
E and S determined by the two methods listed at the top of each column. See text
in Section 3.3.1 for an explanation of the hexbin plot. Panels (1) and (2) estimate
E, S, A, and B jointly with an MLR, and an independently estimated V, labeled
ESAB; panels (3) and (4) estimate E from molecular polarizability, V from
molecular volume and S, A, and B from an MLR, which is the QCAP method.

Dot plot presenting RMSEs of the residuals (predicted log Ksw - observed log
Ksw) for the predictions of solvent-water partition coefficients. Predictions by
two models are compared: (1) ABSOLV and (2) QCAP. The solvents listed on
the left axis are ordered from the smallest to the largest QCAP RMSE. The right
axis presents N, the number of solutes in each system. Summary of the RMSEs
of prediction of solvent-water partition coefficients is in Table B-6....... 69

Dot plot presenting prediction errors (predicted log Ksw - observed log Ksw) for
predictions of ABSOLYV and QCAP for munition constituents and munition-like
compounds listed on the right axis and for solvents listed on the left axis: wet
octanol-water, toluene-water, hexane-water, trichloromethane (TCM)-water, and
dichloromethane (DCM)-water. See the legend in Figure 3-1 for the solutes’
ChEMICAl NAMES. ..o 70

Hexbin two dimensional histogram plots® comparing the solute parameters (S,
A, B, E, V) between QCAP and UFZ, and between Adjusted QCAP and UFZ.
See text in Section 3.3.1 for an explanation of the hexbin plot. .............. 72

xviii



Figure 3-6

Figure 3-7

Figure 3-8

Figure C-1

Figure C-2

Figure C-3

Figure C-4

Figure C-5

Figure C-6

Dot plot presenting RMSEs of the residuals (predicted log Ksw - observed log
Ksw) for the predictions of solvent-water partition coefficients. Predictions by
three models are compared: (1) ABSOLV, (2) QCAP, and (3) Adjusted QCAP.
The solvents listed on the left axis are ordered from the smallest to the largest
QCAP RMSE. The right axis presents N, the number of solutes in each system.
Summary of the RMSEs of prediction of solvent-water partition coefficients is in
TADIE B-B. .o 74

Dot plot presenting prediction errors (predicted log Ksw - observed log Ksw) for
predictions of ABSOLV, QCAP, and Adjusted QCAP for munition constituents
and munition-like compounds listed on the right axis. Left axis: list of the
corresponding partitioning systems: wet octanol-water, toluene-water, hexane-
water, trichloromethane (TCM)-water, and dichloromethane (DCM)-water. See
the legend in Figure 3-1 for the solutes’ chemical names. ...................... 75

Bar chart comparing the prediction root mean square errors (RMSEs) for
Adjusted QCAP and COSMOments estimates of the solute parameters. See
Table B-8 for the complete statistical comparison. ..........c.ccocvevevernnnnen. 76

Plots showing the decrease of the interquartile range (IQR) of COSMO-SAC
predicted solvent-water partition coefficient errors as the number of data points
increases. N = minimum number of data points used to compute the IQR. Data
are from Table B-1. Chemicals are plotted in the solvent sequence in the table.
Note that a solvent with greater than 20 observations appears in all four plots,
e.g. the first IQR on the left hand Side. .........cooeieiiiiiiie 88

A histogram plot of COSMO-SAC predicted solvent-water partition coefficient
(Ksw) errors. 24 solvent-water systems and 3095 data points are included.89

The solvent-water system parameters e, s, a, b, and v for the 65 solvent-water
systems used for computing QCAP. Parameters are grouped by solvent chemical
classes. Within each group, the solvents are ordered from the smallest to the
largest magnitude OF V........ccooeiiiiii s 90

Comparing molecular polarizability computed using M062X* with aug-cc-pVDZ
and with aug-CC-PVTZ DASIS SEL. ....ccvereeiiieieiie e 91

Hexbin two dimensional histogram plots? comparing the predicted versus
experimental values from the UFZ-LSER database (labeled UFZ) for the solute
parameters A, B, and V determined by two methods listed at the top of each
column: (1) estimates E, S, A, and B jointly with an MLR, and an independently
estimated V, labeled ESAB; (2) estimate of E from molecular polarizability, V
from molecular volume and S, A, and B from an MLR, which is the QCAP
METNOM. <. 92

Hexbin two dimensional histogram plot? of E versus S solute parameters
compiled from the UFZ-LSER database. ...........cccccoevvriienieniesierneiennn, 93

Xix



Figure C-7 A histogram plot of COSMO-SAC predicted solvent-water partition coefficient
(Ksw) errors. 24 solvent-water systems and 3095 data points are included.94

Figure C-8 Hexbin two dimensional histogram plot? of predicted versus observed log wet
octanol-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude. ...........cccoeeviiciicic e 95

Figure C-9 Hexbin two dimensional histogram plot? of predicted versus observed log
tetrachloromethane-water partition coefficients. Solid lines show perfect
agreement. Dashed lines represent +1 order of magnitude...................... 95

Figure C-10 Hexbin two dimensional histogram plot? of predicted versus observed log
tetrahydrofuran-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........ccccceevvevvevevreenene 96

Figure C-11 Hexbin two dimensional histogram plot? of predicted versus observed log
toluene-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent 1 order of Magnitude. ..........ccooeverereniiinieeeee 96

Figure C-12 Hexbin two dimensional histogram plot? of predicted versus observed log 1-
butanol-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude. ..o 97

Figure C-13 Hexbin two dimensional histogram plot? of predicted versus observed log 1-
pentanol-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent 1 order of magnitude. ............ccccooeviiiiieienenn, 97

Figure C-14 Hexbin two dimensional histogram plot? of predicted versus observed log 1-
propanol-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........ccccceevvevvevieivennene. 98

Figure C-15 Hexbin two dimensional histogram plot? of predicted versus observed log
bromobenzene-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent 1 order of magnitude. ............ccccocvrviiniiiienenn, 98

Figure C-16 Hexbin two dimensional histogram plot? of predicted versus observed log
chlorobenzene-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........ccocceevvevveievvennnnn 99

Figure C-17 Hexbin two dimensional histogram plot? of predicted versus observed log
chlorobutane-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........ccoccereerviinieenienn 99

Figure C-18 Hexbin two dimensional histogram plot? of predicted versus observed log
chloroform-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........cccocveveviverveiiennnn, 100

XX



Figure C-19 Hexbin two dimensional histogram plot? of predicted versus observed log
cyclohexane-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........ccccceeveiiveinenennn, 100

Figure C-20 Hexbin two dimensional histogram plot? of predicted versus observed log
decane-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent 1 order of magnitude. ...........ccooeveneneniiininieeee, 101

Figure C-21 Hexbin two dimensional histogram plot? of predicted versus observed log
dimethylacetamide-water partition coefficients. Solid lines show perfect
agreement. Dashed lines represent 1 order of magnitude.................... 101

Figure C-22 Hexbin two dimensional histogram plot? of predicted versus observed log
dimethylformamide-water partition coefficients. Solid lines show perfect
agreement. Dashed lines represent 1 order of magnitude.................... 102

Figure C-23 Hexbin two dimensional histogram plot? of predicted versus observed log
dioxane-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude. ...........ccccovveve i, 102

Figure C-24 Hexbin two dimensional histogram plot? of predicted versus observed log
ethanol-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent 1 order of magnitude. ...........ccooeveneneniiininieeee, 103

Figure C-25 Hexbin two dimensional histogram plot? of predicted versus observed log ethyl
acetate-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude. ...........cccovveve i, 103

Figure C-26 Hexbin two dimensional histogram plot? of predicted versus observed log
heptane-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent 1 order of magnitude. ...........ccooerenenenininineeeee, 104

Figure C-27 Hexbin two dimensional histogram plot? of predicted versus observed log
hexadecane-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........cccocveveiiverveiiennn, 104

Figure C-28 Hexbin two dimensional histogram plot? of predicted versus observed log
hexane-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent £1 order of magnitude. ...........oceiiriiiinninienere e, 105

Figure C-29 Hexbin two dimensional histogram plot? of predicted versus observed log
methanol-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........cccecveveviverveinennn, 105

Figure C-30 Hexbin two dimensional histogram plot? of predicted versus observed log

octane-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude. .........c.ocevieiiiinnineneree 106

XXi



Figure C-31

Figure C-32

Figure 4-1

Figure 4-2

Figure 4-3

Figure 4-4

Hexbin two dimensional histogram plot? of predicted versus observed log
propanone-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude. ...........ccccceeveiiveinenennn, 106

Hexbin two dimensional histogram plots? presenting residuals (= predicted log
Kow — observed log Kow) of wet octanol-water partition coefficients versus E, S,
A, B, V Of QCAP PAramMeters. .....c.cccveeeiierieeieseesieeee e sie e siee e enee e 107

Dot plot presenting the root mean square errors (RMSEs) of the residuals (log
predicted - log observed partition coefficients) for solvent-water systems. Panel
(1) compares predictions of original model and refitted model with QCAP. Panel
(2) compares predictions of original model and refitted model with ABSOLV.
For each panel, the solvents listed on the left axis are ordered from the smallest
to the largest RMSE of the refitted model, and the right axis presents N =
number of solutes in each system. RMSE values are available in Table D-4 in
APPENAIX Do 115

Dot plot presenting the root mean square errors (RMSEs) of the residuals (log
predicted - log observed partition coefficients) for predictions of solvent-water
partition coefficients. Predictions by four models are compared: original model
with ABSOLYV, original model with QCAP, refitted model with ABSOLYV, and
refitted model with QCAP. The solvents listed on the left axis are ordered from
the smallest to the largest RMSE of refitted model with QCAP. The right axis
presents N = number of solutes in each system. RMSE values are available in
Table D-4 in ApPendiX D. ....c.cooiiiiiiiiesieee e 116

Dot plot presenting prediction errors (predicted log Ksw — observed log Ksw) for
prediction of solvent-water partition coefficients for munition constituents and
munition-like compounds listed on the right axis. On the left axis is listed the the
corresponding partitioning systems: wet octanol-water, toluene-water, hexane-
water, and chloroform water. Predictions by four models are compared: original
model with ABSOLYV, original model with QCAP, refitted model with
ABSOLYV, and refitted model with QCAP. Experimental and predicted log Ksw
as well as ABSOLV and QCAP solute parameters are available in Table D-5 in
APPENTIX Do 117

Crossplot comparing the predicted versus experimental log Kew. Predictions by
four models are compared: (1) original model with ABSOLYV, (2) original model
with QCAP, (3) refitted model with ABSOLV, and (4) refitted model with
QCAP. Solid lines show perfect agreement. Dashed lines represent +1 order of
MAGNITUCE. ...t ettt enes 119

XXii



Figure E-1

Figure E-2

Figure E-3

Figure E-4

Figure 5-1

Figure 5-2

Pairs plot® of QCAP solute parameters. The lower triangular panels are hexbin
two dimensional histogram plots?. For each data plot, x axis label is the
parameter above the plot, y axis label is to the right of the plot. Solid lines show
perfect agreement. The upper triangular panels display the coefficient of
determination (R?) and the scaling of the respective pair. For each R? panel, x
axis label is the parameter below the plot, y axis label is to the left of the plot.

Pairs plot® of Adjusted QCAP solute parameters. The lower triangular panels are
hexbin two dimensional histogram plots2. For each data plot, x axis label is the
parameter above the plot, y axis label is to the right of the plot. Solid lines show
perfect agreement. The upper triangular panels display the coefficient of
determination (R?) and the scaling of the respective pair. For each R? panel, x
axis label is the parameter below the plot, y axis label is to the left of the plot.

Comparison of standard errors of regression coefficients for fitting using QCAP
and Adjusted QCAP ... 129

Regression coefficients for fitting using QCAP and Adjusted QCAP. .130

Results from published uptake studies (Tables F-1 and F-2): (A) MCs
concentrations in plants on the last day of exposure (Cpiant), and (B)
bioconcentration factors expressed relative to concentrations in soil solids
(BCFsoligs) as kgawt soil (kgawt plant)2. Cseii: Concentration in soil at the
beginning of exposure. Circles’ size proportional to the exposure duration. Data
presented for the whole plant or only for the aboveground plant parts when
available. TNT* = TNT or TNT degradation products; TNT is reported as not
detected in plant tiSSUES IN SOME SOUICES. ........covevveieeeieieeie e 135

Exposure concentrations over time for MCs and MLCs in bioconcentration
uptake assays with barley. Legend: Solution added is the aqueous solution
sampled just before being loaded into plant pots; Treatment are samples from
displaced solutions of pots exposed to MCs or MLCs; first and last fraction of
displaced solution refer to the first and last pore volume replenished daily;
Control are samples from displaced solutions of untreated plant pots (not
exposed to MCs or MLCs). Displaying 2" trial for 2,4-DNAN and 1% trial for 4-
NAN. Data presented as means and error bars represent the range. Sample size >
2 pots (Table F-11). If not visible, error bars are smaller than the symbol.142

xxiii



Figure 5-3

Figure 5-4

Figure 5-5

Figure F-1

Figure F-2

Figure F-3

Logarithmic ratios of concentration in the plant to concentration in the interstitial
water logCiPlantCilW versus time of exposure for MCs and MLCs in
bioconcentration uptake assays with barley. CiPlant: concentration of
compound i in barley (mg kgawt?), CiIW: concentration of compound i in the
interstitial water — displaced solution (mg L™). BCF: steady state
bioconcentration factor (L kgawt™). Trials refer to repetitions of a particular
uptake assay. Data presented as means + standard error of the mean (SEM).
Sample size > 2 pots (Table F-11). If not visible, error bars smaller than the

Plant-water partition coefficients (Krw) for MCs and MLCs with barley and
their respective octanol-water partition coefficients (Kow). Data ordered by Kpw.
Kow values are experimental data obtained from EPI Suite database * for all
compounds except 2,4-DNAN that is reported by Hawari et al. > and 2,5-DM-4-
NANE that is an estimate from EPI Suite >3 in absence of an experimental value.
Box width proportional to the square—root of the number of observations in the
group (Table F-14). ..o 146

Comparison between uptake (as measured by BCF, Figure 5-3) and plant-water
partition coefficient (Kew, Figure 5-4) for MCs and MLCs. Compounds ordered
from small to larger discrepancy between log Kew and log BCF. Box width

proportional to the square—root of the number of observations in the group. 147

Growth of barley (unexposed to MCs or MLCs) in three different solid media
over a period of 21 days. Data presented as the ratios of the average shoot height
of plants grown in either sand or sand—Matapeake soil relative to that of those
growing in only Matapeake soil. Horizontal dotted line is a visual reference at
FAEIO = Lottt e enes 168

Barley shoot and root lengths versus measured exposure concentrations of MCs
and MLCs. Vertical dotted line shows nominal concentration chosen to perform
bioconcentration uptake assays (10 mg L™?). Data presented as means + standard
error of the mean (SEM). Sample size > 2 pots (Table F-5). Dashed colored lines
are visual guides for data trends. If not visible, error bars are smaller than the

Biomass profiles (shoot height) for barley exposed to individual munitions
compounds (MCs) or munitions-like compounds (MLCs) at increasing
concentration of solution added (nominal: Control, 1, 10, 50, and 100 mg L %)
during toxicity screening. Data presented as means + standard error of the mean
(SEM). If not visible, error bars are smaller than the symbol. .............. 199

XXiV



Figure F-4

Figure F-5

Figure F-6

Figure F-7

Figure F-8

Figure 6-1

Exposure concentrations over time for MCs and MLCs in toxicity screening with
barley at five concentrations of solution added (nominal: Control, 1, 10, 50, and
100 mg LY. Legend: Solution added is the solution sampled just before being
loaded into plant pots; Treatment are samples from displaced solutions of pots
exposed to MCs or MLCs; first and last fraction of displaced solution refer to the
first and last pore volume replenished daily; Control are samples from displaced
solutions of untreated plant pots (not exposed to MCs or MLCs). Data presented
as means and error bars represent the range. ..........ccocvvvevevenieicnnenn, 200

Concentrations in displaced solutions collected at the end of each consecutive
pore volume (pv, 100 mL per pv) on the first day of exposure to MCs and MLCs
for selected chemicals during toxicity screening with barley. Solution added:
Aqueous solution containing TNT or 4-NAN and being loaded to plant pots.
Replicates: Plant pots subjected to the same solution added. Difference in TNT
concentration between solution added and displaced solution collected from 4™
pore volume were not statistically significant (p-value = 0.80). ........... 202

Biomass profiles (shoot height) for barley exposed to individual MCs, or MLCs,
during bioconcentration uptake assays. Legend: Treatment are plant pots
exposed to MCs or MLCs at a nominal concentration of 10 mg L™; Control are
untreated plant pots (not exposed to MCs or MLCs). Displaying 2" trial for 2,4-
DNAN and 1% trial for 4-NAN. Data presented as means + standard error of the
mean (SEM). Sample size > 2 pots (Table F-11). ......ccccvvvrivrvnininnnnn 210

Concentration in the plant (CiPlantt) over time and estimated degradation rates
(Kdegradation) for MCs. An exponential decay model fitted to time course data
obtained from Sunahara 2 and Dodard et al. ® (Table F-15). ................. 219

Comparison between the ratios of plant—water partitioning to uptake KPWBC
and estimated degradation/transformation rates (Kdegradation) for MCs....220

Schematic diagram of the basis for the modeling approach: Equilibrium
partitioning. Left—right arrows indicate partitioning of MC (or MLC) i between
two phases. KiOC = soil organic carbon—water partition coefficient of MC i
(Lwater kgoc™), Kiroot = root—water partition coefficient of MC i (Lwater Kgroot ™),
and KiCut = plant cuticle—water partition coefficient of MC i (Lwater KQcuticte™).

XXV



Figure 6-2

Figure 6-3

Figure 6-4

Figure G-1

Figure G-2

pp-LFER-predicted Kcut versus observed Kcut for organic compounds (Table
G-5 and Table G-7 to Table G-9). Predictions made using the pp—LFER model
from Platts and Abraham °, Eq. (6-2), for the full Kcu dataset collected from the
literature. Solute descriptors, uppercase letters for Eq. (6-2), are: (A) Absolv—AP
57 (B) Exp—AP from either Liang et al. °® or the UFZ-LSER database *°, and
Absolv—-AP when Exp—AP were not available; and (C) Adjusted QCAP .
RMSE: root mean square error of prediction (log predicted - log observed) for all
compounds included in the full Kcut dataset (Table G-5). The RMSEs for only
MCs and MLCs were = (A) 3.154; (B) 0.544; and (C) 0.507. The solid line
indicates the best agreement (unity), dashed lines are spaced at 1 log unit from

] | OO RUSURRTRPP 232

pp—LFER-fitted Kcut versus observed Kcut for organic compounds (Table G-5,
Table G-7, Table G-8, and Table G-10). Calculations made using the general pp-
LFER, Eq. (6-1), fitted to the full Kcut dataset collected from the literature.
Solute descriptors, uppercase letters for Eq. (6-1), are: (A) Absolv—AP °7; (B)
Exp-AP from either Liang et al. °® or the UFZ-LSER database *°, and Absolv—
AP when Exp—AP were not available; and (C) QCAP %°. RMSE: root mean
square error of prediction (log fitted - log observed) for all compounds included
in the full Kcut dataset (Table G-5). The RMSEs for only MCs and MLCs were =
(A) 1.261; (B) 0.478; and (C) 0.421. The solid line indicates the best agreement
(unity), dashed lines are spaced at 1 log unit from unit......................... 234

Predicted concentrations in the plant versus observed values from published
uptake studies (Table 6-2, Table G-13, and Table G-17). Color coding assigned
based on: (A) MCs and MLCs (Table 6-1), (B) growth medium, and (C) plant
species. Unfilled symbols indicate that the predicted concentration in the
interstitial water (using Eq. (6-6)) was replaced by the corresponding MC
aqueous solubility as the predicted concentration in the interstitial water
exceeded solubility limits. The border color for the unfilled symbols corresponds
to the color identification in each panel legend. Root mean square error of
prediction (log predicted - log observed), excluding predictions bounded at
aqueous solubility, RMSE = 0.429. The solid line indicates the best agreement
(unity), dashed lines are spaced at 1 log unit from unity....................... 237

Schematic diagram for the advective and diffusive transport of MCs and MLCs
between soil and water. Qin = inward flow moving along the plant xylem;
Qout = outward flow moving along the plant phloem; edif f = diffusive
BXCNANGE. ..o 252

Predicted soil organic carbon—water partition coefficients (Koc) versus observed
Koc from published partitioning studies (Table G-3). Predicted Koc were
calculated with pp—LFER from: (A) Kipka and Di Toro & (Eq. (6-3)), (B)
Nguyen et al. ¢ (Eq. (G-3)), and (C) Poole and Poole ’ (Eq. (G-4)). RMSE: Root
mean square error of prediction (log predicted - log observed). The solid line
indicates the best agreement (unity), dashed lines are spaced at 1 log unit from
0] 2SSOSR 255

XXVi



Figure G-3

Figure G-4

Figure 7-1

Figure 7-2

Figure 7-3

Predicted soil organic carbon—water partition coefficients (Koc) versus MC-
averaged observed Koc from published partitioning studies (Table G-3).
Predicted Koc were calculated with pp—LFER from: (A) Kipka and Di Toro 8
(Eq. (6-3)), (B) Nguyen et al. ® (Eq. (G-3)), and (C) Poole and Poole ’ (Eq.
(G-4)). RMSE: Root mean square error of prediction (log predicted - log
observed). Error bars represent the standard error of the mean (SEM). The solid
line indicates the best agreement (unity), dashed lines are spaced at 1 log unit
TrOM UNTEY. ¢ e 256

Predicted concentrations in the plant versus observed values from published
uptake studies including the contribution from carbohydrates and cuticle (Eq.
(G-6)) (Table G-21). Color coding assigned based on: (A) MCs and MLCs
(Table G-1), (B) growth medium, and (C) plant species. Unfilled symbols
indicate that the predicted concentration in the interstitial water (using Eq. (6-6))
is substituted for the corresponding MC aqueous solubility since the predicted
concentration in the interstitial water exceeds solubility. See main text for further
details. The border color for the unfilled symbols corresponds to the color
identification in each panel legend. Root mean square error of prediction (log
predicted - log observed), excluding predictions bounded at aqueous solubility,
RMSE = 0.431. The solid line indicates the best agreement (unity), dashed lines
are spaced at 1 1og unit from UNIty. ........cooviiiiiineienceeeeees 268

Fitted versus observed BCFs for organic compounds (Table H-6). Regression
made using a BCF model (Eqg. (7-10)) with partitioning to three worm
components, lipid (Eq. (7-11)), protein (Eg. (7-6)), and internal water. Color
coding assigned based on: (A) organic compound, (B) exposure medium, and
(C) oligochaete species. Root mean square error of estimation (log estimated -
log observed BCF), RMSE = 0.499. Abbreviations defined in Table H-2. The
solid line indicates the best agreement (unity), dashed lines are spaced at 1 log
UNIE FIOM UNIEY. oo s 282

Estimated versus observed BCFs for organic compounds (Table H-6).
Estimations made using a partitioning—based BCF model (Eg. (7-3)) with the
KLipia pp—LFER from: (A) this work (Eq. (7-11)), and (B) Kuo and Di Toro %%
(EQ. (7-5)). Legend: Chemical class with corresponding count; PAH: polycyclic
aromatic hydrocarbon. RMSE: Root mean square error of estimation (log
estimated - log observed BCF). The solid line indicates the best agreement
(unity), dashed lines are spaced at 1 log unit from unity.............c......... 284

Contribution of worm components (lipid, protein and internal water) to the fitted
BCF (Eq. (7-3)) for MCs, MLCs, and other chemical classes in the oligochaete
dataset presented in Figure 7-1. Estimation of partitioning to lipid component
made using Kvipia pp—LFER from this work (Eqg. (7-11)), and to protein
component using Kprotein pp—LFER from Kuo and Di Toro *°22 (Eq. (7-6)).
Numbers in parenthesis are the corresponding count. Abbreviations are defined
INTADIE H-2. .o 286

XXVii



Figure 7-4

Figure 7-5

Contribution from solute—solvent products (xX, Eq. (7-4)) to the estimated log
KLipid (EQ. (7-11)) and log Kerotein (Eq. (7-6)) for MCs, MLCs, and other chemical
classes in the oligochaete BCF dataset presented in Figure 7-1............. 289

Predicted versus observed concentrations of MCs in oligochaetes from
independent studies. Predictions made using a partitioning—based model (Eq.
(7-12)) with the Kvipia pp—LFER from (A) this work (Eqg. (7-11)) or (B) Kuo and
Di Toro 393 (Eq. (7-5)). Unfilled symbols represent predictions made with
concentrations in the interstitial water at aqueous solubility. RMSE: Root mean
square error (log predicted - log observed concentration in worm), excluding
predictions at aqueous solubility. The solid line indicates the best agreement
(unity), dashed lines are spaced at 1 log unit from unity....................... 292

XXViii



1,2,3,4-TCB
1,2,3,4-TCN
1,2,3-TCB
1,3,5-TCB
2,3,4,5,6-PCT
2,4-DNAN
2-A-4-NAN
2-M-5-NPYNE
3,5-DN-0-TAME
4-NAN

B[a]A

HCB

HCBT

PChB

a-HCH

v-HCH
2,4-DNAN
2,4-DNT
2,5-DM-4-NANE
2-M-5-NPYNE
ABSOLV
ADF
AdjustedQCAP
AP

BAA

BAF

BCF

BSAF

CM
COSMOments
COSMO-RS
COSMO-SAC

DCM
DFT
DNX
DOC
EqP
fCIay

LIST OF ACRONYMS

1,2,3,4-tetrachlorobenzene
1,2,3,4-tetrachloronaphthalene

1,2,3-trichlorobenzene

1,3,5-trichlorobenzene

2,3,4,5,6-pentachlorotoluene
1-Methoxy-2,4-dinitrobenzene

2-Amino-4-Nitroanisole

2-Methoxy-5-nitropyridine

3,5-Dinitro-o-toluamide

4-Nitroanisole

benzo[a]anthracene

hexachlorobenzene

hexachlorobutadiene

pentachlorobenzene

a-hexachlorocyclohexane

y-hexachlorocyclohexane

2,4-dinitroanisole

2,4-dinitrotoluene

2,5-dimethoxy-4-nitroaniline

2-methoxy-5-nitropyridine
http://www.acdlabs.com/products/percepta/predictors/absolv/
Amsterdam Density Functional quantum mechanics package
Abraham parameters for use in existing Abraham models.
Abraham Parameter

Broad Agency Announcement

Bioaccumulation Factor

Bioconcentration Factor

Biota Sediment Accumulation Factor

cuticular membranes

Moments of the sigma profile of a molecule

COnductor like Screening MOdel for Real Solvents
Conductor-like Screening Model for Segment Activity
Coefficient

dichloromethane

Density Functional Theory
hexahydro-1,3-dinitroso-5- nitro-1,3,5-triazine
Dissolved Organic Carbon

Equilibrium Partitioning

fraction clay

XXiX



fLipid
fP rotein

fWater

HL
HMX
HPLC
(Y
Kcut

KCW
Kdw
Khw
Klipidw
Koc

Kp
Kprotw
Kpw

Ksw
Kwa

LFER
MC
MLC
MLR
MLRA
MNX
MW
MX
NQ
oC
PAH
PGDP
POC
pp-LFER
PSD
QCAP
QM
QSAR
RDX
RMSE

fraction lipid
fraction protein

fraction water

Half Life
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
high-performance liquid chromatography
Interstitial Water

Plant-cuticle water partition coefficient
trichloromethane-water partition coefficient
dichloromethane-water partition coefficient
hexane-water partition coefficient

Lipid-water partition coefficient
Soil Organic Carbon - Water Partition coefficient (L/kg
Organic Carbon)

Partition Coefficient
Protein water partition coefficient

Plant water partition coefficient
Solvent-water partition coefficient

Water air partition coefficient

Linear Free Energy Relationship

Munitions Component

Munitions Like Component

Multiple Linear Regression

Multiple Linear Regression Analysis
hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine
Molecular Weight

Cuticle matrices

Nitroguanidine

Organic Carbon

Polycyclic Aromatic Hydrocarbons
propylene glycol dipelagronate

Particulate Organic Carbon

Polyparameter Linear Free Energy Relationship
Predicted standard deviation

Quantum Chemical Abraham Parameter
Quantum Mechanics

Quantitative Structure-Activity Relationships
hexahydro-1,3,5-trinitro-1,3,5-triazine

Root Mean Square Error

XXX



SERDP Strategic Environmental Research and Development Program

S Supplemental Information

SON Statement of Need

Std.Dev Standard Deviation

TCM Trichloromethane

TNB 1,3,5-trinitrobenzene

TNT 2,4,6-trinitrotoluene

TNX hexahydro-1,3,5-trinitroso-1,3,5-triazine

TSCA EPA’s Toxic Substances Control Act

UFZ-LSER Helmholtz Centre for Environmental Research-UFZ: Leipzig,
Germany

XXXI



KEYWORDS

Quantum Chemistry Solvation Model; COSMO-SAC; Abraham Polyparameter Linear Free
Energy Relationship; pp-LFER; Fish Bioconcentration Model; Bioaccumulation Model; Grass
Barley Hordeum; BCF; Organic Carbon; Cuticle; Oligochaete; Eisenia; Quantum Chemical
Abraham Parameters; QCAP; ABSOLYV; Solvent Water Partition Coefficient; Clausius Mossotti
Equation; Molecular Polarization; Hydrogen Bonding.

XXXii



ACKNOWLEDGEMENTS

The Principal Investigator would particularly like to thank Dave Ta Fu Kuo, Tifany L. Torralba—
Sanchez and Yuzhen Liang for their assistance in preparation of this report. Substantial portions
were based on the PhD dissertations of Tifany L. Torralba—Sanchez and Yuzhen Liang. Several
undergraduate and graduate students and technicians at the University of Delaware contributed to
the projects. We would particularly like to acknowledge Olga Dmytrenko, Craig Warren Davis,
and PhD candidates; Kathleen Boone and Kevin Hickey for their contributions to this project.

XXXiii



ABSTRACT

Objectives

The project objectives as stated in the statement of need (SON) are to (1) Improve
methods for the prediction of physical properties relevant for assessing environmental fate and
transport, and (2) Develop predictive models to assess the bioaccumulation of the chemical in
relevant environmental receptors (plants, and soil invertebrates). The models will be used to
assess the environmental impact of new munitions compounds. Models that fulfill these
objectives have been developed in this project as described below.

Technical Approach
The models are designed to predict

the phases in the organism which contain
the accumulated munitions compound.
The schematic to the right illustrates the
framework. The arrows represent partitioning equilibrium between the phases and the partition
coefficients associated with each arrow are the parameters that are required to estimate the
contaminant concentration in the organism that results from exposure to the contaminated soil.

The Abraham polyparameter model is used to estimate the partition coefficients between
the phases and water. The partition coefficient, Kp, is the ratio of concentrations of a solute in the
system phases, for example, the ratio of a munitions component concentration in soil organic
carbon to the concentration in water. The model specifies the dependence of Kp on the chemical
properties of the solute and the system phases. The equation is

the equilibrium steady state concentration Exposwe  Oreamsm
of munitions compounds in terrestrial 1
plants and soil invertebrates exposed via Soil | Lo !
the soil. The models assume that the I o , ‘ |
phases in the soil are in equilibrium with Water «|ii» Water < Protein | !

LogKp=c+eE+sS+aA+bB+vV

The upper case variables are the Abraham solute parameters and the lower case variables are the
system phase Abraham parameters. Each pair quantifies the chemical interaction between the
solute and the system phases. For example aA quantifies the strength of the hydrogen bond
between the solute hydrogen bond donation, A, and system pair hydrogen bond acceptance, a.
Both sets of upper case and lower case parameters are required to make the estimate.

Quantum chemical methods have been developed to estimate the upper case Abraham
solute parameters. They rely solely on the molecular structure of the solute. The lower case
Abraham system parameters are estimated by fitting the above equation to data sets of
experimentally determined partition coefficients for many solutes. This also requires the
Abraham solute parameters.

The available databases for the bioconcentration factor (BCF = concentration of chemical
in organism / concentration of chemical in water) in fish, plants, and soil invertebrates have been
used to build the models. In addition the BCFs for a soil invertebrate (oligochaete Eisenia
Andrei) and a plant (barley Hordeum vulgare L) for munitions components and analog chemicals
have been measured and added to the databases. This was necessary in order to expand the
chemical space to include munitions compounds that are not represented in the extent data bases.
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Results

A methodology has been developed using quantum chemical computations to estimate
Abraham solute parameters for two types of applications: for use with presently existing
Abraham models, or for use in building new Abraham models. In both cases the solute
parameters have a smaller error than all other available estimation methods. This is the case for
non-munitions component and for munition components for which parameters were
experimentally determined for the comparisons.

Bioaccumulation models for plants (grasses) and soil invertebrates (oligochaetes) that are
exposed from compounds in soils have been developed as well as a bioconcentration model for
fish exposed from compounds in water. The three models require partition coefficients for which
models have also been developed: partitioning between water and organism lipid, organism
protein, and plant cuticle, and a previously developed model for water-soil organic carbon. The
number of observations in the data sets are: oligochaetes (57), protein (69) grasses (191), lipids
(248), soil organic carbon (444) and fish (601).

The performance of the models is gauged using the root mean square error of the
residuals: the difference between logio modeled and logio observed of either partition coefficients
or concentration, which is equal to logio of the ratio: model/observed. It is approximately equal
to 0.40 for all the models, corresponding to approximately 80% of the residuals between 1/3 and
3 and approximately 90% of the residuals between 1/5 and 5.

Benefits

The models can be used in a number of ways, in particular for the stated objective of the
SON: to assess the environmental impact of new munitions compounds. All that is required to
make estimates of the extent of bioaccumulation for grasses, oligochaetes and fish is the
molecular structure of the compound. In addition the physical chemical parameters: octanol-
water and air-water (Henry’s Law constant) partition coefficients and aqueous solubility can also
be estimated. Both the physical chemical and environmental partition coefficients are not as
accurate as experimental determinations. However they are sufficiently quantitative for a number
of tasks, for example to rank a sequence of proposed new munitions compounds to
bioaccumulate in organisms, or to establish that the risk is either low enough so that no further
experimental information is necessary, or, conversely that the risk is estimated to be high enough
so that further investigation is required if the compound is to move forward. This ability to
determine the potential extent of environmental risk for new munitions compounds is the most
immediate benefit from using the models developed in this project.
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Chapter 1

OBJECTIVES AND BACKGROUND

1.1 Overall Objective

The Strategic
Environmental Research and Physical Environmental
Development Program (SERDP) Chemical Water
identified a research need under a Koe
the 2008 Broad Agency
Announcement (BAA) ERSON- Gas Organic
10-01entitled "Predictive Carbon
Techniques For Assessment of the
Environmental Impact of New Kow Kipw
Munition Compounds." Our Organism
project addressed the following Octanol Lipid
objectives of this statement of
need (SON) Solubility Keuw
. Impr_ov_e methods for the Pure Plant
prediction of physical Phase Cuticle
properties relevant for SR

assessing environmental

fate and transport.

e Develop predictive models
to assess the
bioaccumulation of the
chemical in relevant
environmental receptors
(fish, plants, and soil invertebrate).

“Proposers should clearly show how the proposed research effort builds on past and
ongoing efforts to assess the environmental impact of new munitions compounds.”

The overall project objective is the development of models for predicting the physical
chemical properties and the partition coefficients to assess the bioaccumulation of new munitions
compounds into soil organisms and plants. Figure 1-1 illustrates the problem addressed:
Estimating the partitioning between water and pure phases on the left, and between water and
environmental phases on the right. Environmental partition coefficients are required as they form
the basis of the models that have been constructed. Figure 1-2 illustrates the general modeling
framework that has been applied to predict the concentration of a chemical in the organisms that
results from exposure to the chemical in soil.

The soil soil-water system is assumed to be at steady state equilibrium. The organism
components that accumulate the chemical are also assumed to be at steady state equilibrium.

Figure 1-1 Problem framework. Estimating the
physical-chemical and environmental
partition coefficients between water and
the interacting phases.



Finally the organism system and soil soil-

water system are also assumed to be at steady Exposure Organism

state equilibrium. That is, the entire system is Medium - --------oooooooo oo .
at an equilibrium state. The arrows in the ' | - i
schematic represent partition coefficients that Sf’" : Hpid l
quantify the concentration ratio between the L —
concentration in each phase and water. For W;ter -l Water 1} L Protein :
example, the partition coefficient between soil | 'l :

organic carbon and water is Koc. These are L e
the partition coefficients illustrated in Figure

1-1. Figure 1-2 Modeling framework for the

To obtain the partition coefficients, a predictive model of
methodology is required that can deal with the bioaccumulation between soil
two requirements in the SON: (i) Estimating and soil exposed organisms. The
the partition coefficients between both types soil-water and organism
of phases. The essential difference is that the components are assumed to be at
molecular structures are known for the pure steady state equilibrium. The
phases (e.g. octanol) and are unknown for the arrows represent the partition
environmental phases, e.g. soil organic coefficients illustrated in Figure
carbon. Soil organic carbon, organism lipid, 1-1.

and plant cuticle are complex mixtures of

chemicals for which only general properties are known. (ii) The SON requires that the models be
applicable for “new munitions compounds.” Therefore the parameters in the bioaccumulation
modeling framework can be estimated using only the chemical’s molecular structure.

Quantum chemical methods have been chosen to estimate the necessary model
parameters. The large extent databases for bioconcentration factor (BCF = concentration of
chemical in organism / concentration of chemical in water) in fish, plants, and soil invertebrates
have been used to build the models. In addition the BCFs for a soil invertebrate (oligochaete
Eisenia Andrei) and a plant (barley Hordeum vulgare L) for munitions components and analog
chemicals have been measured and added to the databases.

Initially it was proposed to use the currently available quantum chemical solvation
models to make the estimates for the physical-chemical partition coefficients and to develop
Abraham polyparameter models for the environmental partition coefficients. Since the
environmental partition coefficients are the more difficult problem, a quantum chemically based
method was used to estimate the required Abraham Parameter (AP) solute descriptors. The result
is a new method — QCAP (Quantum Chemical Abraham Parameters) — that provides the most
accurate AP estimates available to date. In addition, these solute parameters can be used to
estimate the physical-chemical partition coefficients to an accuracy that exceeds that using the
quantum chemical solvation models. Therefore, both aims of the project are met using QCAP for
the chemical parameters and either existing models for the physical-chemical parameters or the
newly developed BCF models for plants and soil invertebrates.

1.2 Abraham Polyparameter Model

The Abraham polyparameter model has been the basis for models of many
environmentally important parameters. Table 1-1 presents a list of available models. The model
relates a partition coefficient, Kp, typically the ratio of concentrations of a solute, e.g. a



munitions component, in two phases, e.g. soil organic carbon and water, to the chemical
properties of the solute. The equation is

LogKp =c+eE+sS+aA+bB+vV (1-1)

where Kp = Cphase / Cwater. The upper case variables are the solute parameters, and the lower case
variables are the solvent-water system parameters. The product terms represent the following
chemical interactions between the solute and solvent pair: eE = molecular polarizability resulting
in van der Waals attraction; sS = dipole/induced dipole attraction due to electrostatic
interactions; aA and bB quantify hydrogen bond donation and acceptance interactions; and vV =
quantifies the energy difference required to form cavities in the solvent pair for the solute. c is
the regression constant that carries the units. The lower case parameters are specific to the
partition coefficient Kp being modeled, e.g. the soil organic carbon-water partition coefficient,
Kp = Koc. The upper case parameters are solute specific, e.g. a munitions component such as
RDX.

To use an existing model, the solute parameters in Eq. (1-1): E, S, A, B, V are required.
To develop a new model for a specific partition coefficient, e.g. the ratio of an oligochaete body
burden to soil water concentrations, a data set of measured partition coefficients Kp is required as
well as the solute parameters E, S, A, B, V for the compounds in the data set. The solvent pair
parameters: c, e, a, b, v are estimated using by fitting Eq. (1-1) to the Kp data using multiple
linear regression. Therefore in order to develop and/or apply a model for a specific compound,
the solute parameters E, S, A, B, V for that compound need to be estimated.

Table 1-1  Abraham pp-LFER models.

Partitioning
Environmental Phase/Water Biological Phases/Blood
Particulate Organic Carbon Lung
Dissolved Organic Carbon Fat
Coal Tar Kidney
Environmental Phase/Air Heart
Aerosol Brain
Diesel Soot Toxicity/Aquatic Species
Mineral Surfaces Baseline Narcosis
Water Polar Narcosis
Water Surface Toxicity/Mammals
Snow Surface Water-Skin Permeation
Biological Phases/Water Eye Irritation
Storage Lipid Nasal Pungency
Phospholipid Membrane Resp. Irritation Mice
Serum Albumin Odor Thresholds
Muscle Protein




1.2.1 Estimating Abraham Solute Parameters

Estimating solute parameters E, S, A, B, V from experimental data makes use of Eq.
(1-1) and relies on the availability of pure solvent-water system parameters c, e, a, b, v. These
were estimated initially to quantify the influence of various solvents on the changes in
absorbance spectra for various organic compounds. The application of these ideas to estimating
solute-solvent interactions came later and was pioneered by Abraham.

Estimating solute parameters for a new compound, for which no experimental
partitioning data are available, must rely on only the molecular structure. At the start of this
project the only available estimation method that relied on only molecular structure was the
commercially available computer program ABSOLYV. It relies on a fragment decomposition of
the molecular structure and makes estimates of log Ke by adding or subtracting increments
appropriate to each fragment. The range of applicability of this method depends on the chemical
space spanned by the compounds used to estimate the fragment constants. Unfortunately the
chemicals and data used to estimate the fragment constants are not available for ABSOLYV.
Therefore there is no way of determining whether the estimates of E, S, A, B, V for a new
compound can be relied on.
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Figure 1-3 Comparison of experimental and model predicted solvent-water partition
coefficients: grey symbols are experimental measurements, red symbols are
model predictions. Upper row are for model predictions using ABSOLV
estimated AP (ABSOLV-AP), lower row are for model predictions using
experimentally derived AP (Exp-AP) from this work. The solvents in the
solvent-water systems are hexane, toluene, octanol, trichloromethane (TCM),
and dichloromethane (DCM). Experimental measurements and model
predictions for solvent-water partition coefficients are summarized in Chapter
2 Table A-4.



1.2.2 ABSOLYV Estimates of Abraham Solute Parameters for Munitions Compounds

Reliable Abraham solute parameters for the munitions compounds were required in order
to build the models being developed for plant and soil invertebrate BCFs. Solvent-water partition
coefficients were measured for four munitions and four munition-like compounds and these were
used to estimate their Abraham Parameters (AP). The results are shown in Figure 1-3 and
compared to the ABSOLYV estimates. The experimental details and a more complete
presentation are contained in Chapter 2.

The predictions are made using ABSOLV-AP (Figure 1-3 upper row) and experimentally
based AP (Exp-AP, Figure 1-3 lower row). Since the experimental measurements are used to
estimate Exp-AP, it is not a surprise that the predictions using Exp-AP compare favorably to the
measurements. It is the ABSOLV-AP results that are noteworthy. The ABSOLV-AP predictions
for nitroaromatics TNT, TNB, and 4NAN are generally in good agreement with experimental
measurements. Larger discrepancies are observed for log Kew and log Kaw of TNT (errors = 1.33
and 1.14 log units respectively), and also for TNB (errors = 1.32 and 1.68 log units respectively).
However, errors are much larger for the cyclic nitramines and nitrosamines (RDX, HMX, TNX,
DNX, and MNX). The overall RMSE of ABSOLV-AP predictions is up to 3.56 log units. The
large discrepancy is probably due to missing -R2N-NO and -R2N-NO2 functional groups in the
ABSOLYV fragment database. The accuracy of a fragment model depends on the availability of
experimental data for molecules containing the fragment of interest. If the fragment is not in the
database, the method fails.
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Figure 1-4 Comparisons between experimental measurements and model predictions with
ABSOLYV estimated (ABSOLV-AP) or experimentally derived (Exp-AP) AP
from this work for water-air partition coefficient (log Kwa, Lair /Lwater),
organic carbon-water partition coefficient (log Koc, L kg-1), and water solubility
(log S, mol L-1). log Kwa y-axis on left, log Koc and log S y-axis on right.
Experimental values from different sources are plotted. Two grey dots per
property denote the reported ranges. Experimental measurements and model
predictions are summarized in Chapter 2 Table A-6.



Comparisons are made in Figure 1-4 for predicting Kwa = Water-Air partition coefficient
(the Henry’s constant), Koc = Organic Carbon-Water partition coefficient, and S = aqueous
solubility. Results are similar to Figure 1-3 with large errors RDX and HMXABSOLYV estimates.

1.2.3 Quantum Chemical Estimates of Abraham Solute Parameters for Munitions

Compounds

The recommended experimental method for estimating Abraham solute parameters uses
measured solvent-water partition coefficients for five solvents: hexane, dichloromethane,
trichloromethane, octanol and toluene. E is derived from an estimate of the molar refractivity
using a fragment bases estimate. V is the McGowan molecular volume estimate. S, A, and B are
estimated using Eq. (1-1) and a multiple linear regression to estimate the three unknowns with E
and V as known quantities.

The Quantum Chemical based Abraham Parameter method (QCAP) mirrors the classical
experimental method with two important differences. (i) E is estimated from the molecular
polarizability of the solute computed using a standard quantum chemical program (Gaussian 09).
The Clausius—Mossotti equation relates molecular polarizability to molar refractivity from which
E is computed. V is obtained from the same quantum chemical computation. (ii) The measured
five solvent-water partition coefficients used in the classical method are replaced by sixty-five
estimated solvent-water partition coefficients using the quantum chemical solvation model
COSMO-SAC, an open source program developed by a Co-PI on this project. It requires a
standard quantum chemical structural optimization, computation of the electron density, which is
processed by the COSMO-SAC code to estimate the solvent-water partition coefficient. The use
of a large number (65) of solvents compensates for the relatively large prediction error in each
individual estimated solvent-water partition coefficient that is characteristic of any quantum
chemical solvation model. It is demonstrated (Chapter 2) that the errors produced by COSMO-
SAC are not biased so that the error cancelation does in fact take place.

Figure 1-5A compares the root mean square errors for the prediction of experimental
solvent-water partition coefficients and the estimates using ABSOLV, QCAP, and Adjusted
QCAP solute parameters. The Adjusted QCAP, which are linear combinations of the QCAP, are
fit to the experimental AP. They are designed to be used for pp-LFERs that were constructed
using experimentally derived solute parameters. The reason that QCAP perform less well is that
E is computed using a different method — quantum chemically computed molecular polarizability
and the Clausius—Mossotti equation — then the method used for the experimental or ABSOLV
estimated parameters. Therefore for pp-LFERs constructed using experimental or ABSOLV
estimated parameters the Adjusted QCAP are the appropriate choice. In all cases examined,
using the Adjusted QCAP provides the best performance for both predicting solvent-water
partition coefficients for conventional (Figure 1-5A) and munitions components (Figure 1-5B).

The situation is reversed when a new pp-LFER is being developed. For this case, the
QCAP parameters are the best choice. Figure 1-6 presents the results for (A) refitting the solvent-
water partition coefficients for conventional compounds and (B) for munitions compounds. In
almost all cases the pp-LFER developed using the QCAP solute parameter performs the best.

In summary, Adjusted QCAP should be used for pp-LFERs for which the system
parameters (the lower case parameters in Eq. (1-1)) have been estimated using experimental
and/or ABSOLYV solute parameters. QCAP should be used for new pp-LFERs for which the
system parameters (the lower case parameters in Eq. (1-1)) are estimated using experimental
partition coefficients Kp.
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Figure 1-5 (A). RMSEs of the residuals (predicted log Ksw - observed log Ksw) for solvent-
water partition coefficients. Predictions by three models ABSOLV, QCAP, and
Adjusted QCAP. Solvents (left axis) ordered from the smallest to the largest
QCAP RMSE. Right axis N = number of solutes in each system. (B) Prediction
errors (predicted log Ksw - observed log Ksw) for predictions of ABSOLV,
QCAP, and Adjusted QCAP for munition constituents and munition-like
compounds (Right axis). Left axis: partitioning systems: wet octanol-water,
toluene-water, hexane-water, trichloromethane (TCM)-water, and
dichloromethane (DCM)-water.
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Figure 1-6 Results for pp-LFERSs constructed using the indicated solute parameters. (A)
RMSEs of residuals (log predicted - log observed partition coefficients) for
solvent-water partition coefficients. Predictions by four models (1)
ABSOLYV, (2) original model with QCAP, (3) refitted model with
ABSOLYV, and (4) refitted model with QCAP. Solvents (left axis). Right
axis N = number of solutes in each system (B) Prediction errors (predicted
log Ksw — observed log Ksw) for solvent-water partition coefficients for
munition constituents and munition-like compounds (Right axis). Left axis
list of the corresponding partitioning systems: wet octanol-water, toluene-
water, hexane-water, and chloroform-water.



1.3 Bioconcentration Model for Plants
All the models built in this project are based on the assumption that the receptors: plants,
soil invertebrates, and fish, are in partitioning equilibrium with the source of the compound being

Plant
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Figure 1-7 Schematic diagram of the Equilibrium Partitioning (EqP) modeling approach:
Left-right arrows indicate partitioning of MC (or MLC) i between two phases.
K;,. = soil organic carbon-water partition coefficient (Lwater kgoc™), Ki .=

root-water partition coefficient (Lwater KQroot*), and K;., . = plant cuticle-water
partition coefficient (Lwater Kgcuticte™).

considered (Figure 1-2). The 1073 8 Kew @ Kow ® e
schematic for the plant BCF model ] -
(Figure 1-7) includes only plant o ¢ o & ¢ Q
cuticle as the plant leaf component ) A T
being considered as the quantities S = = |
of compound in the other phases 5107 ° B I -
were estimated to be negligible as 3 o1 @B 8 = @
discussed in Chapter 6. S
3
1.3.1 Plant-Water Partitioning . ¢
f . 10" 1

The bioconcentration . w w . w . ; !
factor (BCF) is the steady state = £ 2 £ % z =z &
concentration of the compound in T = 7 v =
living plants grown in various é i o
media (water, sand, or soil) & &
contaminated with the compound. ‘“
Itis of interest to examine the Figure 1-8  Plant (barley)-water partition coefficients
concentration in plant biomass (Kew) and octanol-water partition
achieved by simply equilibrating it coefficients (Kow) for MCs and MLCs.
with dissolved compound. This See Chapter 5, Figure 5-4 for details.
was tested using whole barley Boxes’ widths proportional to the square-
plants (Hordeum vulgare L) root of the number of observations in the
sectioned into approximately 0.5 groups.

cm sections and equilibrated with



solutions containing MCs and MLCs
(see Chapter 5 for the experimental
details.) The resulting plant-water
partition coefficients Kpw are shown in
Figure 1-8 together with the octanol-
water partition coefficients Kow. Kpew’s
vary by almost an order of magnitude.
However they show no relationship to
Kow which indicates that a pp-LFER
using only log Kow would not be a
successful predictor of Kew for
munitions and munitions like
compounds.

Experiments were performed to
obtain BCFs for MCs and MLCs.
Barley was grown in a water-sand
media at non-toxic concentrations.
Daily renewals kept the water
concentrations from excessively
varying (Chapter 5, Figure 5-2). BCFs
are the plant-water concentration ratio
at steady state (Chapter 5, Figure 5-3).
Comparison of Kew and BCF are
presented in Figure 1-9. Kew is either
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Figure 1-9 Comparison between BCF (labeled

Uptake) and plant-water partition
coefficient Kew (labeled Partitioning)
for MCs and MLCs. Compounds
ordered from small to large difference
between log Kew and log BCF. Box
width proportional to the square-root
of the number of observations in the

group.

equal to the BCF (2,4-DNAN) or greater than the BCF for the reminder of the MC/MLCs. A
likely explanation is that there is metabolism in the plant that is reducing the concentration

(Chapter 5, Figure F-8).

1.3.2 Plant-Cuticle Partitioning Model

A plant-cuticle partitioning model was built using a large dataset collected from the
literature. Two types of experimental data were collected: (i) reported Kcut values, which are used
to develop the Kcut model, This dataset, to which was added the training set used by Platts and
Abraham, comprises 8 MC/MLC compounds and 69 non MC/MLC compounds in 16 plant
species for a total of 143 observations (Chapter 6, Table G-5). Figure 1-11 presents the results
using three sets of AP (A) ABSOLV-AP, (B) Exp-AP: Experimental + ABSOLYV if experimental
were not available, and (C) QCAP. The fit using ABSOLV-AP is distorted due to the highly
inaccurate estimates for cyclic nitramines and nitrosamines (RDX, HMX, TNX, DNX, and
MNX) as seen in Figure 1-3. Comparable RMSEs are obtained using either Exp-AP or QCAP
estimates. The pp-LFERs are able to fit both MC/MLC and non MC/MLC compounds. Note that
the Exp-AP are experimentally derived whereas the QCAP are estimated from quantum chemical

computations only.
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Figure 1-11 pp-LFER, Eq. (1-1) fitted to

the full Kcut dataset collected
from the literature. Abraham
solute parameters from (A)
Absolv-AP, (B) Exp-AP,
(C) QCAP. RMSE: root
mean square error of
prediction (log fitted - log
observed) for all compounds
included in the full Kcut
dataset (Chapter 6, Table
H-5). The RMSEs for only
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Figure 1-10 Predicted concentrations in the

11

plant versus observed values from
published uptake studies (Chapter
6 Table 6-2, Table H-13, and
Table H-17). Color coding
assigned based on: (A) MCs and
MLCs (Chapter 6 Table 6-1), (B)
growth medium, and (C) plant
species. Unfilled symbols indicate
that the predicted concentration in
the interstitial water exceeded
solubility. The border color for the
unfilled symbols corresponds to
the color identification in each
panel legend. Root mean square
error of prediction (log predicted -
log observed) RMSE = 0.429
excluding the unfilled symbols.
The solid line indicates the best
agreement (unity), dashed lines
are spaced at 1 log unit from
unity.



1.3.3 Plant Concentration Model

The validation dataset for the plant BCF model is compiled from measurements of
concentrations in plant biomass made during uptake assays where plants were exposed to MCs,
or MLCs, in the growth medium. Since the growth medium is soil, predicting the BCF requires

the Koc to predict the soil-water concentrations. The model for the plant concentration C;,, .

from an exposure concentration in soil C;. ., . .. for compound i is
oil Solids
C. _ KiCut feut CiSoilSolids (1-2)
ip1 - -
Plant Kioc fOC

where the parameters are defined in Table 1-2. The results are shown in Figure 1-10. The three
panels contain the same predicted and observed concentrations in the plant but with different
coding by (A) compound, (B) growth medium, and (C) plant species. Unfilled symbols indicate
that the predicted concentration in the interstitial water C;,, was replaced by the corresponding
MC aqueous solubility as the predicted concentration in the interstitial water exceeded the
aqueous solubility of the compound. These are experiments for which very large soil
concentrations were used. The points that are horizontal in Figure 1-10 are data from different
experimental observations for the same compound. The model predictions are made using the
QCAP parameters. This result demonstrates that the BCF model can be applied to MC/MLC
with a RMSE = 0.429. A more detailed statistical evaluation of the goodness of fit is given
below.

Table 1-2  Equations for the prediction of concentrations in plants exposed to MCs, or MLCs,
in soil and sand or water culture.

_ KiCut feut CiSoilSolids

- = Eq. (1-2
lplant Kioc fOC q ( )
Var. Equation #
Ki,.: log Ko =0.670 + 1.075E — 0.277S — 0.363A4 — 1.697B + 1.468V (1-3)
Cro 1o
C' : C — Soil Solids _
Liw lLiw Kioc fOC (1 4)
Kicy.: log Kcye = —0.593 + 0.433E + 0.900S — 0.5874 — 5.409B + 3.442V  (1-5)
iPlant: CiPlant = KiCut fCut CiIW (1'6)
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2 Var.: Variables; i: MC, or MLC, of interest; C; : concentration of compound i in the

lPlant
plant biomass (mg kgawi'); K ,: plant cuticle-water partition coefficient of i (Lwater KGcuticte™
Y); feue: dry weight fraction of cuticle in the plant (kgeuticie Kgawt plant™); Ci, ,; orias:
concentration of i in the soil solids (mg kgawt?); K;,.: soil organic carbon-water partition

coefficient of i (Lwater kgoc™); foc: dry weight fraction of organic carbon in the soil (kgoc
kgawtsoi®); E, S, A, B, and V: solute descriptors for i (Chapter 6 Table G-14); Cipy
concentration of i in the growth medium interstitial water (IW) (mg L™?)

1.4 Bioconcentration Model for Oligochaetes

The BCF model for oligochaetes is built following the same procedure applied to plants.
Figure 1-12 is a schematic of the model. Soil water is in equilibrium with the three organism
compartments that accumulate significant quantities of compound: lipid, protein, and water. Two
datasets were compiled from published uptake assays: oligochaete BCFs from studies with
measured concentrations in the interstitial water, and concentrations in oligochaetes from studies
performed in soil for which measured concentrations in the interstitial water were unavailable.
Data exclusion criteria are discussed in Chapter 7. The data are listed in Chapter 7 Tables H-2
and H-8. The dataset is chemically diverse and includes seven oligochaete species. The
compounds include MCs, MLCs, polycyclic aromatic hydrocarbons (PAHSs), and
organochlorines (Chapter 7 Table H-2). The exposure media include coarse quartz sand (0.5-1.0
mm effective diameter particles, hereafter referred to as "sand"), spiked or contaminated soil
more complex than simple sand (hereafter referred to as "soil"), spiked or contaminated
sediment, and water. A total of 60 observed oligochaete BCFs values for undissociated organic
compounds were compiled (Chapter 7 Table H-8).

Oligochaete

|
|
|
! Lipid - Water = Protein
|
|

Organic _ | | _ Interstitial
Carbon Water

Figure 1-12 Schematic diagram of the Equilibrium Partitioning (EgP) modeling
approach: Left-right arrows indicate partitioning of MC (or MLC) i between
two phases. K;, . = soil organic carbon-water partition coefficient (Lwater
kgoc™), K; .. = root-water partition coefficient (Lwater Kgroot1), and K;
plant cuticle-water partition coefficient (Lwater KQcuticle™ ).

cut
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1.4.1 Lipid-Water and Protein-Water Partitioning

Lipid—water partition coefficient (Kiipiaw) and protein—water partition coefficient (Kprotw)
are required for the oligochaete BCF model (Figure 1-12). Lipid-water partitioning data were
collected from studies that have examined various types of lipids as well as lipid-surrogates: real
animal body fats such as cod liver oi, fish and rat fat; surrogates for storage lipids include
triglycerides such as tricaprylin and triolein; and phospholipid or liposome. (See Kuo and Di
Toro ! for details).

For protein-water partition coefficient (Kprotw), @ data set has been utilized which
comprises 120 pharmaceuticals binding to human serum albumin as protein surrogate (Kuo and
Di Toro (2013) %). This data set was chosen because the studied chemicals had low log Kow’s.
Since lipids are the dominant phase for partitioning of organic compounds with moderate to high
log Kow, it is more important to model protein-water partitioning accurately for low log Kow
chemicals. Finally, only the chemicals that were predominantly neutral at typical biota pH (pH~7
to 7.4) were used. See Kuo and Di Toro * for more details.

A comparison of predicted versus observed log Kiipiaw and log Kprotw is presented in
Figure 1-13A and B. The final model parameters are presented in Table 1-3. For lipid—water
partition LFER, RMSE=0.57 and for protein—water partition LFER, RMSE=0.38.

210 - $ 2
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e) o))

8 Q _'] —

8 27 3
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= T I I T T T g | 1 T 1 T
0 2 = 6 8 10 -2 -1 0 1 2
Observed log Kyjpigw (Lw / Lipia) Observed log Keoteinw (Lw / Lprotein)

Figure 1-13 Predicted vs observed (a) lipid—water and (b) protein—water partitioning using
Abraham solvation parameters. For lipid—water partition LFER, n=248,
RMSE=0.57. For protein—water partition LFER, n=69, RMSE=0.38.

1.4.2 Lipid-Water and Protein-Water pp—LFERs and Prediction of Oligochaete BCFs
The pp-LFER for oligochaete BCFs is

fWater) 1 (1-7)

BCFL. = (fLipid KiLipid + fProtein Kiprotein +
fdwt

Pwater
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where values for fiiyia, fprotein: fwater. @Nd fqy, Were obtained from the literature (Chapter 7,
Table H-4). K; is estimated using the model developed from the data in Figure 1-13B. The

LProtein

solute descriptors are estimated using QCAP (Chapter 7 Table H-5), for the same reasons as
discussed in the plant BCF.

Two versions of the model have been constructed. The first was constructed by fitting the
solvent parameters for lipid and using the protein model presented above (Figure 1-13 and Eq.
(1-12)). The pp-LFER for the oligochaete lipid phase partition coefficient (Eq. (1-10)) was
estimated by fitting to the BCF data with

1
BCFi = fLipid 10(c+eE+sS+aA+bB+vV) + fProtein Kiprotein + fWateT (1'8)
Pwater fdwt

The second is a model developed using the independently determined lipid (Eq. (1-10))
and protein (Eq. (1-12)) partition coefficients.

The results of the first model are shown in Figure 1-15. The color coding identifies each
data point by compound (Figure 1-15A), exposure medium (Figure 1-15B), and oligochaete
species (Figure 1-15C). The BCFs covered a range of approximately five orders of magnitude
(0.664 < log BCF < 5.39) for which MCs and MLCs constitute the lower end of the range
(Figure 1-15A). No bias was observed for the prediction of any compound.

The resulting RMSE of the predictions depended on the exposure media (Figure 1-15B)
with RMSEs for each group increasing in the order of sand < water < soil < sediment (0.177,
0.365, 0.467, and 0.768, respectively). This was expected as the concentrations measured in
oligochaetes and exposure phases: sediments or soils are, less reliable than those in assays with
sand or water. This is due to the analytical and experimental challenges in collecting
oligochaetes or interstitial water (i.e., exposure phase) from sediment or soil without also
disturbing the sample and changing it in some way, for example by oxidation.

No trend was observed in the prediction as a function of the oligochaetes being terrestrial
or aquatic (Figure 1-15C), suggesting that the model could be applied to a variety of oligochaete
species.

The second model was evaluated using the independent pp-LFER for organism lipid (Eqg.
(1-7)) was that was developed by fitting to a set of lipid-water partitioning data (Figure 1-13A).
The results are shown in Figure 1-14B, and can be compared to the results using the fitted pp-
LFER (Figure 1-14A). The RMSE increases from RMSE = 0.499 to 0.677. The lipid pp-LFER
itself has a RMSE = 0.57 so it is expected that the RMSE = 0.677 for the BCF employing it
should be larger, as it is, but not excessively so. In fact it is reassuring that the BCF model using
completely independent pp-LFERS produces reasonable results.

The procedure for the estimation of concentrations in oligochaetes from soil is validated
by predicting concentrations in an independent dataset (23 observations) compiled from
published uptake assays. The estimations are performed using a partitioning—based oligochaete
bioconcentration model (Table 1-3).
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oligochaete BCFs for organic
compounds partitioning to
three components, lipid,
protein, and internal water
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oligochaete BCFs for organic
compounds (Chapter 7 Table
I-6). Predictions made using a
partition—-based BCF model
(Chapter 7 Eq. (7-3)) with the
KLipia pp—LFER (A) fitted to
the oligochaete BCF data and
((Eq. (7-11)) or (B) fitted to an
independent data set (Eq.
(7-5)). Legend: Chemical class
with corresponding count;
PAH: polycyclic aromatic
hydrocarbon. RMSE: Root
mean square error of prediction
(log predicted - log observed
BCF). The solid line indicates
the best agreement (unity),
dashed lines are spaced at 1 log
unit from unity.



Table 1-3 A partitioning—based oligochaete bioconcentration model?

fwater CiSoil Solids
Civvorm = (fLipid Kiyipia T ferotein Kiproroin pWater) Tt foc K (1-9)
Var. Equation #
K, log Ky =0.670 + 1.075E — 0.2775 — 0.3634 — 1.697B + 1.468V (1-3)
Cic oo

C: - C — _-Soil Solids _
iiw iw Kiop foc (1-4)
iLl.pide logKpipig = 0.84+ 0.77E — 1.10S — 0.47A — 3.52B + 3.37V (1-10)
iLipidC: log Kiipia = 0.751 + 0.431E — 2.409S — 0.787A — 2.106B + 4.553V  (1-11)
Kip oroin: log Kprotein = — 0.88 + 0.74E — 0.37S — 0.134 — 1.37B + 1.06V (1-12)

fwater\ Ci

CiWorm CiWorm = (fLipid KiLipid + ferotein KiProtein sz;:) f;;/w; (1-13)

Var.: Variables; i: MC, or MLC, of interest; C;,, - concentration of i in the worm (mg kgawt
Y; fripia and fprotein: Wet weight worm fraction of lipid and protein, respectively (kgiipia Kgwwt
worm™* and Kgprotein Kgwwt worm™, Wwt: wet weight); Kiyipia and K;, ..., lipid—water and protein-

water partition coefficients of i, respectively (Lwater KQuipia™ and Lwater KQprotein™2); fivqrer and fawe:
worm mass fraction of water and dry weight, respectively (Kgwater Kgwwt worm™ and kgawt KQuwwt

worm2); Pwater: density of water (Kgwater Lwater2); Cigoi soias- CONCENtration of compound i in the

soil solids (mg kgawtsoil™); foc: dry weight fraction of organic carbon in the soil (kgoc kgdwt soil™);
K;,: organic carbon-water partition coefficient of i (Lwater kgoc™); E, S, A, B, and V: QCAP

for i (Chapter 7 Table H-9); C;, - dissolved concentration of i in the interstitial water (IW) (mg
LY

b Estimated from an independent data set

¢ Estimated using the oligochaete BCF data

1.5 Bioconcentration Model for Fish

The development of pp-LFER models depends critically on the availability of large and
well understood data sets. The data for fish BCF is the largest and most detailed available.
Therefore it was chosen for developing the first BCF pp-LFER using Abraham parameters. All
previous fish BCF models used the octanol-water partition coefficients in the pp-LFER for the
fish lipid-water partition coefficient.

The BCF model for fish is illustrated in Figure 1-16. The fish compartments are lipid,
water, and protein. The exposure is from the water column. The freely dissolved concentration in
the water column is in equilibrium with the internal water phase of the fish. Therefore,
partitioning in the water column is considered as well as partitioning in the fish.
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Figure 1-16 Schematic diagram of the Equilibrium Partitioning (EgP) modeling approach:
Left-right arrows indicate partitioning of MC (or MLC) i between two phases.
The arrows in the fish denote partitioning equilibria between lipid—water and
protein—water. The arrows in the water column denote partitioning equilibria
between dissolved organic carbon-water and particulate organic carbon —
water.

The model formulation, the data used to estimate the model parameters and a detailed
analysis of the results are available in two published papers and the supplementary information
(Kuo and Di Toro (2013) 1). The BCF model (Table 1-4, Eq. (1-15)) requires two Kinetic
constants, the respiratory elimination rate constant kz, and the metabolism/biotransformation rate
constant kwm, as well as the partition coefficients. The pp-LFERs and estimation equations are
listed in Table 1-4. These estimation equations have been developed using data from various
sources (Kuo and Di Toro ).

The BCF model is validated using an independent data set containing 18 chemicals (N =
601) each with at least 20 or more measurements. The comparison of predicted versus observed
BCFs is presented in Figure 1-17. The prediction RMSE = 0.56.

The fish BCF model incorporates the biotransformation rate of compound. The
parameters in Egs.(1-18) to (1-20) are estimated by fitting to the data presented in Figure 1-18.
The residuals RMSE = 0.71, which is the largest RMSE of all the models developed in this
project. It is presented since this is a new model of an important process — biodegradation — that
considers internal chemical partitioning and uses Abraham solvation parameters as reactivity
descriptors. It assumes that only chemicals freely dissolved in the body fluid may bind with
enzymes and subsequently undergo biotransformation reactions. Consequently, the whole-body
biotransformation rate of a chemical is retarded by the extent of its distribution in different
biological compartments (Kuo and Di Toro 1).
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1.6 Model Performance and Applicability to Munitions Compounds

The quality of the models developed in this project has been assessed using the RMSE of
the residuals = log(Predicted) — log(Observed) = log(Predicted/Observed) which is a unitless
ratio. Therefore the RMSE of the different models can be compared.

It is useful to relate the RMSE to the fraction of the residuals that exceed certain limits.
For example, what percentage of the residuals exceed the limits 3 and 1/3 if RMSE = 0.5. This
can be estimated if the probability distribution of the residuals is assumed to be normal. Figure
1-19A presents the results. The dashed line indicates a 10% exceedance of the limits. For RMSE
=0.3, 0.4, and 0.6 the corresponding limits are 1/3 and 3, 1/5 and 5, and 1/10 and 10. Thus a
model with RMSE = 0.3, 0.4, or 0.6 can be thought of as a model having a predictive capability
of a factor of 3, 5, or 10, respectively.

Figure 1-19B presents the statistics of the residuals for the models developed or used in
this project. The mean, standard deviation, and RMSE and their standard errors are presented for
both classes of data: the MC and MLC (yellow) and the Non MC/MLC data (grey). The number
of data points are indicated in the x axis legend.

For all the models, the RMSE = 0.4 so that the models have approximately 90% of the
residuals within the limits of 1/5 and 5. The RMSE is a function of the residual mean and
standard deviation

RMSE = \/Mean2 + Standard Deviation? (1-14)

All the Non MC models have small residual means indicating a lack of bias. The model
performance is approximately the same for munitions components and non-munition components
as the RMSEs are all approximately the same. For Koc and the Plant concentrations the results
are predictions as the MC and MLC data were not used in the model fitting. The RMSE for Koc
is surprising small and the Plant concentrations are in line with the other RMSEs.

Plots of model prediction or model fitted results versus observed data are presented in
Figure 1-20. The MC and MLCs are indicated. Note the multiple orders of magnitude spanned
by the data sets and the relation of the MC/MLC data to the rest of the data. For oligochaete
BCFs the MC/MLC data is at the low end of the data. For soil organic carbon partition
coefficient MC/MLC data is in the lower third of the range. For plant cuticle, however,
MC/MLC is in the middle of the range. As noted in Chapter 6, plant cuticle has a quite different
pp-LFER (Eg. (1-5)) than does either soil organic carbon (Eq. (1-3)) or organism lipid
(Egs.(1-10) and (1-11)). It is this difference that necessitates the use of Abraham pp-LFERSs that
can accommaodate the properties of quite different solutes (MC/MLC versus the Non MC/MLC)
and different environmental phases (soil organic carbon, organism lipid, and plant cuticle) with
markedly different partitioning properties.
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Table 1-4  Equations for fish BCF model.

K
CF = PsysKrw_ (1-15)
1+ ky/k,

Var. Equation #
o) = ! 1-16
s Psys = 1+ [DOC]Kpocw + [POC]Kpocw (1-16)
KFW KFW = flipidKlipidw + fprothrotw + fwat/pwat (1'17)

1

k Grish = 1-18
M Jish 1+ Klipidwflipidpwat/fwat + Kprotwfprotpwat/fwat ( )
logHL = 2.2(£0.3)B — 2.1(£0.2)V — 0.6(+0.3) — logyisn (1-19)
ky = 1n(2) /HL (1-20)
Kiipiaw log Kyipiaw = 0.84 + 0.77E — 1.10S — 0.47A — 3.52B + 3.37V (1-10)
Kprotw 10g Kyrorw = — 0.88 + 0.74E — 0.375 — 0.134 — 1.37B + 1.06V (1-12)
Kpocw 10gKpocw = 3.10 + 0.87E — 1.03S — 3.814 + 0.14B + 0.67V (1-21)
logKDOCW = 097logK0W - 127 (1'22)

I = 1
k2 " 5.46x10-6mw + %201 (1-23)
KOW

k, = ki/Krw (1-24)

@sys = freely dissolved fraction of chemical in the aqueous phase; Krw = wet-weight fish—water
partition coefficient; fipia = fish lipid content; forot = fish protein content; fwat = fish water content;
Kiipiaw = lipid—water partition coefficient; Kprow = protein—water partition coefficient; km = whole
body biotransformation rate constant; ¢rish = fraction of freely dissolved chemical within the fish;
Kbocw = dissolved organic carbon—water partition coefficient; ki1 = respiratory uptake rate
constant; k2 = respiratory elimination rate constant; Kiipiaw and Kprotw in units [Lwai/kgiipia] and
[Lwat/kgprot], respectively. Dissolved organic carbon (DOC) and particulate organic carbon (POC)
concentrations were assumed to be 1 mgooc/L and 0 mgroc/L respectively.
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Chapter 2

EXPERIMENTAL DETERMINATION OF SOLVENT-WATER PARTITION
COEFFICIENTS AND ABRAHAM PARAMETERS FOR MUNITION CONSTITUENTS

Abstract

There is increasing concern about the environmental fate and effects of munition
constituents (MCs). Polyparameter linear free energy relationships (pp-LFERs) that employ
Abraham solute parameters are available for a variety of parameters that can aid in evaluating the
risk of MCs to the environment. However, poor predictions using pp-LFERs and ABSOLV
estimated Abraham solute parameters are found for some key physico-chemical properties,
particularly for novel MCs. In this work, the Abraham solute parameters of eight MCs and
munition-like compounds are determined using experimentally determined partition coefficients
in various solvent-water systems. The compounds investigated include hexahydro-1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX),
Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3,5-trinitroso-1,3,5-triazine
(TNX), hexahydro-1,3-dinitroso-5- nitro-1,3,5-triazine (DNX), 2,4,6-trinitrotoluene (TNT),
1,3,5-trinitrobenzene (TNB), and 4-nitroanisole (4NAN). The solvents in the solvent-water
systems are hexane, dichloromethane, trichloromethane, octanol, and toluene. The measured
partition coefficients span a range from -2.19 to 3.17 log units. The only available reported
partition coefficients are for octanol-water for some of the investigated compounds and they are
in good agreement with the experimental measurements from this study. Correlations of the
measured solvent-water partition coefficients for some solute pairs or solvent system pairs
indicate the consistency and reliability of the experimental data, and also serve to estimate
missing values. The predictions of solvent-water partition coefficients (log Kg) using
experimentally derived solute parameters have much lower root mean square error of prediction
of log Ker (RMSE = 0.38) than those using ABSOLYV estimated parameters (RMSE = 3.56) for
the investigated compounds. Additionally, the predictions for various physico-chemical
properties using the solute parameters derived in this study agree with available literature
reported values with prediction errors within 0.79 log units except for water solubility of RDX
and HMX with errors of 1.48 and 2.16 log units respectively. However, predictions using
ABSOLYV estimated solute parameters have larger prediction errors of up to 7.68 log units. This
large discrepancy is probably due to the missing —R2N-NOz and —Rz2N-NO: functional groups in
the ABSOLYV fragment database.

2.1 Introduction

The US Department of Defense reported that 12,000 sites throughout the United States
were contaminated by munition constituents (MCs).! For example, the concentration of
hexahydro-1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), 2,4,6-trinitrotoluene (TNT), and
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX) in some sites exceeded 3000
mg-kg?, 87000 mg-kg?, and 3000 mg-kg?, respectively.? Because of improper handling and
disposal techniques, these MCs and their degradation products may enter into the environment,
posing risks to a variety of organisms including microorganisms®?®, algae®, plants’, fish®, and
humans?.
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In addition to MCs, metabolites, degradation products, or industrial by-products of MCs
can also pose environmental concern. Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX),
hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), and hexahydro-1,3-dinitroso-5- nitro-1,3,5-
triazine (DNX), the degradation products of RDX, have been detected in soil and groundwater®
101t has been found that these degradation products are toxic to organisms.*! 1,3,5-
trinitrobenzene (TNB) is a high explosive used for mining and military application and is a
degradation product of TNT or a by-product of TNT manufacturing.*? With a structure similar to
TNT, TNB is suggested to pose similar health problems and environmental risks.2 The
compound 4-nitroanisole (4ANAN) was selected in this study because it is structurally similar to
the investigated MCs. The compounds studied are listed in Table 2-1, together with their
physico-chemical properties and chemical structures. Among them, RDX and HMX are cyclic
nitramines with -R2N-NOz structure'®; MNX, DNX, and TNX have R2N-NO and/or R2N-NO2
and will be referred to as cyclic nitrosamines; TNT, TNB, and 4NAN are nitroaromatics with Ar-
NO:2 structure®,

In order to assess the fate of MCs and their degradation products in the environment,
physico-chemical properties are required, such as vapor pressure, water solubility, and
particularly partition coefficients. The partition coefficient is defined as the ratio of the
concentrations of a compound in a two-immiscible-phase system at equilibrium®;

Ki; = & (2-1)
Ciz
where Ki2 denotes the partition coefficient, Ci1 and Ciz denote the equilibrium concentrations of
substance i in phase 1 and in phase 2, respectively.
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Table 2-1  Physical and chemical croperties of munition constituents.

Property RDX HMX MNX DNX TNX TNT TNB ANAN
CAS number 121-82-4 2691-41-0 5755-27-1  80251-29-2 13980-04-6 118-96-7 99-35-4 100-17-4
Formula C3sHeNeOs ~ CaHsNsOs C3HesNeOs C3HeN6O4 C3HsNsO3 C7HsN3Os CsH3N3Os C7H7NOs3
?g_‘ﬂlaorl_q;ass 222.12 296.16 206.12 190.12 174.12 227.13 213.11 153.14
Density 1.78 to a a a
(@mLY) 1.82 1.903 1.65 1.688 1.23
Melting 205.5 281 a a a 80.1 1215 51 t0 53
point (°C)

Physical white White white white white yellow yellow green to
state (25 °C) solid Solid solid solid solid solid solid brown solid
o CH, OCH.,
N 102 0N NO,
Structure Oy 102 [ N) O gy 102 Oy o MO Oy s AOON 102 =2 ==
DA croonr U )
o ow” | | |
NO, NO, NO NO NO NO, NOZ NO3
2 Not found.
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2.1.1 Polyparameter Linear Free Energy Relationships (pp-LFERS)

Experimentally measured physico-chemical properties are available for only 1% of the
approximately 70,000 industrial compounds compiled in EPA’s Toxic Substances Control Act
(TSCA) inventory®. Many attempts have been made to develop predictive models since it is not
practical to measure all the required physico-chemical properties for all existing and newly
emerging environmental contaminants. Among the available models, the Polyparameter Linear
Free Energy Relationships (pp-LFERS), such as the Abraham solvation model, have been
proposed to predict partitioning in a broad variety of environmental systems and chemicals.*6 %/
This model evaluates the logarithm of the partition coefficient (K) between two phases using the
equation:

logK =c+eE+sS+aA+bB+vV (2-2)

where the lower case parameters pertain to the two phases, e.g. the solvent-water system, and the
upper case parameters pertain to the solute. The model assumes that the interaction Gibbs free
energy contributions to the partitioning process are separable and additive'®: eE describes the
dispersion van der Waals interaction, sS describes the dipole-dipole and dipole-induced dipole
interactions, aA and bB measure the hydrogen-bond interactions, and vV describes the energy
required for cavity formations. The pp-LFER model assumes that the effects of the solute are
independent from those of the solvent.*® That is, a set of solute parameters for a given substance
is considered constant, regardless of the solvent, and vice versa. The upper case letters E, S, A,
B, V denote solute’s excess molar refraction, dipolarity/polarizability, effective hydrogen-bond
acidity (i.e. the ability of the solute to donate a hydrogen bond), effective hydrogen-bond basicity
(i.e. the ability of the solute to accept a hydrogen bond), and molar volume, respectively. The
lowercase letters c, e, s, a, b, v are solvent/system parameters, which represent the
complimentary effects of the solvent phase, relative to the water phase.

Over the years, Abraham and co-workers have successfully correlated the solute
parameters to more than 400 properties or processes.® The properties include partitioning
between solvent-solvent, solvent-water, gas-solvent, and aqueous solubility; partitioning to bio-
materials of plant, protein, lipid, and blood; sorption to organic carbon, mineral surfaces, and
coal tar; narcotic toxicity, skin permeation, eye irritation, nasal pungency, and odor thresholds.
Once the solute parameters are obtained, the properties or processes of the substance can be
predicted.

A common method to estimate Abraham solute parameters is the ABSOLYV prediction
module, which is a fragment based method.?° The estimations of each solute parameter are based
on the Platts-type fragment descriptors?.. A set of 81 atom and functional group fragments is
used to estimate the E, S, and B parameters and a separate set of 51 fragments for the A
parameter.?! The coefficients of the atom/fragments have been further optimized by performing
statistical analysis on available experimental partitioning data or experimentally-based solute
parameters.?® The V parameter is calculated as McGowan characteristic volume.?? The reported
root mean square errors (RMSE) of the ABSOLYV parameters are 0.12, 0.22, 0.07, 0.15, and 0.01
for E, S, A, B, and V respectively.?® Stenzel et al.Z performed a rigorous validation of ABSOLV
for a diverse set of complex multifunctional compounds in various partition systems. They
concluded that the overall performance of ABSOLV was reasonably good. However, large errors
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were found for certain functional groups or chemical classes (e.g., bridged ring structures, highly
halogenated compounds, triazoles, steroids, etc.).

2.1.2 Octanol-Water Partition Coefficient

The octanol-water partition coefficient (Kow) is used to predict distribution among various
environmental components in predictive models.** 2* 25 For example, good correlations have
been found between Kow and the partition coefficient between aqueous solution and soils,
sediments, and suspended particles.* A relationship was also found between Kow and the
bioaccumulation in animals and plants.* The Target Lipid Model that predicts the toxicity of
narcotic chemicals to organisms uses Kow as the chemical parameter.?®

Nevertheless, the availability of Kow is still a problem for certain compounds. Literature
reported Kow are available for only five of the compounds of interest: RDX?6-30, HMX?7: 28,30,
TNT?772931 TNB?8 3233 and 4NAN®? (Table 2-2). Moreover, model predictions of Kow with
ABSOLYV estimated solute descriptors are inaccurate for some of the investigated compounds as
shown below. For TNT, TNB, and 4NAN, the predictions of Kow using ABSOLYV estimated
solute parameters are in reasonable agreement with the literature reported values. However, poor
predictions are observed for both RDX and HMX. The literature reported values of log Kow for
RDX range from 0.81 to 0.9, but the prediction using ABSOLYV estimates is -4.32, a discrepancy
is more than 5 orders of magnitude. The discrepancy of up to 6 orders of magnitude is found for
HMX. The large prediction errors indicate that the ABSOLYV estimated solute parameters of
RDX and HMX are problematic and should be revised. ABSOLYV fails to predict other physico-
chemical properties for these compounds as well as shown below (Section 2.3.5(2-5) and 2.3.6).
Therefore, a direct determination of Abraham solute parameters based on experimental
measurements is necessary.

An experimental method to determine the solute Abraham parameters is to use measured
solvent-water partition coefficients.>* The purpose of this paper is to experimentally determine
solvent-water partition coefficients in a set of chemically diverse systems and to estimate the
Abraham solute parameters for the MCs: RDX, HMX, TNT, and TNB, and munition-like
compounds: MNX, DNX, MNX, and 4NAN.

2.2 Materials and Methods

2.2.1 Materials

All the chemicals were used as received without further purification. The RDX, HMX,
TNT, and TNB aqueous solutions were prepared by the U.S. Army Edgewood Chemical
Biological Center (Aberdeen Proving Ground, MD, USA). MNX (solid, > 99%), TNX (solid, >
99%), and DNX (solid, 81% pure with 13% MNX and 5% TNX) were purchased from SRI
International (Menlo Park, CA, USA). 4NAN (solid, 97%) and acetone (liquid, > 99.9%) were
received from Sigma-Aldrich (St. Louis, MO, USA). All the solvents (liquid, > 97.0%) used in
this study were obtained from Sigma-Aldrich (St. Louis, MO, USA). Deionized water (18 mQ
resistance) was used in all experiments.
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2.2.2 Selection of Solvent-Water Partitioning Systems

To compute the solute parameters using a set of solvent-water partition coefficients, it is
necessary to choose solvents that are sufficiently different so that the multiple linear regression
used to estimate the solute parameters has a unique solution. For example, choosing octanol,
hexanol, butanol, and decanol is not appropriate since they are within a homologous series and
the solvent parameters of one solvent are almost proportional to the other. Also, a diverse set of
solvent-water systems covers different types of relevant intermolecular interactions with a given
solute, thus better characterizing the chemical properties of that solute.

As a guide to selecting solvents, Leahy et al.>>*" proposed the term “critical quartet”,
arguing that only four carefully selected water-solvent systems: octanol, an alkane, chloroform,
and propylene glycol dipelagronate (PGDP), were adequate to characterize the chemical
information of all solvent-water systems. Zissimos et al. selected a slightly different
combination: octanol, chloroform, cyclohexane, and toluene, given the commercial
unavailability of PGDP.3*

There are solvent-water systems that are preferred for other reasons. According to the
OECD guideline, log K = -2 to 4 can be experimentally determined by the shake-flask method.®
Also, practical considerations, including availability, toxicity, volatility, and viscosity, should be
taken into account.3* As a result of these considerations, four solvents were selected: hexane,
toluene, trichloromethane (chloroform), and octanol. They are similar to those of Zissimos et
al.34. One more solvent, dichloromethane, was added to provide some redundancy.

2.2.3 Experimental Methods

Partition coefficients were determined using the shake-flask method at room temperature
(20 £ 1 °C). The systems investigated were octanol-water, toluene-water, chloroform-water,
dichloromethane-water, and hexane-water. At least three replicates of different volume ratios of
solvent and water were used for each test substance and for each solvent-water system. All the
glassware was cleaned with laboratory detergent, oven dried, and then tripled-rinsed with
dichloromethane before use. Solvents used in the partitioning experiment were pre-saturated with
deionized water.

Agueous RDX, HMX, TNT, and TNB solutions were received in the concentrations of 40
mg-L?, 4.5 mg-L?, 130 mg-L?, and 130 mg-L?, respectively. The solutes TNX, DNX, MNX,
and acetone (as a reference compound) were dissolved in deionized water with corresponding
initial concentrations of 5.84 mg-L?, 4.36 mg-L*?, 5.36 mg-L, and 500 g-L?, respectively. As
4NAN dissolved very slowly in water, it was dissolved in each of the following solvents:
octanol, toluene, chloroform, dichloromethane, and hexane, with initial concentrations of 10 gL
!, The above solutions were then used as the stock solutions of the test substances.

The aqueous stock solutions of these compounds: RDX, HMX, TNT, TNB, TNX, DNX,
and MNX, were used as calibration standards without further dilution for HPLC analysis because
of the high HPLC detection limits and the low aqueous solubility of most of the compounds.
Even though there is only one concentration per solute for calibration, accurate measurements
were obtained as shown in Section 2.3.1 (Validation of experimental results). For the solute
acetone, its stock solution was diluted to yield the calibration standards with five concentrations
ranging from 100 to 500 g-L*. To prepare the 4NAN calibration standards, the 4NAN solid was
first dissolved in ethanol, diluted with deionized water to yield the aqueous standards with five
concentrations ranging from 1 to 10 g-L™.
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The solvent-water partitioning experiment was based on the methodology in the OECD
guideline®® using volumetric flasks. The volumes of solvent and water were based on the
preliminary tests. If the estimate of log K was greater than zero, a total volume of 100 mL was
used; otherwise, a total volume of 250 mL was used because a larger volume of aqueous phase
would be used. The solvent phase and the aqueous phase were added carefully and sequentially
into one volumetric flask, and the masses of each phase added were determined using a balance
with an accuracy of 0.01 g. The volume of each phase was determined by the ratio of the
corresponding mass and phase density. After being closed with the stopper and sealed with
Parafilm sealing film, the flask was shaken by rotation of 180° about its transverse axis at
approximately 100 times per minute for 20 minutes. Based on preliminary tests, equilibrium was
reached before 20 minutes using this method. The flask was then wrapped in aluminum foil to
avoid photodegradation. The resultant solution was rested until complete separation of phases
was obtained. If the solvent density is greater than the water density, the aqueous phase was
sampled by a glass pipette; otherwise, the resultant solution was transferred to a glass separatory
funnel, and the aqueous phase was withdrawn from the bottom of the separatory funnel. The
sample was then analyzed by Agilent 1200 Series high-performance liquid chromatography
(HPLC) from Agilent Technologies (Santa Clara, CA, USA). For details of the HPLC analytical
method, refer to Gonzalez et al.*°. In this way, the concentration of a compound in the aqueous
phase was obtained and the equilibrium concentration in the solvent phase was determined by
mass balance. The partition coefficient of a given substance was then calculated using Eq. (2-1).

2.2.4 Determination of Abraham Solute Parameters

2.2.4.1 McGowan Characteristic Volume (V)

The volume V refers to the solute molar volume, the volume of one mole of a substance
when the molecules are stationary. It can be calculated as the McGowan characteristic volume
from the atom fragment constants and number of bonds in a molecule as followes?? 40 41

V =_QC,—6.56B,)/100 (2-3)
where V has units of cm®mol?/100; Y Cais the summation of all the atom fragment
contributions; Bn is the number of bonds in a molecule, where all the bonds (single, double or
triple) are counted as one. To simplify the counting of the number of bonds, Abraham developed
the following algorithm?°:

B,=N,—1+R, (2-4)

where Na is the total number of atoms, Ry is the total number of rings regardless of their types.
This algorithm is implemented in the ABSOLYV prediction module for V estimation.

2.2.4.2 Excess Molar Refraction (E)

The excess molar refraction, E, is defined as the molar refraction of a solute, less the
molar refraction for a normal alkane of the same characteristic volume.*! It can be calculated as a
function of the index refraction (;) and the McGowan characteristic volume (V)*:
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m* -1
m*+2)
where E has the units cm?®mol/10.

As proposed by Abraham et al.*!, E is nearly an additive property and can be calculated
by summing up fragment contributions?*, which is the method ABSOLYV uses to estimate E. A
comparison of the ABSOLYV estimates of E, and E computed from the experimental refractive
index using Eq. (2-5) for a diverse set of organic compounds*?, are in close agreement with
RMSE = 0.064 and R?= 0.96 (see Fig. A-1 in Appendix A for a graphical comparison).

The ABSOLYV estimate of E is used in this work for the following reasons. It has been
found that E and S are strongly correlated*®. Therefore they cannot both be reliably estimated
simultaneously using multiple linear regression. As a guide to their reliability, it is noted that E
estimated by ABSOLYV for the MCs and munition-like compounds have a range from 0.89 to
1.77 as shown below (Table 2-4) and this range is within the range of the dataset in Fig. A-1.
Finally there are no experimental refractive indices available.

E =10 V —2.832V + 0.526 (2-5)

2.2.4.3 Dipolarity/Polarizability (S), Hydrogen-Bond Acidity (A), and Hydrogen-Bond
Basicity (B)

The remaining Abraham solute parameters S, A, and B are estimated from the
experimental solvent-water partition coefficients. For the Abraham solvation model, log K in Eq.
(2-2) refers to the solvent-water partition coefficients determined in this study. This is the
equation that is used to estimate S, A, and B. In this study, five solvent-water systems were
employed. The solvent-water system parameters c, €, s, a, b, and v for each solvent-water system
are collected from literature** (Table A-1). V and E parameters are calculated by the ABSOLV
prediction module as explained above (Sections 2.2.4.1 and 2.2.4.2). Since E and V are known,
the Abraham solvation model can be rearranged with the known variables (E and V) on the left
and the unknown variables (S, A, and B) on the right, as follows:

IOgKl' — C; — Ul'V - eiE = Sl'S + aiA + blB (2'6)
where i = 1,...,5 denotes the solvent-water system. Estimates of S, A, and B were determined by

performing a multiple linear regression using Eg. (2-6) and the experimentally measured log Ki
using the package Im in the R programing language®.

2.3 Results and Discussion

2.3.1 Validation of Experiment Results

In order to validate the experimental results obtained in this study, a comparison between
the experimental partition coefficients and the literature reported values are presented in Table
2-2. The differences among the replicates (with different solvent: water volume ratios) are quite
small with observed standard deviations within 0.01 log units for RDX, HMX, TNT, TNB,
4NAN and acetone, which indicates that the experimental method used in this study produces
reproducible results.

Close agreement is seen between the experimental and literature reported partition
coefficients. For RDX, the literature reported values of log Kow are quite consistent with a small
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range from 0.81 to 0.90 and the measured values (0.86, 0.87, 0.87, and 0.87) are in good
agreement. Some differences among the reported values (0.06, 0.16, and 0.26) are found for log
Kow of HMX. The measurements in this study (0.16 + 0.00) match one reported value. For TNT,
disparate literature values (1.60, 1.86, and 2) are reported for log Kow, and the experiment results
(1.62 £ 0.01) are in good agreement with one reported value. For log Kow 0f TNB, there is close
agreement between the experiment measurements (1.11 + 0.01) and the literature values (1.18).
The log Kow measurements (2.01 + 0.00) of 4ANAN are nearly identical to the literature value
(2.03).

In addition, the hexane-water partition coefficient (Knw) of acetone was tested to see if the
experimental method could determine log K for a hydrophilic compound. For log K< 0 (i.e. K<
1), the substance partitions preferably to water and the concentration of the substance in the
solvent phase may be too low to be accurately determined. No problem is found since the
experimental log Knw values of acetone are basically identical (-0.90 £ 0.01) to the literature
value (-0.90) as shown in Table 2-2.

2.3.2 Analysis of Experiment Results

The measured partition coefficients for the eight compounds in the five solvent-water
systems are summarized in Table 2-3. The partition coefficient of HMX in hexane-water system
was not reported because reliable measurements could not be obtained using the shake flask
method. Based on the preliminary measurements, the log Knw of HMX was smaller than -2. The
shake-flask method can only measure log K within -2 and 4 (occasionally up to 5) according to
the OECD guideline.® The dichloromethane-water partition coefficient (Kaw) of MNX could not
be determined due to the interference of the dissolved dichloromethane in the aqueous phase.

According to the OECD guideline, the standard deviation of log K should be within 0.3
units.® The partition coefficients obtained in this study were highly reproducible with standard
deviations typically less than 0.05 log units and never exceeded 0.1.

As shown in Table 2-3, log K values of RDX (-2.10 to 1.27) and its metabolites MNX (-
2.13 to 0.80, without log Kaw), DNX (-2.19 to 1.31), and TNX (-1.92 to 1.23), do not vary much
among different solvent-water systems. However, the log K values of TNT (0.77 to 3.17) are
larger than those of TNB (0.01 to 2.61) for all the investigated systems. The log K values of
HMX (-0.66 to 0.45, without log Knw) are smaller than those of RDX (-2.10 to 1.27) over the
considered solvent-water systems.
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Table 2-2  Validation of partition coefficients measured in this study by comparison with literature reported values.

log K
Compound Systems
Measured in this study? Literature

RDX octanol-water 0.87£0.01 (N =4) 0.8127, 0.8628, 0.8726, 29, 0.930
HMX octanol-water 0.16 £ 0.00 (N =4) 0.0628, 0.1630, 0.2627
TNT octanol-water 1.62+0.01 (N=5) 1.6031, 1.8628, 29, 227
TNB octanol-water 1.11+0.01 (N=3) 1.1828, 32, 33

4NAN octanol-water 2.01+£0.00 (N=4) 2.0332

Acetone hexane-water -0.90 £0.01 (N=3) -0.946

@ Values after + are standard deviations, and values in the parenthesis denote the number of replicates.
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Table 2-3  Summary of the measured solvent-water partition coefficients.
Solvent RDX HMX TNX DNX MNX TNT TNB ANAN
hexane -2.10 £ 0.01a NDb -1.92+0.04 -219+0.02 -213+0.07 0.77+£0.00 0.01+0.10 1.37+£0.00
DCMc 127+£0.01 045+0.01 123+0.01 1.31+0.01 NDb 3.17+0.05 201+0.02 3.13+0.09
TCMd 0.71+0.00 -0.66+0.01 063+001 059+0.01 070£0.01 269+001 206+0.01 3.09+0.01
octanol 0.87+001 016+0.00 041+001 0.62+0.01 080+0.00 162+001 1.11+0.01 2.01+0.00
toluene 0.74+£0.01 0.06+0.00 057+001 047+£0.01 065+0.01 3.13+0.00 2.61+0.00 2.64+ 0.04

a Reported in log units and values after + are standard deviations.
b ND are values that were not determined.
¢ Dichloromethane.
4 Trichloromethane.
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2.3.3 Correlation of Partition Coefficients

The correlation of solvent-water partition coefficients may be used to check the
consistency of the experimental data.!* If two polar solvents are chemically similar, the
contributions to the solvation free energies in both solvents are due to similar solvent-solvent and
solute-solvent interactions. A linear relationship can be expected between the free energies or,
equivalently, log partition coefficients of solutes in these two solvent-water systems.** Among
the investigated solvents, trichloromethane and dichloromethane are likely to have similar
contributions to the solvation free energies because both are chloroalkanes. The linear fit (R?=
0.96) between log Kew (trichloromethane-water partition coefficient) and log Kaw for all the
considered compounds supports this expectation (Fig. A-2).

It was not surprising to find high correlations for structurally similar compounds**. This
is illustrated by the good linear fits among pairs of RDX, MNX, DNX, and TNX with values of
R2> 0.98 (Fig. A-3). For structurally closely related compounds TNT and TNB, a relatively high
correlation is expected as well and found to be R?= 0.93. The above findings indicate the
consistency of the experimental data. There is not a strong correlation between RDX and HMX
probably because the additional -R2N-NO2 functional group influences not only the vdW
interactions but also the polar interactions in each solvent-water system.

The correlation of partition coefficients can also serve as a predictive tool.** For example,
with the measured value of Kew of HMX, the linear regression equation (Eq. (2-7), R?= 1)

log Ky,w = 1.42 log K, — 3.01 (2-7)

returns the Knw prediction of -3.95 for HMX. Since Knw of HMX was not determined, the
estimation can be used below for the calculation of HMX Abraham parameters.

2.3.4 Analysis of the Experimentally Derived Abraham Parameters

The experimentally derived Abraham parameters (Exp-AP) from this study are listed in
Table 2-4 (with additional statistical results in Table A-3), together with the ABSOLYV estimated
Abraham parameters (ABSOLV-AP) and literature reported solute parameters. The literature
reported values, which are only available for TNT and 4NAN, vary from different sources but
not dramatically. For TNT, E = 1.39 is slightly smaller than the reported values of 1.43 and 1.57;
Exp-AP S = 1.81 is close to the reported values of 1.71 and 1.78, but smaller than that of 2.23;
Exp-AP A =0.012 is close to the reported values of 0.00, 0.11, and 0.11; Exp-AP B = 0.68 is
larger than the reported values of 0.48, but close to 0.61 and 0.62; V = 1.38 is identical.

For 4ANAN, the E = 0.89 and V = 1.09 match the literature values of 0.87 and 1.09
respectively. The Exp-AP S, A, and B parameters (1.29, 0.03, and 0.4) are within the ranges of
literature values from 1.21 to 1.47, from 0 to 0.20, and from 0.24 to 0.46, respectively.
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Table 2-4  List of ABSOLV estimated (ABSOLV-AP), literature reported, and experimentally derived (Exp-AP) Abraham

parameters.
ABSOLV-AP Literature reported Abraham parameter? Exp-APP
Compound
E \Y S A B E \Y S A B S A B
RDX 138 124 241 O 2.13 -- -- - - -- 225 049 0.64
HMX 177 166 313 0 2.84 -- -- - - -- 277 068 114
DNX 126 113 266 O 1.7 -- -- - - -- 229 045 057
MNX 132 119 254 0 1.91 -- -- - - -- 227 048 0.59
TNX 119 107 278 O 1.48 -- -- - - -- 209 0.33 0.60
TNB 137 124 24 0 0.41 -- -- - - -- 1.66 0.061 0.71
1.38,1.38, 1.71,1.78, 0,0.11, 0.48,0.61,
TNT 139 138 234 O 0.41 1.43,1.57 181 0.012 0.68
1.38,1.38 2.23 0.11 0.62
1.09, 1.09,
121,132, 0,0,0.14, 0.24,0.25,
4NAN 089 109 136 O 0.43 0.87 1.09, 1.09, 1.29 0.030 0.40
109 1.43,1.47 0.20 0.46

a Only available for TNT and 4NAN. Details are available in Table A-2.
b From this work. Solute parameters of HMX were derived with the estimated log Knw (-3.95); solute parameters of MNX were derived
without log Kaw. The statistics of the multiple linear regression analysis for the resulted solute parameters are available in Table 2-3.
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Figure 2-1 Comparisons between experimentally derived Abraham parameters (Exp-AP) from
this work and ABSOLYV estimated Abraham parameters (ABSOLV-AP). The dots
are for nitroaromatics compounds and the squares are for cyclic nitramines and
nitrosamines.

Fig. 2-1 shows the comparisons between Exp-AP and ABSOLV-AP for the compounds
in this study. The S parameters (Fig. 2-1 left panel) of Exp-AP are slightly smaller than
ABSOLV-AP but have a similar trend. The Exp-AP and ABSOLV-AP are in agreement that the
cyclic nitramines and nitrosamines have stronger dipolarity/polarizability (larger S parameters)
than the nitroaromatics.

For A (Fig. 2-1 middle panel), ABSOLV-AP are all zero. However, Exp-AP distinguish
the compounds structurally: A = 0 for nitroaromatics, while A > 0 for cyclic nitramines and
nitrosamines. This indicates that there is no, or very weak, hydrogen-bond donating ability of
TNT, TNB, and 4NAN but increasing hydrogen-bond donating ability for TNX, DNX, MNX,
RDX, and HMX, ordered from low to high.

The B parameters (Fig. 2-1 right panel) of Exp-AP (0.68 for TNT, 0.71 for TNB, and
0.40 for 4ANAN) are not very different from ABSOLV-AP (0.41 for TNT, 0.41 for TNB, and 0.43
for ANAN) for nitroaromatics. For cyclic nitramines and nitrosamines, ABSOLV-AP are
substantially larger (1.48 to 2.84) than Exp-AP (0.57 to 1.14).

2.3.5 Comparison of Solvent-Water Partition Coefficients between Experimental
Measurements and Model Predictions
Graphical comparisons of solvent-water partition coefficients between the experimental
measurements from this study and model predictions are shown in Fig. 2-2. The predictions are
made using ABSOLV-AP (Fig. 2-2 upper row) and Exp-AP (Fig. 2-2 lower row). Since the
experimental measurements are used to estimate Exp-AP, it is not a surprise that the predictions
using Exp-AP compare favorably to the measurements. It is the ABSOLV-AP results that are
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noteworthy. The ABSOLV-AP predictions for nitroaromatics TNT, TNB, and 4NAN are
generally in good agreement with experimental measurements. The large discrepancies are
observed for log Kew and log Kaw of TNT (errors = 1.33 and 1.14 log units respectively), and also
for log Kew and log Kaw of TNB (errors = 1.32 and 1.68 log units respectively). However, errors
are significantly larger for the cyclic nitramines and nitrosamines (RDX, HMX, TNX, DNX, and
MNX). An error of up to 7 log units is observed for the log Kw (toluene-water partition
coefficient) of HMX. The overall RMSE of ABSOLV-AP predictions is up to 3.56 log units. The
large discrepancy is probably due to the missing -R2N-NO and -R2N-NO2 functional groups in
the ABSOLV fragment database?l. The accuracy of a fragment model depends on the availability
of experimental data for molecules containing the fragment of interest. If the fragment is not in
the database, the method fails.

Using S, A, and B parameters of Exp-AP in the pp-LFER equations, the prediction
accuracy increases significantly with RMSE reduced to 0.38 log units. All the errors are within
one order of magnitude except for the log Kew of HMX of 1.09 log units. For 4ANAN, the
predictions using Exp-AP are in very good agreement with experimental measurements with
errors less than 0.03 log units.
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Figure 2-2  Solvent-water partition coefficients: grey symbols are experimental measurements,
red symbols are estimates. Upper row are model predictions using ABSOLV
estimated Abraham parameters (ABSOLV-AP), lower row are experimentally
derived Abraham parameters (Exp-AP) from this work. The solvents in the solvent-
water systems are hexane, toluene, octanol, trichloromethane (TCM), and
dichloromethane (DCM). Values of experimental measurements and model
predictions for solvent-water partition coefficients are summarized in Table A-4
(Solvent-water partition coefficients from literature compilations, experimental
measurements, and model predictions).

2.3.6 Comparison of Physico-Chemical Properties between Experimental Measurements

and Model Predictions

Because Exp-AP derived in this study were obtained from the solvent-water partitioning
data, it is useful to compare their predictions relative to ABSOLV-AP for other physico-chemical
properties not used in their estimation. Fig. 2-3 presents comparisons for water-air, organic
carbon-water, and for water solubility. For water-air partition coefficient (Kwa), predictions using
Exp-AP agree well with the experimental data for RDX, HMX, and TNT with prediction errors
within 0.79 log units whereas predictions with ABSOLV-AP have errors up to 7.34 log units. For
organic carbon-water partition coefficient (Koc), predictions using Exp-AP fit experimental
measurements within 0.40 log units for RDX, HMX, TNT, and TNB. Errors using ABSOLV-AP
for TNT and TNB are comparable, but much larger for RDX and HMX with errors up to 2 log
units. For water solubility (S) of TNT and TNB, using both sets of parameters (Exp-AP and
ABSOLV-AP) have prediction errors within 0.57 and 0.32 log units respectively. Surprisingly,
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both have problems with RDX and HMX. However, the prediction errors of ABSOLV are much
larger. In summary, predictions using Exp-AP are more accurate than those using ABSOLV-AP.
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Figure 2-3 Comparisons between experimental measurements and model predictions with
ABSOLYV estimated (ABSOLV-AP) or experimentally derived (Exp-AP) Abraham
parameters from this work for water-air partition coefficient (log Kwa, Lair /Lwater),
organic carbon-water partition coefficient (log Koc, L-kg™), and water solubility (log
S, mol-L). The y-axis on the left is for log Kwa and y-axis on the right is for log Koc
and log S. Experimental values from different sources were plotted individually,
against model predictions. Those with two grey dots per property denote the
reported ranges. Experimental measurements were compiled from several sources
for Kwa?7, Koc'? 304749 "and S27:30-50_ | jterature system parameters* 5152 are listed
in Table A-5. Values of experimental measurements and model predictions are
summarized in Table A-6 (Physical-chemical properties of experimental
measurements and model predictions).
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2.4 Summary and Conclusions

The Exp-AP of the eight MCs (RDX, HMX, TNT, and TNB) and munition-like
compounds (MNX, DNX, TNX, and 4NAN) were determined using the experimental solvent-
water partition coefficients measured in this study. The solvents in the solvent-water systems
included octanol, hexane, toluene, trichloromethane and dichloromethane. The only available
literature reported partition coefficients were for octanol-water for some investigated compounds
and they were in good agreement with the experimental measurements from this study. The
correlations of experimental partition coefficients for some solute pairs or solvent system pairs
indicated the consistency of the experimental data, and therefore could be used as predictive
tools.

The predictions using Exp-AP were in good agreement with the experimental values, and
had higher accuracy than those using ABSOLV-AP for partitioning in solvent-water, water-air,
and organic carbon-water systems, as well as water solubility. The failure of ABSOLYV based
predictions particularly for cyclic nitramines and nitrosamines is probably due to the missing —
R2N-NO2 and —R2N-NO: functional groups in its fragment database. Special attention should be
paid when using ABSOLV-AP for novel and complex compounds.
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Table A-1  List of system parameters.

Solvent C e S a b v Reference
hexane 0.361 0.579 -1.723 -3.599 -4.764 4.344 1
octanol 0.088 0.562 -1.054 0.034 -3.460 3.814 1
toluene 0.143 0527 -0.720 -3.010 -4.824 4.545 .
dichloromethane 0.319 0.102 -0.187 -3.058 -4.090 4.324 .
trichloromethane 0.191 0.105 -0.403 -3.112 -3.514 4.395 .
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Table A-2  Solute descriptors collected from literature.

Name Literature reported Abraham parameters
E S A B \Y Reference

TNT - 1.78 0.11 0.48 1.38 2
TNT 1.43 2.23 0.00 0.61 1.38 3
TNT - - - - 1.38 4
TNT 1.57 1.71 0.11 0.62 1.38 5
4ANAN - 1.43 0.14 0.25 1.09 2
4NAN - - - - 1.09 4
4ANAN 0.87 1.32 0.20 0.24 1.09 5
4NAN - 1.21 0.00 - 1.09 6
4ANAN - 1.47 0.00 0.46 1.09 7
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Table A-3  The statistics of the experimentally derived Abraham parameters.

Compound  Parameter Estimate  Standard error N SD Adjusted R? p-value

RDX S 2.249 0.394
A 0.491 0.177 5 0.421 0.995 0.003

B 0.637 0.163

HMX S 2.774 1.013
A 0.684 0.455 5 1.082 0.986 0.009

B 1.136 0.419

DNX S 2.287 0.330
A 0.447 0.148 5 0.353 0.996 0.002

B 0.567 0.137

MNX S 2.266 0.615
A 0.480 0.220 4 0.523 0.993 0.055

B 0.593 0.230

TNX S 2.093 0.365
A 0.330 0.164 5 0.390 0.995 0.003

B 0.602 0.151

TNT S 1.809 0.571
A 0.0119 0.257 5 0.610 0.982 0.011

B 0.683 0.236
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TNB S 1.664 0.730
A 0.0606 0.328 5 0.780 0.971 0.017
B 0.708 0.302

4ANAN S 1.292 0.0304
A 0.0304 0.0137 5 0.0325 1.000 0.000
B 0.398 0.0126
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Table A-4  Solvent-water partition coefficients from literature compilations, experimental measurements, and model predictions.

Solvent Dataa RDX HMX TNX DNX MNX TNT TNB 4ANAN
hexane observed -2.10 NDb -1.92 -2.19 -2.13 0.77 0.01 1.37
hexane ABSOLV-AP -71.75 -10.33 -6.14 -6.68 -7.18 1.18 0.45 1.22
hexane Exp-AP -2.14 -4.05 -1.95 -2.28 -2.15 0.76 0.08 1.38
toluene observed 0.74 0.06 0.57 0.47 0.65 3.13 2.61 2.64
toluene ABSOLV-AP -5.50 -7.33 -3.51 -4.17 -4.80 3.48 2.79 2.51
toluene Exp-AP 0.32 -0.92 0.24 0.19 0.32 2.53 1.70 2.62
TCMc observed 0.71 -0.66 0.63 0.59 0.70 2.69 2.06 3.09
TCM ABSOLV-AP -2.67 -3.57 -1.30 -1.76 -2.18 4.02 3.38 3.02
TCM Exp-AP 1.11 0.43 1.04 0.96 1.08 3.25 2.43 3.06
DCMd observed 1.27 0.45 1.23 1.31 ND 3.17 2.01 3.13
DCM ABSOLV-AP -3.34 -4.52 -1.51 -2.12 -2.69 4.31 3.69 3.11
DCM Exp-AP 1.28 0.42 1.21 1.20 1.29 3.27 2.42 3.15
octanol observed 0.87 0.16 0.41 0.62 0.80 1.62 1.11 2.01
octanol ABSOLV-AP -4.32 -5.71 -3.21 -3.58 -3.92 2.25 1.64 1.82
octanol Exp-AP 1.02 0.57 0.57 0.74 0.95 1.87 1.38 2.00
octanol therat\lljgleugiported 008570085 0.0ngOéIG, _ __ __ 1.60,21.86, 118 203

2Observed denotes experimental measurements from this work; ABSOLV-AP denotes predictions using ABSOLV estimated
Abraham parameters; Exp-AP denotes predictions using experimentally derived Abraham parameters from this work; the literature
reported values are the same as Table 2-2.

b Not determined; ¢ Trichloromethane; ¢ Dichloromethane.
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Table A-5 List of pp-LFERs used for model validation.

System

pp-LFER equations

Reference

air-water

log K=-0.994+0.577E+2.5495+3.813A+4.841B-0.869V

1

organic carbon-water

log K =0.67+1.075E-0.277S-0.363A-1.697B+1.468V

8

water solubility

log K = 0.368-0.711E+0.407S+1.73A+3.383B-3.493V-1.036AB-0.005 (mp-25)
where mp = melting point (°C)

9
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Table A-6  Physical-chemical properties of experimental measurements and model predictions.

Property Compounds | Exp-AP? ABi(;tl)_ V- Observed

RDX 2.09 -0.31 1.8010 1.62-2.2211 2.0012
organic carbon- HMX 2.06 -0.68 1.47-2.3213
water
(1og Koo, L-kg'}) TNT 2.53 2.85 2.7212

TNB 2.28 2.60 1.8814

15

water-air RDX 9.43 15.18 9.10
(log Kwa, Lair/Lwater) HMX 13.76 20.31 12.97%

TNT 6.56 6.56 6.35%

RDX -2.24 2.34 -3.7216 -3.7218
Water So|ub|||ty HMX '261 291 '47716 '49513
(log S, mol-L?) TNT 267 -3.38 -3.2416

TNB -2.28 -3.06 -2.74%

aPredictions using experimentally derived Abraham parameters from this work.
bPredictions using ABSOLYV estimated Abraham parameters.
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Figure A-1 Comparisons of E between estimations using ABSOLYV algorithm and those from
experimental refractive index. The solid line shows perfect agreement.
Experimental refractive index was taken from Katritzky et al.%’.
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Figure A-2 Pairs plot!8 of solvent-water partition coefficients ordered by solvent. The blue dots
are cyclic nitramines and nitrosamines, and the green dots are nitroaromatics. For
each data plot, x axis label is the solvent above the plot, y axis label is to the right of
the plot. The upper triangular panels display the coefficient of determination (R?) of
the respective pair. For each R?panel, x axis label is the solvent below the plot, y
axis label is to the left of the plot.
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Figure A-3 Pairs plot of solvent-water partition coefficients ordered by MCs. For each data
plot, x axis label is the MC above the plot, y axis label is the MC to the right of the
plot. The upper triangular panels display the coefficient of determination (R?) of the
respective pair. For each R?panel, x axis label is the MC below the plot, y axis label
is the MC to the left of the plot.
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Chapter 3

QUANTUM CHEMICALLY ESTIMATED ABRAHAM SOLUTE PARAMETERS
USING MULTIPLE SOLVENT-WATER PARTITION COEFFICIENTS AND
MOLECULAR POLARIZABILITY

Abstract

Polyparameter Linear Free Energy Relationships (pp-LFERS) predict many
environmentally significant properties. However, Abraham solute Parameters (AP) are required.
A method is presented for computing the AP based on molecular structure only using quantum
chemical calculations. The AP for 1827 neutral solutes are included. Two innovations are (1)
using partition coefficients for sixty-five solvent-water systems computed using the quantum
mechanical COSMO-SAC solvation model, and (2) computing E using DFT computed
molecular polarizability and the Clausius—Mossotti equation. Computing E directly is critical for
reliable estimation of the remaining solute parameters S, A, and B using the solvent-water
partition coefficients. These solute parameters, referred to as Quantum Chemically estimated
Abraham Parameters (QCAP), are further adjusted by fitting to experimentally-based solute
parameters using the QCAP parameters as the independent variables. These Adjusted QCAP are
compatible with existing Abraham pp-LFERs. Predicted logarithmic solvent-water partition
coefficients using Adjusted QCAP for 24 solvent-water systems have the smallest root mean
square errors (RMSEs) compared to predictions made using the molecular fragment based
method ABSOLYV. For munition constituents and munition-like compounds, Adjusted QCAP
have much lower RMSE than does ABSOLYV which essentially fails for these compounds.

3.1 Introduction

Polyparameter linear free energy relationships (pp-LFERS), such as the Abraham
solvation model, have been widely used to predict environmentally significant properties.!* pp-
LFERs predict the solute partition coefficient between two phases, K, for the changes in
molecular interaction energies involved in transferring a chemical between the two phases:

logK =c+eE+sS+aA+bB+vV (3-1)

where K = ratio of the solute concentrations in the two phases. The capital letters represent solute
parameters that describe the following solute properties: E, excess molar refraction; S,
dipolarity/polarizability; A, ability to donate hydrogen-bonds; B, ability to accept hydrogen-
bonds; and V, molar volume. The lowercase letters are the complementary solvent parameters.
The terms in Eq. (3-1) reflect the complementary abilities of one phase (e.g. octanol) relative to
the other phase (e.g. water) to undergo the corresponding molecular interactions. Thus, the
parameter pairs quantify the following interactions: eE, the polarization induced dispersion
interactions; sS, the dipole-dipole and dipole-induced dipole interactions; aA and bB, the H-bond
interactions; and vV, the energy of cavity formation. The constant ¢ accounts for the remaining
energy difference and has the units of the solute concentrations. Abraham and co-workers have
successfully applied Eq. (3-1) to more than 400 properties or processes.” However, the
applicability of these pp-LFERS depends on the availability of the Abraham solute Parameters
(AP).
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Many methods®'” have been proposed to predict the solute AP for neutral organic
compounds. A commonly-used method is the ABSOLV prediction module!’ that utilizes a
molecular fragment based method with Platts-type fragment descriptors.’® A set of 81 atom and
functional group fragments are used to estimate E, S, and B and a separate set of 51 fragments
are used for A2 V is the McGowan characteristic volume.*® The coefficients of the fragment
descriptors are estimated using existing experimental partitioning data or experimentally derived
solute AP of more than 5000 compounds.!” The optimization procedures reduced the root mean
square errors (RMSESs) comparing predicted to observed solute AP to 0.12, 0.22, 0.07, 0.15, and
0.01forE, S, A, B, and V, respectively.!” However, the data used and the details of the
optimization procedures used to obtain the fragment constants were not reported. Therefore it is
difficult to reproduce an estimate or to diagnose a failure.

Problems can arise when ABSOLYV is used to estimate AP for a new substance or
substance class that is not within the training scope of the solutes used to obtain the fragment
constants. A dramatic failure of ABSOLV was observed for munition constituents (MCs) and
munition-like compounds.'® As shown in Figure 3-1, large discrepancies were found between
experimentally derived and ABSOLYV estimated AP (Figure 3-1(1)) and between experimental
and ABSOLYV predicted solvent-water partition coefficients (Ksw, Figure 3-1(2)). It was
suggested that the failure for these cyclic nitramines and cyclic nitrosamines was due to the
missing -R2N-NO2 and -R2N-NO2 functional groups in the ABSOLV fragment database.®

Additionally, ABSOLYV assumes that the contribution of a functional group is fixed and
not influenced by the chemical environment adjacent to the fragment within the molecule.?® 2
Changes due to charge, dipole, and higher multiple moments on adjacent functional groups,
electronic push-pull effects, intramolecular hydrogen bond formation, and steric effects are not
considered.?® These problems could be addressed by including more correction factors. However,
this would require more fitted parameters. Also, positional isomers are not distinguished using a
group contribution method?? whereas the quantum chemical method used in this study can
distinguish between positional isomers.23 24

For a proposed method to determine solute AP using measured solvent-water partition
coefficients, Leahy et al.?> ?® proposed using four carefully selected solvent-water systems that
incorporate the necessary interactions between a solvent-water system and a given solute.
Zissimos et al.” proposed using octanol, chloroform, cyclohexane, and toluene. With E obtained
from an experimental refractive index or by the summation of fragments,'® and V, the McGowan
characteristic volume, from bond and atom contributions,? 8 the three remaining unknowns (S,
A, and B) were obtained by fitting Eq. (3-1) to the four experimental solvent-water partition
coefficients using a multiple linear regression (MLR). Estimates can also be made if
experimental partitioning data for other systems are used, such as solvent-solvent or solvent-air
partition coefficients, solubility, and chromatographic data.83

However, the above methods require experimental data that are either not available, or
are not feasible to be measured in various systems for every substance of interest. Therefore, a
method that overcomes the shortcomings of ABSOLYV and does not rely on experimental data
would be a useful addition to the methods available to estimate solute AP.
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Figure 3-1 (1) Comparison of experimentally derived Abraham parameters (Exp-AP)*° and
ABSOLYV estimated Abraham parameter (ABSOLYV) for hexahydro-1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane (HMX), hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX),
hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), and hexahydro-1,3-dinitroso-5-
nitro-1,3,5-triazine (DNX). (2) Comparison of experimental® and ABSOLV
predicted solvent-water partition coefficients for RDX, HMX, DNX, MNX, and
TNX. The solvents are hexane, toluene, octanol, trichloromethane (TCM), and
dichloromethane (DCM).

The method presented below uses quantum mechanically estimated solvent-water
partition coefficients as suggested by Stenzel et al.>? to estimate S, A, and B. The Conductor-like
Screening Model for Segment Activity Coefficient (COSMO-SAC)33- version 2013%¢is used to
compute the required solvent-water partition coefficients. The COSMO-SAC predictions are
based on molecular structure and account for different molecular conformations and
configurations.? 22 The COSMO-SAC (2013) solvation model contains 9 universal parameters
and 17 atom bonding specific parameters, many of which are initially calculated from quantum
mechanics and further optimized using experimental data.
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The method proposed below incorporates a new procedure for estimating AP from
quantum chemical computations. There is a real difficulty in estimating E from only solvent-
water partition coefficients using Eq. (3-1) and an MLR as demonstrated below. The methods
that rely on experimentally determined solvent-water partition coefficients estimate E
independently from the measured refractive index or by the summation of fragments.'® The
proposed method also estimates E independently. However, E is estimated using the Clausius—
Mossotti equation and the computed molecular polarizability using Gaussian 09 D.01%” with the
DFT hybrid functional M062X38 and the aug-cc-pVDZ3® %° basis set. The molecular volume,
which is available from the COSMO model*! output that is the necessary input to COSMO-SAC,
is used to estimate the molar volume V. The quantum mechanically estimated E and V are treated
as known quantities in the MLR that estimates S, A, and B.

The second modification is to use many (65, see below) estimated solvent-water partition
coefficients in the MLR. To solve for three (S, A, and B) unknowns, three independent equations,
I.e. partition coefficients in three solvent-water systems, are needed. However, individual
partition coefficients computed using COSMO-SAC or any other quantum chemical solvation
model are not accurate enough to produce reliable estimates of S, A, and B. Typical errors
associated with COSMO-SAC predicted solvent-water partition coefficients are 0.5 to 1 log
units.®® Using a large number of chemically diverse solvent-water systems reduces the variation
of COSMO-SAC errors as demonstrated by the reduction in the interquartile range of prediction
errors as the number of solvent-water systems increases (Figure C-1 in Appendix C). This is
expected if the errors in the predicted solvent-water partition coefficients are randomly
distributed with zero mean. A histogram of the errors illustrates that the distribution of COSMO-
SAC errors is symmetric with mean = 0.05 (Table B-1 in Appendix B and Figure C-2 in
Appendix C).

The solute parameter computed using the proposed method are referred to as Quantum
Chemically estimated Abraham Parameter (QCAP). QCAP are compared below to the
experimentally-based AP from the UFZ-LSER database® that compiles experimentally-based AP
from the literature. QCAP are also validated by comparing to the experimental partition
coefficients for 24 solvent-water systems. Comparisons to predictions using ABSOLV estimated
solute parameters are also made. Since QCAP and experimentally-based AP are not estimated in
the same way, it is possible that some of the existing literature system parameters, which were
obtained using the experimentally-based solute descriptors, are not compatible with QCAP. To
rectify this inconsistency, the QCAP parameters are adjusted using a procedure similar to that
used to compute the ABSOLYV fragment parameters. The adjusted Quantum Chemically
Abraham Parameter (Adjusted QCAP) are compared to the experimentally-based solute
parameters and are validated by comparing to the experimental solvent-water partition
coefficients.

3.2 Materials and Methods

3.2.1 Data Compilation

The solvent-water system parameters, the lower case constants in Eq. (3-1), were
compiled from Abraham et al.*> and used without adjustment. To compute solute AP, only
systems for which solvents are dry (d) or immiscible with water (w/d) are used. Sixty-five
solvent-water systems were selected, which are chemically diverse (Table B-2 and Figure C-3).
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COSMO-SAC predicted solvent-water partition coefficients are listed in Table B-3. Solute
parameters from ABSOLV?!' as well as from the UFZ-LSER database “Preselected Value™ were
compiled and are listed in Table B-4.

The experimental solvent-water partition coefficient data that incorporate chemically
diverse solutes and various partitioning systems were collected from Abraham et al.,**¢ Grubbs
et al.,*’ Saifullah et al.,*® Sprunger et al.,*® Stephens et al.,*® Acree et al.,>! an EPA Database,>
and the cited references therein (Table B-5).

3.2.2 Estimating E

The excess molar refraction, E, is intended to account for the dispersion interaction due to
an induced dipole (polarization) on the solute.” Abraham et al.>® define E as the molar refraction
of a solute (MRA), less the molar refraction for an alkane of the same characteristic volume
(MR}):

E = MR, — MR (3-2)

with units cm®mol™/10. MRa can be calculated using the index refraction () and McGowan
characteristic volume (Vx, cm®mol*/100):?

(n -1
=10|——=| % 3-3
The division by 10 and 100 is to scale E and V to the other solute parameters. MR, can be
estimated from the linear regression proposed by Abraham et al.:>

MR} = 2.832V, — 0.526 (3-4)
Combining Egs. (3-2) to (3-4) yields

21
E=10|C =Dl 28321 + 0526 (3-5)
(m*+2)
Therefore, estimating E requires an estimate of the index of refraction #.
The Lorentz—Lorenz equation,® also known as the Clausius—Mossotti equation, relates

the index refraction (#) to the molecular polarizability (a):

= —TIN, —
m2+2)| 3 AT
where a = molecular linear polarizability of the molecule (cm®molecule’*/100), ¥V = molar
volume (cm®mol%/100), and Na = Avogadro’s number. The Clausius—Mossotti equation is
discussed in detail in the Feynman Lectures on Physics (Vol. 2, Chapter 32).> Therefore, E can
be estimated using the molecular polarizability, «

l(nz -] 4 a (3:6)

4
E = 10(zmNsa) — 2.832V + 0.526 (3-7)

The molecular volume (V) is used in Eq. (3-7) instead of the McGowan volume so that only
guantum chemically computed quantities, « and V, are used.
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A recent study comprehensively evaluated the accuracy of estimating the molecular
polarizability («) using a wide set of quantum chemical methods and basis sets for a diverse set
of 46 molecules.®® The study reported that using Density Functional Theory (DFT) with the
hybrid functionals (e.g. M06° and B3LYP®’) resulted in higher accuracy than pure functionals,
and yielded comparable accuracy to using CCSD>® and MP2% levels of theory. They concluded
that aug-cc-pVDZ,% 40 Sadlej cc-pVTZ,%° and aug-cc-pVTZ® %0 basis sets were superior to
others, and that the aug-cc-pVTZ performed the best.

However, the computational cost increases dramatically (roughly a factor of 7 in
computation time) using aug-cc-pVTZ relative to using aug-cc-pVVDZ. A comparison using a
subset of molecules computed using M062X3® with either aug-cc-pVDZ or aug-cc-pVTZ showed
that the molecular polarizabilities were nearly equal (N = 183, R?=0.999, Figure C-4).
Therefore, the aug-cc-pVDZ basis set is used here for calculating molecular polarizability.

Gaussian 09 D.01%" with the hybrid functional M062X® is used for all the steps. The
geometry is optimized using a smaller basis set 6-31G(d),®* %2 followed by a second optimization
using the cc-pVDZ% 4 basis set, and a final optimization and frequency calculation using the
aug-cc-pVDZ3 40 pasis set. The geometry is checked for no imaginary frequencies, thereby
ensuring that the energy is at a local minimum. The molecular polarizability (Table B-4) is
available in the frequency calculation (isotropic polarizability).

3.2.3 Determining S, A, and B

The solvent-water partition coefficients, log K in Eq. (3-1), are estimated using the
quantum chemical COSMO-SAC model, which is available on request.*® The COSMO*
solvation model implemented in the Amsterdam Density Functional (ADF) quantum mechanics
(QM) package®®®° produces the molecular volume, and the surface charge distribution, called the
sigma profile, that are used by COSMO-SAC (details in Xiong et al.*®). The molecular volume
that is estimated as part of the COSMO-SAC computation is used as the estimate of V, rather
than the McGowan characteristic volume since they are essentially the same (R? = 0.992, RMSE
= 0.074). Using the partition coefficients (log Ksw) estimated using COSMO-SAC for the sixty-
five solvent-water systems and the literature system AP (c, e, s, a, b, v),*? a set of sixty-five
equations are constructed using Eq. (3-1).

Since E is computed from the molecular polarizability and V is estimated from the
molecular volume, they are known parameters and the equations for the unknown parameters (S,
A, and B) are:

IOgKl' — C; — Ul'V - eiE = Sl'S + aiA + blB (3-8)

where the subscript i denotes the solvent of the solvent-water pair. The three unknowns
(S, A, and B) are estimated using the MLR function (Im function) in the R programing language®®
applied to Eq. (3-8). The resulting solute parameters S, A, and B together with E and V are
denoted as QCAP (Quantum Chemically estimated Abraham Parameters). The QCAPs for 1827
solutes are available in Table B-4.

The key idea in the proposed method, in addition to making an independent estimate of
E, is to use the estimated partition coefficients from a large number of solvent-water systems.
This is necessary because the prediction error associated with each COSMO-SAC estimate is
large for its direct use. Also, the large number of solvent-water partition coefficients (65)
provides a large sample size for the linear regression estimate of the three parameters S, A, and B.
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In addition, partitioning into a large and diverse set of solvent-water systems gives an expanded
system descriptor space®’ for characterizing the properties of a given solute. We prefer this
approach that employs computed partition coefficients in a fashion that is analogous to the
experimental method (Leahy et al.?> 26) rather than approaches that rely on molecular
characteristics, e.g. topological properties that have no apparent relationship to partitioning.

3.3 Results and Discussion

3.3.1 Determining E Independently

Direct estimation of E from molecular polarizability is essential in order to obtain reliable
results. A comparison is made in Figure 3-2 for the solute parameters E and S determined by (1)
estimating E, S, A, and B jointly with an MLR using the COSMO-SAC estimated solvent-water
partition coefficients, and an independently estimated V, and (11) the QCAP method described
above employing independent estimates of E and V and estimating S, A, and B from an MLR
(Eqg. (3-8)). They are compared to the experimentally-based solute parameters from the UFZ-
LSER database (denoted as UFZ) using a hexbin two dimensional histogram plots.®® The color of
the circle listed on the legend indicates the number of observations that fall within the square bin
containing the circle. The scaling increases by factors of two. For example in Figure 3-2 (1), the
rose filled circles contain between 1 and 2 observations whereas the black filled circles contain
between 64 and 128 observations. Hexbin is used because there are more than 800 data points
and plots using discrete points would not provide a useful comparison due to over plotting of the
symbols.

The estimated E parameters from the first method, Figure 3-2 (1), are mostly between 0
and 1, and appear as almost horizontal lines relative to the experimental values with an R? < 0.2.
The S parameters estimated from the first method, Figure 3-2 (2), have a large RMSE = 0.42 and
small R?=0.53.

In contrast, E parameters estimated from molecular polarizability, Figure 3-2 (3), have a
much stronger linear correlation with experimentally-based solute parameters from the UFZ-
LSER database with an R?=0.86 and RMSE = 0.81. The S parameters of QCAP estimates are
also in better agreement with the experimentally-based solute parameters with an RMSE = 0.24
and R%=0.84, Figure 3-2 (4). For A and B parameters, there are no large differences between the
two methods (Figure C-5).

The failure in estimating E and S using the first method is likely due to the strong
correlation between E and S (Figure C-6), which has been pointed out by Arey et al.” Also, there
is a moderately strong linear correlation between the system parameters e and s (r = 0.65, Figure
C-7). The multi-collinearity increases the inaccuracy (standard errors) in estimating regression
coefficients and increases the number of solvent-water partition coefficients required.%® However
in the QCAP method, E is computed independently, which resolves the multicollinearity problem
between E and S.
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Figure 3-2 Hexbin two dimensional histogram plots®® comparing the predicted versus
experimental solute parameters from the UFZ-LSER database (labeled UFZ) for E
and S determined by the two methods listed at the top of each column. See text in
Section 3.3.1 for an explanation of the hexbin plot. Panels (1) and (2) estimate E, S,
A, and B jointly with an MLR, and an independently estimated V, labeled ESAB;
panels (3) and (4) estimate E from molecular polarizability, V from molecular
volume and S, A, and B from an MLR, which is the QCAP method.

3.3.2 Comparisons between ABSOLYV and QCAP for Various Solvent-Water Systems
Figure 3-3 compares the RMSEs of the residuals (predicted log Ksw — observed log Ksw)
for the predictions using ABSOLV and QCAP with solvent-water system parameters from
Abraham et al.*? The predictions of Ksw are comprehensively evaluated for a total of 963
chemically diverse solutes and 24 solvent-water systems. The three largest system sets contain
896 solutes for (wet) octanol-water, 227 for (dry/wet) tetrachloromethane-water, and 224 for
(dry/wet) chloroform-water. The solvents are from various chemical classes: alkanes, alcohols,
amides, ketones, and aromatics. The Ksw values span over 14 orders of magnitude from 10 to
108. The solvents are ordered from the smallest to the largest QCAP RMSE. QCAP generally
performs better: RMSESs range from 0.347 to 0.699 log units for QCAP and from 0.450 to 0.716
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log units for ABSOLV. For comparisons between experimental and model predicted Ksw for each
system, refer to Figure C-8 to Figure C-31.

Solvent N
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Figure 3-3 Dot plot presenting RMSEs of the residuals (predicted log Ksw - observed log Ksw)
for the predictions of solvent-water partition coefficients. Predictions by two
models are compared: (1) ABSOLV and (2) QCAP. The solvents listed on the left
axis are ordered from the smallest to the largest QCAP RMSE. The right axis
presents N, the number of solutes in each system. Summary of the RMSEs of
prediction of solvent-water partition coefficients is in Table B-6.

3.3.3 Comparisons between ABSOLYV and QCAP for Munition Constituents and

Munition-like Compounds

The QCAP and ABSOLYV solute parameters are compared for five cyclic nitramines and
cyclic nitrosamines: HMX, RDX, MNX, TNX, and DNX in Figure 3-4. As discussed previously,
the ABSOLV method fails, i.e. it has very large residuals for the five cyclic nitramines and
cyclic nitrosamines (RMSE = 4.54 log units), indicating that for these compounds the ABSOLV
solute parameters are unreliable. However, QCAP predictions are reasonable with most
prediction residuals within 1 log units (RMSE = 0.799 log units). The significant improvement
suggests that the quantum mechanically-based QCAP model is a better choice for novel
compounds.
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Figure 3-4 Dot plot presenting prediction errors (predicted log Ksw - observed log Ksw) for
predictions of ABSOLV and QCAP for munition constituents and munition-like
compounds listed on the right axis and for solvents listed on the left axis: wet
octanol-water, toluene-water, hexane-water, trichloromethane (TCM)-water, and
dichloromethane (DCM)-water. See the legend in Figure 3-1 for the solutes’
chemical names.

The reason that the QCAP prediction error is larger for these munition compounds
(compare Figure 3-4 to Figure 3-3) may be that these large, flexible molecules present
difficulties when the estimating procedure requires a specific molecular structure. There are
different conformers for cyclic nitramines and nitrosamines.?* -"® For example, 12 major gas-
phase conformers have been found for HMX.?* Here, the conformer with the lowest energy in
the gas phase was selected to generate the QCAP solute parameters of the investigated solute.
This is consistent with methodology used in developing COSMO-SAC.2% 2 The QCAP solute
parameters for munition constituents and munition-like compounds are listed in Table B-7, as
well as the experimental® and predicted solvent-water partition coefficients.

3.3.4 Adjusted Quantum Chemically Estimated Abraham Parameters (Adjusted QCAP)
For a diversity of systems, predicted partition coefficients using QCAP were in
reasonably good agreement with the experimental Ksw. However, overestimation was found for
predictions using the QCAP solute parameters and literature system parameters for wet octanol-
water for some solutes (Figure C-8), with no indication that the overestimation is associated with
a specific solute descriptor of QCAP (Figure C-32). A possible reason is that the system
parameters were obtained using the experimental partition coefficients as the dependent variable
and the experimentally-based Abraham solute descriptors as the independent variables. However,
the QCAP solute parameters are not derived from the experimentally-based solute parameters
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used to estimate the system parameters. QCAP solute parameters are based on the quantum
chemical estimates of solvent-water partition coefficients and molecular polarizability. The
overestimation is a difference between QCAP and experimentally-based solute parameters,
particularly for E, as shown in Figure 3-5 (1). It is likely that the existing wet octanol-water
system parameters, which were obtained using the experimentally-based solute descriptors, are
not compatible with the QCAP solute parameters.

To rectify this inconsistency, the Adjusted Quantum Chemical Abraham Parameters
(Adjusted QCAP) that are compatible with presently available conjugate system parameters are
derived. The procedure used is analogous to that used to develop the ABSOLYV prediction
module,'” where experimental data, either experimental partition coefficients or experimentally-
based solute parameters, are fitted to determine fragment/atom descriptors.” Adjusted solute
QCAP are estimated by fitting the experimentally-based solute parameters from the UFZ-LSER
database® using the QCAP parameters (Eqcar, Socap, Aqcap, Bacar, and Vacar) as the
independent variables. The regressions utilize a set of more than 800 experimentally-based solute
parameters (data in Table B-4). The regressions were initially performed with all 5 QCAP
parameters. Those with large p-values > 0.05 were removed sequentially until all the coefficients
were significant at the 0.05 level. The results are Eq. (3-9) to Eq. (3-13) for each Abraham
parameter (Table 3-1).
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Figure 3-5 Hexbin two dimensional histogram plots® comparing the solute parameters (S, A,
B, E, V) between QCAP and UFZ, and between Adjusted QCAP and UFZ. See text
in Section 3.3.1 for an explanation of the hexbin plot.
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Table 3-1  Linear equations? for Adjusted QCAP solute parameters E, S, A, B, and V.

Adjusted
R2

83 | 0941 |0165| (3-9)

Equation

SD number

Equation N

E = —0.3554 + 0.8827Eqcap + 0.4046S0cp

+ 0.1807Agcap — 0.5517Vgcap
S = —0.1948 + 0.2022Eqcap + 0.9480Sgcap

+ 0.1973Bgcap — 0.1150Vgcap
A'=0.0185 — 0.0398Sqcap + 0.6747Aqcap

+ 0.0317Bocap — 0.0417Vocap
B = 0.1036 — 0.0361Eqcap — 0.1956Sqcap

+ 0.1436Agcap + 1.2826Bgcap
V = 0.0408Eqcap — 0.0582S0cap

+ 0.0862Bgcap + 1.0096Vocap

&N = number of unique solutes used in the multiple linear regression

R2 = adjusted coefficient of determination adjusted for the number of independent variables in
the regression equation °

SD = regression standard deviation

849 0.862 0.204 | (3-10)

849 | 0.880 |0.075| (3-11)

849 0.888 0.117 | (3-12)

855 0.999 0.039 | (3-13)

3.3.5 Comparison of QCAP and Adjusted QCAP

Figure 3-5 panels are hexbin two dimensional histogram plots® that compare solute
parameters (E, S, A, B, V) from the UFZ-LSER database to QCAP and Adjusted QCAP. As
shown in Figure 3-5 left, there are strong linear correlations between QCAP and UFZ solute
parameters. However, the slopes are not equal to one and the intercepts are not zero. Reasonably
small RMSEs are found for S, A, B, and V, but a large RMSE for E. This indicates that E
computed from molecular polarizability is quite different from E in the UFZ-LSER database that
are estimated in various ways. Detailed statistics are summarized in Table B-8.

The Adjusted QCAP are designed to predict UFZ solute parameters and they perform
very well with slopes close to one and intercepts nearly zero (Figure 3-5 right). Small RMSEs
are observed for all E, S, A, B, and V in Table B-8. Estimating each Abraham parameter using
more than one QCAP parameter improves the result since the descriptors of pp-LFERS are
inherently cross-correlated because the descriptors were chosen based on the molecular
interaction mechanisms and are not necessarily orthogonal.?

3.3.6 Comparisons between ABSOLYV, QCAP, and Adjusted QCAP for Various Solvent-

Water Systems

Figure 3-6 presents the RMSE of predictions of solvent-water partition coefficients using
ABSOLYV, QCAP, and Adjusted QCAP. Adjusted QCAP lead to the smallest RMSEs, followed
by QCAP, and ABSOLYV. There is no obvious bias found for Adjusted QCAP for each individual
system (Figure C-8 to Figure C-31). For wet octanol-water system, using the Adjusted QCAP
effectively eliminates the bias and reduces the prediction errors (RMSE = 0.515, Figure C-8).
Thus, Adjusted QCAP gives the best predictions for the investigated solvent-water systems.
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Figure 3-6 Dot plot presenting RMSEs of the residuals (predicted log Ksw - observed log Ksw)
for the predictions of solvent-water partition coefficients. Predictions by three
models are compared: (1) ABSOLV, (2) QCAP, and (3) Adjusted QCAP. The
solvents listed on the left axis are ordered from the smallest to the largest QCAP
RMSE. The right axis presents N, the number of solutes in each system. Summary
of the RMSEs of prediction of solvent-water partition coefficients is in Table B-6.

3.3.7 Comparisons between ABSOLYV, QCAP, and Adjusted QCAP for Munition

Constituents and Munition-like Compounds

Predictions of solvent-water partition coefficients using Adjusted QCAP for munition
constituents and munition-like compounds are compared to predictions using QCAP and
ABSOLYV in Figure 3-7. Adjusted QCAP gives good predictions (RMSE = 0.860) with all the
prediction errors within a reasonable range except for HMX in chloroform-water. There are a
number of possible reasons for this discrepancy: (1) The minimum gas-phase free energy HMX
configuration that is used to determine the QCAP solute parameters may not be the correct
configuration in the chloroform-water system; (2) These munition constituents and munition-like
compounds were not included in the data used to obtain linear equations for Adjusted QCAP
parameters and HMX may be out of the applicability domain of the regression equations, which
depends on the range covered by the solute descriptors’ ” used to determine the Adjusted
QCAP parameters. If the prediction of HMX in chloroform-water is removed, the RMSE reduces
to 0.676 for Adjusted QCAP. The results illustrate the predictive ability of Adjusted QCAP for
novel and complex compounds.
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Figure 3-7 Dot plot presenting prediction errors (predicted log Ksw - observed log Ksw) for
predictions of ABSOLV, QCAP, and Adjusted QCAP for munition constituents and
munition-like compounds listed on the right axis. Left axis: list of the corresponding
partitioning systems: wet octanol-water, toluene-water, hexane-water,
trichloromethane (TCM)-water, and dichloromethane (DCM)-water. See the legend
in Figure 3-1 for the solutes’ chemical names.

3.3.8 Comparison of Adjusted QCAP and COSMOments

Quantum chemically based estimates of E, S, A, B, and V have also been made using
COSMOments by Zissimos et al.'® They calculated five COSMOments that are moments of the
o profile, a histogram of the surface charge density of the molecule. The & profile is computed
by the quantum chemical solvation model COSMO-RS.?% 4176 Regression equations using the
five COSMOments as predictor variables were constructed to predict the experimental solute AP
for 470 compounds. The results are compared in Figure 3-8. Detailed statistics are summarized
in Table B-8. The results for COSMOments for A, B, and V are similar to the Adjusted QCAP.
However, larger RMSEs and lower R? values are observed for the COSMOment estimates of E
and S. The most substantial difference is for E: RMSE = 0.368 and R?= 0.504 for COSMOment,
compared to RMSE = 0.165 and R?= 0.942 for Adjusted QCAP.
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Figure 3-8 Bar chart comparing the prediction root mean square errors (RMSEs) for Adjusted
QCAP and COSMOments estimates of the solute parameters. See Table B-8 for the
complete statistical comparison.

As mentioned by Zissimos et al.,*® poor performance of the COSMOment method for E
may be due to the different chemical information in the two sets of LFER descriptors of
Abraham and Klamt (COSMOments). The Abraham set contains additional information that is
incorporated in the Abraham descriptor E. Because of that, the experimental Abraham descriptor
E does not correlate well with the five COSMOments (R? = 0.504) and it is predicted less
accurately using the COSMOment method (RMSE = 0.368).

By contrast, Adjusted QCAP E is based on the procedure proposed by Abraham et al.%
(Eg. (3-5)) and an independently computed molecular polarizability (Eg. (3-7)), and optimized
using the five QCAP parameters (Eq. (3-9)). It is likely that Adjusted QCAP E contains similar
chemical information as the Abraham descriptor E.

Since COSMO-SAC also uses the surface charge density histogram (the o profile) to
compute the solvent-water partition coefficients, it is not surprising that using characteristics of
the o profile — the o profile moments — can be used to estimate Abraham solute parameters.
However, the connection is not direct, whereas using the estimated solvent-water partition
coefficients is based directly on Eg. (3-1). This can be useful when problems arise. Failures of
the QCAP method can be traced either to problems with the estimated solvent-water partition
coefficients - COSMO-SAC estimates are in error -- or to problems with the solvent-water
system parameters. In either case, a detailed investigation is possible. For example, subsets of the
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solvent-water systems can be used to estimate the QCAP and Adjusted QCAP to detect which
solvents are causing the problem. This is not the case, however, with regressions using molecular
properties that are not directly related to the parameters being estimated. If the method fails,
there is no path available for a diagnostic investigation. It is for this reason that we recommend
using Adjusted QCAP.

3.4 Conclusions

In this study, the importance of having an independent estimate of E using the Clausius-
Mossotti equation, Eq. (3-6), has been demonstrated. It can then be treated as a known parameter
and the MLR can reliably estimate the remaining Abraham solute parameters using quantum
chemical estimates of the 65 solvent-water partition coefficients. Since QCAP and Adjusted
QCAP are derived from COSMO-SAC partitioning, chemicals for which COSMO-SAC is
applicable can be analyzed. However, chemicals with completely new functionalities for which
COSMO-SAC has not been evaluated need to be checked. It has been shown’’ that if a new pp-
LFER is developed using a new set of solvent-water partition coefficients, the QCAP and not the
Adjusted QCAP parameter produce the best fit. This is the reason that both QCAP and Adjusted
QCAP parameters are reported: Adjusted QCAP should be used for existing solvent-water pp-
LFERs, and QCAP should be used for developing new pp-LFER.
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Appendix B

SUPPLEMENTARY INFORMATION FOR: QUANTUM CHEMICAL ESTIMATED
ABRAHAM SOLUTE PARAMETERS USING MULTIPLE SOLVENT-WATER
PARTITION COEFFICIENTS AND MOLECULAR POLARIZABILITY

CONTENTS: Located in an accompanying Microsoft Excel file.

Table B-1  Residuals of COSMO-SAC predicted solvent-water partition coefficients and
summary statistics. Located in Chapter_3_Appendix B_Tables.xlsx file.

Table B-2  System parameters used for computing Abraham solute parameters. Located in
Chapter_3_Appendix B_Tables.xlIsx file.

Table B-3 COSMO-SAC predicted solvent-water partition coefficients (as well as the
corresponding solute and system parameters) used for computing QCAP solute
parameters. Located in Chapter_3_Appendix B_Tables.xlIsx file.

Table B-4  Polarizability and solute parameters (QCAP, ABSOLV, and UFZ-LSER). Located
in Chapter_3_Appendix B_Tables.xlsx file.

Table B-5 Experimental and predicted (ABSOLYV, QCAP, and Adjusted QCAP) solvent-water
partition coefficients. Located in Chapter_3_Appendix B_Tables.xlIsx file.

Table B-6 RMSEs of prediction (ABSOLV, QCAP, and Adjusted QCAP) of solvent-water
partition coefficients. Located in Chapter_3 Appendix B_Tables.xlIsx file.

Table B-7  Solute parameters (ABSOLYV and QCAP) and partition coefficients (observed,
ABSOLYV, QCAP, and Adjusted QCAP) for munition constituents and munition-
like compounds. Located in Chapter_3_Appendix B_Tables.xlIsx file.
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Table B-8 Comparison of the estimated (QCAP, Adjusted QCAP, and COSMOments) and
experimentally-based solute parameters. Located in Chapter_3 Appendix
B_Tables.xlsx file.
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Appendix C

QUANTUM CHEMICAL ESTIMATED ABRAHAM SOLUTE PARAMETERS USING
MULTIPLE SOLVENT-WATER PARTITION COEFFICIENTS AND MOLECULAR
POLARIZABILITY: SUPPLEMENTARY INFORMATION

CONTENTS:

Figure C-1
Figure C-2
Figure C-3
Figure C-4
Figure C-5
Figure C-6
Figure C-7
Figure C-8
Figure C-9

to Figure C-31
Figure C-32

The interquartile range of COSMO-SAC predicted solvent-water
partition coefficient errors.

Histogram of COSMO-SAC predicted solvent-water partition
coefficient errors.

Solvent-water system parameters e, s, a, b, and v for the 65 solvent-
water systems used for computing QCAP.

Molecular polarizability computed using M062X with the aug-cc-
pVDZ versus aug-cc-pVTZ basis set.

Predicted versus experimental solute parameters for A and B
determined by ESAB and QCAP methods.

Correlation of E and S solute parameters compiled from the UFZ-
LSER database.

Pairs plot of solvent parameters used to compute QCAP parameters.

Predicted versus observed partition coefficients for wet octanol-
water.

Predicted versus observed partition coefficients for other solvent-
water systems.

Residuals of wet octanol-water partition coefficients versus QCAP
parameters.
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Inter Quartile Range

COSMO-SAC Error (Predicted — Observed log Kgy)

Chemical

Figure C-1 Plots showing the decrease of the interquartile range (IQR) of COSMO-SAC
predicted solvent-water partition coefficient errors as the number of data points
increases. N = minimum number of data points used to compute the IQR. Data are
from Table B-1. Chemicals are plotted in the solvent sequence in the table. Note
that a solvent with greater than 20 observations appears in all four plots, e.g. the
first IQR on the left hand side.
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Figure C-2 A histogram plot of COSMO-SAC predicted solvent-water partition coefficient
(Ksw) errors. 24 solvent-water systems and 3095 data points are included.
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The solvent-water system parameters e, s, a, b, and v for the 65 solvent-water

systems used for computing QCAP. Parameters are grouped by solvent chemical
classes. Within each group, the solvents are ordered from the smallest to the largest

magnitude of v.
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Figure C-4 Comparing molecular polarizability computed using M062X* with aug-cc-pVDZ
and with aug-cc-pVTZ basis set.
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Figure C-5 Hexbin two dimensional histogram plots? comparing the predicted versus
experimental values from the UFZ-LSER database (labeled UFZ) for the solute
parameters A, B, and V determined by two methods listed at the top of each column:
(1) estimates E, S, A, and B jointly with an MLR, and an independently estimated V,
labeled ESAB; (2) estimate of E from molecular polarizability, V from molecular
volume and S, A, and B from an MLR, which is the QCAP method.
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Figure C-6 Hexbin two dimensional histogram plot? of E versus S solute parameters compiled
from the UFZ-LSER database.
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Figure C-7 A histogram plot of COSMO-SAC predicted solvent-water partition coefficient
(Ksw) errors. 24 solvent-water systems and 3095 data points are included.
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Figure C-8 Hexbin two dimensional histogram plot? of predicted versus observed log wet
octanol-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude.
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Figure C-9 Hexbin two dimensional histogram plot? of predicted versus observed log
tetrachloromethane-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude.
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Figure C-10 Hexbin two dimensional histogram plot? of predicted versus observed log
tetrahydrofuran-water partition coefficients. Solid lines show perfect agreement.
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Figure C-11 Hexbin two dimensional histogram plot? of predicted versus observed log toluene-

water partition coefficients. Solid lines show perfect agreement. Dashed lines
represent +1 order of magnitude.
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Figure C-12 Hexbin two dimensional histogram plot? of predicted versus observed log 1-

butanol-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude.
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Figure C-13 Hexbin two dimensional histogram plot? of predicted versus observed log 1-

pentanol-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude.
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Figure C-14 Hexbin two dimensional histogram plot? of predicted versus observed log 1-
propanol-water partition coefficients. Solid lines show perfect agreement. Dashed

lines represent +1 order of magnitude.
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Figure C-15 Hexbin two dimensional histogram plot? of predicted versus observed log

bromobenzene-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude.
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Figure C-16 Hexbin two dimensional histogram plot? of predicted versus observed log

chlorobenzene-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude.
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Figure C-17 Hexbin two dimensional histogram plot? of predicted versus observed log

chlorobutane-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude.
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Figure C-18 Hexbin two dimensional histogram plot? of predicted versus observed log

chloroform-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude.
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Figure C-19 Hexbin two dimensional histogram plot? of predicted versus observed log
cyclohexane-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude.

100



ABSOLV QCAP Adjusted QCAP

X .
o gy
2 ’
h-]
)
L
8 N= 79 M= 78
: 0 (0.1 o (0]
@ (12] ®(12)
® (24] .24
T T T T 1 I T T T - .
0 2 4 6 -4 0 2 4 6
Observed log K Decane-water

Figure C-20 Hexbin two dimensional histogram plot? of predicted versus observed log decane-

water partition coefficients. Solid lines show perfect agreement. Dashed lines
represent +1 order of magnitude.
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Figure C-21 Hexbin two dimensional histogram plot? of predicted versus observed log

dimethylacetamide-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude.
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Figure C-22 Hexbin two dimensional histogram plot? of predicted versus observed log
dimethylformamide-water partition coefficients. Solid lines show perfect
agreement. Dashed lines represent +1 order of magnitude.
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Figure C-23 Hexbin two dimensional histogram plot? of predicted versus observed log dioxane-

water partition coefficients. Solid lines show perfect agreement. Dashed lines
represent +1 order of magnitude.
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Figure C-24 Hexbin two dimensional histogram plot? of predicted versus observed log ethanol-

water partition coefficients. Solid lines show perfect agreement. Dashed lines
represent +1 order of magnitude.
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Figure C-25 Hexbin two dimensional histogram plot? of predicted versus observed log ethyl

acetate-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude.

103



ABSOLV QCAP Adjusted QCAP

6 -
x
f=2] 4 |
2 faiete o ol
h-] ; 2 -
S 0
o -
3 b:} = 01:1]9 N;( 0,{1?
‘ ! - = . '
: o (1.2] 2 - e (12)
Y R ® (24]
® (48] ’ ® (49
! ! ) ! L T T T T ]
0 2 4 6 -4 0 2 4 6
Observed log K Heptane-water

Figure C-26 Hexbin two dimensional histogram plot? of predicted versus observed log heptane-

water partition coefficients. Solid lines show perfect agreement. Dashed lines
represent +1 order of magnitude.
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Figure C-27 Hexbin two dimensional histogram plot? of predicted versus observed log
hexadecane-water partition coefficients. Solid lines show perfect agreement.
Dashed lines represent £1 order of magnitude.
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Figure C-28 Hexbin two dimensional histogram plot? of predicted versus observed log hexane-

water partition coefficients. Solid lines show perfect agreement. Dashed lines
represent +1 order of magnitude.
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Figure C-29 Hexbin two dimensional histogram plot? of predicted versus observed log

methanol-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude.
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Figure C-30 Hexbin two dimensional histogram plot? of predicted versus observed log octane-

water partition coefficients. Solid lines show perfect agreement. Dashed lines
represent +1 order of magnitude.
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Figure C-31 Hexbin two dimensional histogram plot? of predicted versus observed log

propanone-water partition coefficients. Solid lines show perfect agreement. Dashed
lines represent +1 order of magnitude.
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Chapter 4

QUANTUM CHEMICALLY ESTIMATED ABRAHAM SOLUTE AND SYSTEM
PARAMETERS FOR SOLVENT-WATER AND PLANT CUTICLE-WATER
PARTITION COEFFICIENTS

Abstract

Polyparameter Linear Free Energy Relationships (pp-LFERS) using Abraham system
parameters have many useful applications. However, developing the Abraham system parameters
depends on the availability and quality of the Abraham solute parameters. Quantum Chemically
estimated Abraham solute Parameters (QCAP) have been proposed and shown to have lower
root mean square errors of prediction (RMSEs) for certain classes of partition coefficients than
do parameters that are presently available. System parameters are estimated using QCAP solute
parameters and experimental partition coefficients for solvent-water and plant cuticle-water
partition coefficients. Generally, refitted model with QCAP gives the best predictions with the
smallest prediction root mean square errors ranging from 0.278 to 0.506 log units, followed by
original model with QCAP or refitted model with ABSOLYV for solvent-water partition
coefficients for 24 systems. For munition constituents and munition-like compounds, QCAP with
either original model or refitted model give much better estimates of solvent-water partition
coefficients than does ABSOLYV. For plant cuticle-water partitioning, predictions with QCAP fit
the experimental Kcut values (RMSE = 0.513 and 0.395 for original and refitted model,
respectively) than those with ABSOLYV solute parameters. Therefore, fitting a model with QCAP
is the quantum chemical method of choice in situations for which experimental data exist and
system parameters can be re-estimated, or for systems whose system parameters do not exist and
need to be developed, or need to be refined when more experimental data become available.

4.1 Introduction

Many attempts have been made to develop predictive models to understand the fate and
effects of substances in the environment. Among the available models, the Abraham
polyparameter linear free energy relationships (pp-LFERs)'* are widely used. The Abraham
model accounts for the molecular interaction involved in the partitioning process between two
phases as a linear sum of terms proportional to the interaction energies:

logK =c+eE+sS+aA+bB+vV (4-1)

The dependent variable K denotes the partitioning property under consideration, e.g.
solvent-water (Ksw) or plant cuticle-water (Kew) partition coefficient. The upper case letters are
solute parameters that quantify the following solute properties: excess molar refraction (E),
electrostatic polarity/polarizability (S), hydrogen-bond acidity (A), hydrogen-bond basicity (B),
and molar volume (V). The conjugate system coefficients, the lower case parameters in Eq. (4-1),
quantify the complimentary effects of one phase (e.g. octanol) relative to the other phase (e.g.
water): excess molar refraction (e), electrostatic polarity and polarizability (s), hydrogen-bond
basicity (a), hydrogen-bond acidity (b), the energy required for cavity formation and part of
dispersion interaction (v), and the remaining energy difference (c).

109



Abraham and other researchers have developed pp-LFERs for more than 400
environmentally significant processes and properties: partitioning to organic solvents;
partitioning to bio-materials of protein, lipid, and fat; sorption to soil and mineral surfaces;
blood-brain distribution, narcotic toxicity, and skin permeation.®

These pp-LFERSs are constructed by fitting experimental partition coefficient data with
known solute descriptors for a set of chemically diverse chemicals using a multiple linear
regression (MLR).®® However, the origin of the solute descriptors is not clear—strictly
experimentally determined or model estimated-- since the methods used to generate their values
are usually not reported. Even experimentally-based solute parameters can vary significantly
depending on the literature sources. Failures of the pp-LFER models cannot be distinguished
between problems with the experimental partitioning data, or problems with the solute
descriptors data, or problems with the selected list of chemicals that do not cover enough
chemical space.® Furthermore, experimentally-based solute parameters are usually not available
for all the chemicals whose experimental partitioning data are available, especially for novel
chemicals with special functionalities that should be included in the training data set to obtain
reliable system coefficients. Therefore, a method that is consistent and is not restricted by the
availability of experimental solute parameters would be a useful addition to the methods
available to estimate Abraham system parameters.

Kipka and Di Toro*? developed a pp-LFER model of organic chemical partitioning to
particulate organic carbon in soils and sediments by performing an MLR with observed
particulate organic carbon-water partition coefficients and estimated solute descriptors (from
ABSOLYV prediction module!?). Davis and Di Toro® also applied estimated solute descriptors
(from ABSOLYV prediction module!?) in a MLR to construct pp-LFERs for nonlinear adsorption
to various sorbents. The method presented below uses estimated instead of experimental solute
parameters. The use of the estimated solute descriptor enables the use of a more chemically
diverse training data set and ensures consistency.

Many estimation methods'? 1424 have been proposed to obtain some or all of the solute
parameters from the molecular structure, among which the ABSOLV prediction module!! is
widely used. The ABSOLYV prediction module utilizes a molecular fragment based method:
estimating each solute parameter by summing up the contributions of the Platts-type fragments.?*
The coefficients of the fragment descriptors are calibrated by performing statistical analysis on
experimental partitioning data or experimentally derived solute parameters of more than 5000
compounds.!! The ABSOLYV self-reported root mean square errors (RMSES) comparing
predicted to experimentally-based solute parameters are 0.12, 0.22, 0.07, 0.15, and 0.01 for E, S,
A, B, and V, respectively.!! However, as a molecular fragment based method, ABSOLV has
limitations, especially for novel and complex compounds that are not within the scope of the
compounds used to estimate the fragment parameters or for which the necessary fragment
parameters do not exist.?°

Recently, a quantum chemical method was proposed to compute Abraham solute
parameters.?® For each compound, the method employs the solvent-water partition coefficients
for 65 solvents estimated using the quantum chemical solvation model (COSMO-SAC),%28 and
the molecular polarizability computed using M062X/aug-cc-pVDZ. The method used to compute
the Quantum Chemically estimated Abraham Parameters (QCAP) is quantum chemically based
on molecular structure only. Also, it is straightforward and reproducible. The predictions of
QCAP are generally in better agreement with experimental values than those of ABSOLYV for
solvent-water partition coefficients for 24 systems (RMSE = 0.347 to 0.699 for QCAP, 0.45 to
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0.566 for ABSOLV).2° QCAP can be applied to novel and complex compounds, such as
munitions constituents and munition-like compounds, for which QCAP give much better
estimates of their solvent-water partition coefficients (RMSE = 0.752) than does ABSOLV
(RMSE = 4.60).%

A method was further proposed to compute Adjusted Quantum Chemically estimated
Abraham Parameters (Adjusted QCAP): Each Adjusted QCAP parameter is estimated with an
MLR using the five QCAP solute parameters E, S, A, B, and V as the independent variables and
experimentally-based solute parameters as the dependent variables.?® The Adjusted QCAP
parameters are in better agreement with experimentally-based solute parameters with RMSE of
0.165, 0.203, 0.074, 0.117, and 0.039 for E, S, A, B, and V respectively. Since the Adjusted
QCAP parameters are linear combinations of the QCAP parameters, they would produce the
same prediction accuracy. However, QCAP parameters are more preferable than Adjusted QCAP
for fitting existing data. The detailed explanation is available in Appendix E.

The objective of this chapter is to find the best set of solute parameters to predict
environmentally significant partition coefficients for new systems whose system parameters need
to be developed from experimental data. The solute parameters investigated are ABSOLV and
QCAP. Abraham system parameters are computed using experimental partition coefficients for
solvent-water systems and plant cuticle-water system. The RMSEs yieleded using each of the
three sets of solute parameters are compared.

4.2 Materials and Methods

4.2.1 Partition Coefficient Data

The experimental solvent-water partition coefficients are compiled from literature
references®?® 30323234 gnd the cited references therein. The experimental and predicted partition
coefficients for the solvent-water systems and the plant cuticle-water system are available in
Table D-1 Appendix D.

The solute parameters (QCAP and ABSOLYV) are taken from Liang.? The literature
(original) system parameters are compiled from Abraham et al.* and from Platts and Abraham?®
for solvent-water systems and plant cuticle-water system, respectively.

4.2.2 Determination of System Parameters using Estimated Solute Parameters

The system parameters based on QCAP solute parameters are estimated using the linear
regression (Im) function in the R programing language®’ applied to Eq. (4-2) with the
experimental partition coefficients (Kexp,i) and QCAP solute parameters (Ei, Si, Ai, Bi, Vi):

log Kexp,i = ¢ + €E; + sS; + aA; + bB; + vV, (4-2)

where i is the index of the compounds for which the experimental partition coefficients
are available. The six system parameters (c, €, s, @, b, v) are estimated using MLR.

Analogously, the fitted system parameters based on ABSOLV solute parameters are
obtained using Eq. (4-2) with ABSOLYV solute parameters and experimental partition
coefficients.

The fitted pp-LFERSs used below retain all the terms (full models) in Eq. (4-2). For cases
where certain estimated system coefficients are not statistically significant at the 0.05 level,
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MLRs are performed with those estimated system coefficients set to zero (reduced models).
Summaries of the fitted system parameters for both full and reduced regression equations can be
found in Tables D-2 and D-3 for QCAP and ABSOLV, respectively.

4.3 Results and Discussion

4.3.1 Analysis of the Refitted Models for Solvent-Water Systems

The refitted models with either QCAP or ABSOLYV solute parameters are listed in Table
4-1, using octanol-water as an example. The octanol-water partition coefficient (Kow) is an
important parameter that is used in models®- to predict distribution among environmental
components, such as soils and sediments, animals, and plants. The system parameters are
computed using experimental Kow 0f 896 solutes with values of Kow Spanning a wider range of
approximately 12 log units (-3.70 to 8.16). The system coefficients (c, e, s, a, b, and v) of the
refitted octanol-water model with either QCAP or ABSOLYV are statistically robust as indicated
by the small standard errors (Tables D-2 and D-3). Fitting with QCAP has more favorable
statistics (R? = 0.939, SE = 0.508, PSD = 0.513) than ABSOLV-SP (R? = 0.933, SE = 0.534,
PSD = 0.539) as listed in Table 4-1. The PSD (predicted standard deviation) statistics are
calculated based on the leave-one-out procedure where the regression equation is fitted with the
i"" data omitted and the resulting equation is then used to predict the i data. The PSD statistics
are suggested to be useful to assess the predictive ability of the resulting regression equations.*!
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Table 4-1

The literature (original), QCAP, and ABSOLYV system parameters?for selected systems.

System pp-LFER Cc e S a b \Y; N | Adjusted R? SE PSD
Wet octanol - Original 0.088 0.562 | -1.054 | 0.034 | -3.460 | 3.814 | -- -- -- --
water QCAP -0.115 | 0.771 | -0.557 | -0.424 | -3.979 | 3.279 | 897 0.939 0.508 | 0.513
ABSOLV -0.058 | 0.819 | -0.956 | 0.013 | -3.521 | 3.605 | 897 0.933 0.534 | 0.539
Plant cuticle- Original -0.415 | 0.596 | -0.413 | -0.508 | -4.096 | 3.908 | 62 -- -- --
water QCAP -0.167 | 0.417 | 0.919 | -0.546 | -5.450 | 3.478 | 143 0.936 0.403 | 0.421
ABSOLV 0.144 1.200 | 0.039 | -0.453 | -1.984 | 1.700 | 143 0.747 0.803 | 0.880

&N = number of unique solutes used for the calibration

R2 = adjusted coefficient of determination adjusted for the number of independent variables in the regression equation '
SE = residual standard error
PSD = predicted standard deviation
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4.3.2 Comparison of the Original and Refitted Models for Solvent-Water Systems

Figure 4-1 (1) compares RMSEs of the residuals (log predicted - log observed solvent-
water partition coefficients Ksw) for the predictions of original and refitted models with QCAP
solute parameters. Twenty-four solvent-water systems are presented consisting of a variety of
solvent chemical classes: alkanes, alcohols, amides, ketones, and aromatics. The solvents are
ordered from the smallest to the largest RMSE of refitted model with QCAP. The number of
observations for each system is listed on the right axis.

The results in Figure 4-1 (1) demonstrate that the refitted model significantly improves
the predictions for QCAP: RMSE from 0.347 to 0.699 for the original model, and from 0.278 to
0.506 for the refitted model. As previously found,?® predictions using the original model tend to
overestimate the observed octanol-water partition coefficients. However, refitting with QCAP
parameters significantly eliminates the bias for the octanol-water system (Figure E-1, RMSE
reduced from 0.699 to 0.506). The reason is that the refitted models are more compatible with
QCAP parameters since the QCAP solute parameters are not identical to the experimentally-
based solute descriptors (especially the molecular polarizability determined QCAP E parameter)
while the original models are based on experimentally-based solute descriptors.

The results in Figure 4-1 (2) reveal the same trend for ABSOLYV: predictions with refitted
models are better than original models. This improvement relative to original models is again
likely due to the improved compatibility of the system parameters with the ABSOLYV estimated
solute parameters.
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Figure 4-1 Dot plot presenting the root mean square errors (RMSES) of the residuals (log
predicted - log observed partition coefficients) for solvent-water systems. Panel (1)
compares predictions of original model and refitted model with QCAP. Panel (2)
compares predictions of original model and refitted model with ABSOLV. For each
panel, the solvents listed on the left axis are ordered from the smallest to the largest
RMSE of the refitted model, and the right axis presents N = number of solutes in
each system. RMSE values are available in Table D-4 in Appendix D.
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4.3.3 Comparison of QCAP and ABSOLYV for Solvent-Water Systems

Figure 4-2 compares RMSEs of the residuals (log predicted — log observed Ksw) for the
predictions of the four models: original model with QCAP, original model with ABSOLYV,
refitted model with QCAP, refitted model with ABSOLV. Among the four models, refitted
model with QCAP gives the best predictions with the smallest prediction RMSESs ranging from
0.278 to 0.506 log units, followed by original model with QCAP or fitted model with ABSOLYV.
This comparison suggests that refitted model with QCAP is the best choice for predicting
solvent-water partitioning. This comparison also suggests that QCAP should be the parameter set
of choice for new systems whose system parameters need to be developed from experimental
data.

Solvent N
Octanol | @ Original model with ABSOLV Oon & @ 896
Tetrachloromethane | @ Original model with QCAP o L [ » 227
Chlorobenzene | @ Refitted model with ABSOLY | @ B & @ 93
Chloroform | m Refitted model with cap | B . & 224
Toluene O = o 111
Chlorobutane | O @& L] 43
1-Propanol Om » @ 57
Cyclohexane Om C T 78
Bromobenzene B O & » 59
Hexane o on L 116
Heptane 0 @ [ 109
Propanone o m 2 » 48
Decane m | @ 79
Ethyl acetate O nu L ® 52
Ethanol O | & 75
Tetrahydrofuran m @& & 50
Hexadecane | @ ] P 149
Octane O L | L] 104
1-Butanol O LB 68
Dioxane O o @ » 56
Dimethylformamide O | @ 9 96
Methanol o & N L 77
1-Pentanol O u 9 351
Dimethylacetamide o | @ » 58
[ I l I | T [
0.2 0.3 0.4 0.5 0.6 0.7 0.8

RMSE

Figure 4-2 Dot plot presenting the root mean square errors (RMSES) of the residuals (log
predicted - log observed partition coefficients) for predictions of solvent-water
partition coefficients. Predictions by four models are compared: original model with
ABSOLYV, original model with QCAP, refitted model with ABSOLV, and refitted
model with QCAP. The solvents listed on the left axis are ordered from the smallest
to the largest RMSE of refitted model with QCAP. The right axis presents N =
number of solutes in each system. RMSE values are available in Table D-4 in
Appendix D.
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This improvement of QCAP relative to ABSOLYV is likely the result of making an
independent estimate of E in the QCAP method of estimating solute parameters.?® It might also
be due to the diverse set of sixty-five solvents that are employed to estimate S, A, and B.

4.3.4 Comparison of QCAP and ABSOLYV for Solvent-Water Partitioning for Munition

Constituents

The refitted models are further validated by applying to munitions constituents and
munition-like compounds. The results are presented in Figure 4-3. These munition constituents
and munition-like compounds were not included in the data used to refit the pp-LFER equations
using either ABSOLV or QCAP parameters. Therefore this comparison is a validation of the

model for these classes of compounds.
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Figure 4-3 Dot plot presenting prediction errors (predicted log Ksw — observed log Ksw) for
prediction of solvent-water partition coefficients for munition constituents and
munition-like compounds listed on the right axis. On the left axis is listed the the
corresponding partitioning systems: wet octanol-water, toluene-water, hexane-
water, and chloroform water. Predictions by four models are compared: original
model with ABSOLYV, original model with QCAP, refitted model with ABSOLV,
and refitted model with QCAP. Experimental and predicted log Ksw as well as
ABSOLYV and QCAP solute parameters are available in Table D-5 in Appendix D.

ABSOLYV predictions with original and refitted models have very large residuals for
RDX, HMX, TNX, DNX, and MNX (RMSE = 4.64 and 5.98 for original and refitted model with
ABSOLYV, respectively). This indicates that for the compounds the ABSOLYV solute parameters
are completely unreliable. The possible reasons for this result are discussed in Liang et al.*?
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Refitting the model does not improve the accuracy of ABSOLV if ABSOLYV solute descriptors
are incorrect.

QCAP predictions with original and refitted models are reasonable with most prediction
residuals within 1 log units (RMSE = 0.792 and 0.904 for original and model respectively).
However, large discrepancy is observed for HMX in chloroform-water, especially for prediction
of refitted model with QCAP. There are a number of possible reasons for this discrepancy: The
minimum gas-phase free energy HMX configuration is used to determine the QCAP solute
parameters is not the correct configuration in the chloroform-water system; HMX is out of the
applicability domain of the refitted equation, which depends on the range covered by the solute
descriptors*® % used to determine the chloroform-water system parameters used by the refitted
model. If the prediction of HMX in chloroform-water is removed, the RMSEs reduce to 0.734
for original model and to 0.664 for refitted model with QCAP.

This comparison again suggests that refitted model with QCAP should be the correct path
to follow. The results also demonstrate the predictive ability of refitted model with QCAP for
novel and complex compounds.

4.3.5 Comparison of QCAP and ABSOLYV for Plant Cuticle-Water Partitioning

Understanding the plant uptake is of importance in environmental risk assessment of
chemical substances. It was found that the plant uptake process can be equivalently quantified as
partitioning-dominated process.* Platts and Abraham® have proposed a pp-LFER model for
predicting partitioning of volatile organic compounds from water into plant cuticular matrix, a
lipophilic polymer membrane, which largely determines the uptake of organic chemicals into
vegetation.*® Their pp-LFER was developed using one plant species and 62 volatile organic
compounds.®® However, more experimental plant cuticle-water partition coefficients (Kew) have
been compiled which incorporate more diverse plant species (16 in total) and undissociated
organic compounds (77 unique solutes and 143 data points in total). Details of the data are
available in Table D-1. Thus, an updated pp-LFER is useful to improve its predictive ability.

The refitted models (Table 4-1) are obtained using an MLR with experimental Kcw as the
dependent variable and the QCAP or ABSOLYV solute parameters as independent variables.

Predictions of original model with ABSOLYV agree reasonably well with experimental
Kew Values except for RDX and HMX for which errors up to 6 orders of magnitude are observed,
Figure 4-4 (1). The RMSE = 1.173 for all data points and RMSE = 0.622 without the three
outliers. It is reasonable to believe that the large errors for RDX and HMX is not due to the
system parameters, but is due to the incorrect solute descriptor estimated by ABSOLV. The same
as for the solvent-water portioning, the incorrect solute descriptors is likely due to the missing —
R2N-NO2 fragment in the ABSOLV fragment database. Refitting the system parameters reduces
the overall RMSE to 0.786 log units by reducing the errors for RDX and HMX to around 2 log
units. However, this result of compensating the incorrect solute descriptors leads to the misfit for
many other compounds, Figure 4-4 (3). Therefore, the quality of the solute parameters used in
the calibration dataset is of importance.
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Predicted log K

Figure 4-4  Crossplot comparing the predicted versus experimental log Kew. Predictions by four
models are compared: (1) original model with ABSOLYV, (2) original model with
QCAP, (3) refitted model with ABSOLV, and (4) refitted model with QCAP. Solid
lines show perfect agreement. Dashed lines represent £1 order of magnitude.

Among the models evaluated, predictions with QCAP fit the experimental Kcw values
better than those with ABSOLV with most of the prediction errors within one order of
magnitude. Refitting the model further improves the predictions for QCAP (RMSE = 0.513 for
original model and RMSE = 0.395 for refitted model) as shown in Figure 4-4, panels (2) and (4).
The refitted system coefficients (c, e, s, a, b, and v) are statistically robust: R?= 0.936, SE =
0.403, and PSD = 0.421 log units reflect the quality of the resulting regression equation (Table
4-1). The improvement of the refitted plant cuticle-water model with QCAP is due to not only
the improved consistency of the system parameters as for the solvent-water systems, but also the
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expanded plant species and solute descriptor space.
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4.4 Conclusions

Refitted system parameters significant improves the prediction accuracy and eliminates
the bias when using estimated solute parameters in the pp-LFER method. Refitted model with
QCAP has the smallest RMSEs for available experimental solvent-water and plant cuticle-water
partition coefficients, as well as for novel compounds. Thus, refitting the existing partitioning
data with QCAP is the method of choice for predicting environmentally significant partition
coefficients, e.g. organic carbon-water, protein-water, and lipid-water partition coefficients,
especially for new systems for which system parameters need to be developed from experimental
data.
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Appendix D

SUPPLEMENTARY INFORMATION FOR: QUANTUM CHEMICALLY ESTIMATED
ABRAHAM SOLUTE AND SYSTEM PARAMETERS FOR SOLVENT-WATER AND
PLANT CUTICLE-WATER PARTITION COEFFICIENTS

CONTENTS: Located in an accompanying Microsoft Excel file

Table D-1 Experimental and predicted solvent-water partition coefficients as well as ABSOLV
and QCAP solute parameters. Located in Chapter_4 Appendix D_Tables.xlIsx file.

Table D-2  Refitted system parameters determined using QCAP solute parameters. Located in
Chapter_4 Appendix D_Tables.xlsx file.

Table D-3  Refitted system parameters determined using ABSOLV solute parameters. Located
in Chapter_4_Appendix D_Tables.xlIsx file.

Table D-4 Summary of the RMSEs of prediction of partition coefficients. Located in
Chapter_4 Appendix D_Tables.xlsx file.

Table D-5 Experimental and predicted solvent-water partition coefficients, together with
ABSOLYV and QCAP solute parameters, for munition constituents. Located in
Chapter_4 Appendix D_Tables.xlsx file.
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Appendix E

SUPPLEMENTARY INFORMATION FOR: QUANTUM CHEMICALLY ESTIMATED
ABRAHAM SOLUTE AND SYSTEM PARAMETERS FOR SOLVENT-WATER AND
PLANT CUTICLE-WATER PARTITION COEFFICIENTS

CONTENTS:
Figure E-1 Pairs plot of QCAP solute parameters.
Figure E-2 Pairs plot of Adjusted QCAP solute parameters.
Figure E-3 Comparison of standard errors of regression coefficients for
fitting using QCAP and Adjusted QCAP.
Figure E-4 Regression coefficients for fitting using QCAP and Adjusted

QCAP.

Refitted Model with QCAP and Adjusted QCAP

Comparison of QCAP and Adjusted QCAP System Parameters.

(1) Since the Adjusted QCAP parameters are linear combinations of the QCAP
parameters, they would produce the same result.

(2) QCAP have not been fitted to experimental data. QCAP is recommended because it
does not rely on any experimental data.

There are strong correlations between Adjusted E and S (Figure E-1). The correlations
are stronger than those of QCAP (Figure E-2). However, it is found that SE of QCAP are not
always larger than those of Adjusted QCAP (Figure E-3). There are linear relationships between
system parameters for solvent-water systems (Figure E-4).
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Figure E-1 Pairs plot® of QCAP solute parameters. The lower triangular panels are hexbin two
dimensional histogram plots?. For each data plot, x axis label is the parameter above
the plot, y axis label is to the right of the plot. Solid lines show perfect agreement.
The upper triangular panels display the coefficient of determination (R?) and the
scaling of the respective pair. For each R? panel, x axis label is the parameter below
the plot, y axis label is to the left of the plot.
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Adjusted QCAP
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Figure E-2 Pairs plot® of Adjusted QCAP solute parameters. The lower triangular panels are
hexbin two dimensional histogram plots?. For each data plot, x axis label is the
parameter above the plot, y axis label is to the right of the plot. Solid lines show
perfect agreement. The upper triangular panels display the coefficient of
determination (R?) and the scaling of the respective pair. For each R? panel, x axis
label is the parameter below the plot, y axis label is to the left of the plot.
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Figure E-4 Regression coefficients for fitting using QCAP and Adjusted QCAP.




The plant cuticle data fitting can be found in the screenshot below:

> dd<- read.csv(paste('Plant cuticle w20161107.csv',sep='"") header=TRUE, =t
» Fit=1m|(dd%logEobs~dd$Ep+ddsSq+ddsaq+ddEBag+ddsEvVes) ;

> summary (fit)

Call:

Ilm(formula = ddflogEobs ~ dd%Ep + dd%5g + dd3hg + dd%Bg + ddsVes)

Ee=siduals:
Min 10 Median 30 Max
-1.20915 -0.17346 -0.02166 ©0.228%96 1.05558

Coefficients:
Estimate 5td. Error t walue Pr(>|t])

(Intercept) -0.61653 0.10074 -6.120 9.26e-08 **=
dd$Ep 0.416390 0.08769 4.754 4.98e-06 =%
dd%5g 0.91932 0.16745 5.4590 1.88%e-07 #**%
ddShg -0.54607 0.10183 -5.357 3.48e-07 *®=
dd$Bg -5.44961 0.255828 -21.018 <« 2e-1lg **%
ddfVes 3.47841 0.2081le 16.710 <= 2Ze-lg **=

Signif. codes: 0 “*%=f 0,001 ***f Q.01 **f 0.05 *.f 0.1 * * 1

REesidual =standard error: 0.4033 on 137 degrees of freedom
Multiple EB-sqguared: 0.9386, Adjusted RB-sguared: 0.9363
F-=statistic: 418.7 on 5 and 137 DF, p-value: < 2.Z2e-16
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Call:
Im(formala

0
288946

» E=-0.355 +0.883%ddsEp +0.405%dds5g +0.181*ddsAg +0*ddsBg -0.552*ddsVes

»> 5=-0.195 +0.202*ddsEp +0.948%dds5qg +0*ddshg + 0.197*dd$Bg -0.115+*ddsVes

> A= 0.01% +0*ddSEp-0.040*dds5g + 0.675%ddsAg + 0.032*ddsBg -0.042*ddsVocs

> B= 0.104 -0.036*ddsEp -0.196%dds5qg +0.144*ddfAg + 1.283%ddEfBEq +0*ddEVcs

> W= 0.041%ddsEp -0.058*dd&3g +0.086*ddEBg + 1.010*ddsVes

> L=-1.064 +1.341%dd%Ep +1.039%dd%3qg +0.572%ddS4g +0.493%dd3Bg +2.371+dd%Vcs
> fit=lm(dd2logEobs~E+3+L4B4V) ;

> summary (fit)

ddSlogKeoks ~ E + 5 + L + B + V)

Max

1.05558

Error t walue Pr(>|t])

Eesiduals:

Min 10 Median
-1.20915 -0.17346 -0.02166 0.2
Coefficients:

E=ztimate 5td.
[Intercept) -0.07915 0.10343
E 0.07324 0.13871
5 0.22452 0.18258
iy 0.13585 0.14250
B -4.52104 0.22703
v 3.51521 0.16225
Signif. codes: O Y&***r 0 Q01 *

REesidual standard error:
Multiple R-sguared: 0.93
F-=statistic:

-0.
.
1.
0.

-139.

21.

=

765
528
230
8953
914
665

0.01

0.445
0.538
0.221
0.342
“Ze-la ===
<Ze-la ===
wFo0.05 T

g.1 "1

0.4033 on 137 degrees of freedom

g6,

Adijusted R-sguared:

418.7 on 5 and 137 DF, p-value:

0.593a3
< 2.2e-1l&
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Chapter 5

BIOCONCENTRATION FACTORS AND PLANT-WATER PARTITION
COEFFICIENTS OF MUNITIONS COMPOUNDS IN BARLEY

Abstract

Plants growing in the soils at military ranges and surrounding locations are exposed, and
potentially able to uptake, munitions compounds (MCs). Bioconcentration in plants is
conventionally measured through uptake experiments with field or synthetic soils. These soils,
however, contain multiple components/phases that vary among their different types and affect
the bioavailability of the MC. Therefore, using various soils as the exposure medium hinders the
ability to separate the effects of soil characteristics from the chemical properties on the resulting
plant bioconcentration. To circumvent the problem, this work presents a protocol to measure
steady state bioconcentration factors (BCFs) for MCs in barley (Hordeum vulgare L.) using inert
laboratory sand rather than field or synthetic soils. Three MCs: 2,4,6-trinitrotoluene (TNT); 2,4-
dinitrotoluene (2,4-DNT); and 2,4-dinitroanisole (2,4-DNAN); and two munition-like
compounds (MLCs): 4-nitroanisole (4-NAN) and 2-methoxy-5-nitropyridine (2-M-5-NPYNE)
were evaluated. Approximately constant plant biomass and exposure concentrations were
achieved within a one—-month period that produced steady state log BCF values: 0.62+0.02,
0.70+0.03, 1.30+0.06, 0.52+0.03, and 0.40+0.05 L Kgplantawt* for TNT; 2,4-DNT; 2,4-DNAN; 4-
NAN; and 2-M-5-NPYNE, respectively. Furthermore, results suggest that the upper—bounds of
the BCFs can be estimated within an order of magnitude by measuring the partitioning of the
compounds between barley biomass and water. This highlights the importance of partition
equilibrium as a mechanism for the uptake of MCs and MLCs by barley from interstitial water.
The results from this work provide chemically meaningful data for prediction models able to
estimate the bioconcentration of these contaminants in plants.

5.1 Introduction

Elevated concentrations of munitions compounds (MCs) — which include explosives and
propellants — have been found in soils at military installations ° as well as in underlying
groundwater 12 and surrounding surface water bodies 34, MCs dissolve into the soil solution
and can be taken up by plants. Such mobility makes MCs an environmental concern for
organisms growing in the soils at military ranges and surrounding locations. Therefore, risk
assessments of these MCs should include an evaluation of their uptake by plants.

The uptake of a chemical substance by plant tissues (e.g., roots, stem, leaves) from the
environment (e.g., soil, water, air) has been typically measured by bioconcentration factors
(BCFs). BCFs are generally determined through laboratory experiments where plants are grown
in spiked or contaminated field soils *>° or hydroponically in nutrient solutions containing
dissolved contaminants 22, In the case of solid growth media, various types of BCFs have been
used depending on whether expressed relative to the concentration in the medium solids (dry
mass) or relative to that in the medium water solution (interstitial/pore water) 2. The latter BCF
is chemically more meaningful since the concentration available for plant root uptake is only that
dissolved in the interstitial water 224, Therefore, BCFs should be calculated as
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Ci C:
_ Organism _ lplant
BCF; = ( = =\ (5-1)
lAvailable in growth medium. SS uw / gs

where i = compound of interest (e.g., a MC), BCF; = bioconcentration factor of i (Lwater Kgplant dwt”
1 dwt = dry weight), SS = steady state, Cipyane = CONcentration of i in the plant (mg kgawtt), and
Ci,,, = dissolved concentration of i in the interstitial water (IW; mg LY.

Studies have measured uptake by plants from soils at the laboratory scale for some of the
most common MCs: 2,4,6-trinitrotoluene (TNT); 2,4-dinitrotoluene (2,4-DNT); 2,4-
dinitroanisole (2,4-DNAN); hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX); and octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) 151618192530 The set of plant concentrations
observed in these soil studies is graphically summarized in Figure 5-1A and the data are in Table
F-1 in Appendix F. The BCFs are presented in Figure 5-1B (Table F-2) when available. They are
BCFs as ratio of the MC concentration in the plant to that in the soil solids (this ratio is hereafter
referred to as “BCFsoligs”). Figure 5-1 reveals large variations among both plant concentrations
and BCFsoligs for a single MC. The variations in plant concentrations are expected since the
corresponding exposure concentration is not considered. The variations found in BCFsoiigs (up to
three orders of magnitude for the same MC) are likely due to three main factors: plant type,
exposure time, and available concentration for plant root uptake. These elements are examined
below in order to identify their individual role in the lack of consistency among literature plant
uptake results (Figure 5-1), especially for BCFsoligs (Figure 5-1B).
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Figure 5-1 Results from published uptake studies (Tables F-1 and F-2): (A) MCs
concentrations in plants on the last day of exposure (Criant), and (B)
bioconcentration factors expressed relative to concentrations in soil solids
(BCFsolids) as kgawt s0il (kgawt plant)™. Csoil: Concentration in soil at the beginning
of exposure. Circles’ size proportional to the exposure duration. Data presented for
the whole plant or only for the aboveground plant parts when available. TNT* =
TNT or TNT degradation products; TNT is reported as not detected in plant tissues
in some sources.

Plant type: Some plant species have markedly higher potential to bioconcentrate MCs
than others, as it has been shown for aquatic plants relative to terrestrial plants 332, These
differences in uptake potential have not been observed, however, between more similar plant
types, such as terrestrial monocotyledons and dicotyledons . This likely reduces the
significance of plant type as a factor for the large variations shown in Figure 5-1 given that the
species included are all terrestrial herbaceous plants belonging to closely related families:
graminoids (grasses), legumes, and amaryllis.

Exposure time: In contrast to the similarity in plant types, the exposure times in Figure
5-1 vary widely from 19 to 77 days. Plant concentrations obtained at longer exposure times (i.e.,
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> 40 days) are generally higher than those measured in short—exposure experiments (Figure
5-1A). However, these comparisons should only be made once growth dilution effects 24
(increasing biomass during the growing period dilutes chemical concentrations in the plant
tissues) have been taken into account, concentration in the plant is at steady state (i.e., no
significant variations with longer exposure time), and BCFs are reported relative to the
bioavailable MC concentration (i.e., BCF defined in Eq. (5-1) instead of BCFsolids).

Available concentration for plant root uptake: The bioavailable MC concentration in soil
for plant uptake is determined by factors including soil properties such as organic carbon content
through sorption—desorption processes 3428, transformation/degradation of the parent compound,
and aqueous solubility of the MC as it controls the maximum concentration that will dissolve in
the soil interstitial water. Therefore, contrary to what might be expected, increments in soil
concentration treatments do not necessarily lead to higher BCFsoligs in plants. Figure 5-1B, for
example, shows decreasing BCFsoligs With increasing soil concentrations 1168 for exposures up
to 1x10* mg kgawt™ for RDX and HMX 8 which have considerably lower solubilities than other
MCs (Table F-3). This decrease in BCFsoligs wrongly points to conclude that large exposure
concentrations do not result in higher plant bioconcentration. Nonetheless, what is actually
happening is that the concentration available for plant root uptake is overestimated when: (i) the
MC aqueous solubility is exceeded, and (ii) the rate of MC degradation in the soil plus plant
uptake outpaces the rate of MC dissolution decreasing the exposure concentration.

In order to establish what the MC concentration available for plant root uptake is,
hydroponic systems with water only have been used as an alternative to complex field or
synthetic soil (referred to as “soil””) growth media. These type of experiments, however, have
shown plants with delayed and less frequent root branching %4°. Root morphology and
architecture determine the accessibility of plants to both nutrients and contaminants, thus a solid
growth medium represents field conditions more closely. Normal plant root development and
minimal influence of the growth medium in the MC bioavailability dictate the choice of using
essentially inert solids such as coarse quartz sand (0.85-1.27 mm effective diameter particles,
referred to as “sand”) as growth media.

The use of sand for the bioconcentration uptake assays presented in this work had two
main purposes: (i) generate BCFs that are not conditioned to any particular soil property so that
they can be applicable to estimate bioconcentration across diverse soil types, and (ii) provide
data for the development of a model to predict the steady state BCFs of MCs and compounds
with similar chemical structure functionalities referred to as munition—like compounds (MLCs).
These require the concentrations in the plant and available for plant root uptake to be at steady
state. Therefore, using sand as the solid growth medium was convenient because it allowed to: (i)
easily conduct fluids thereby providing a more uniform exposure concentration, and thus (ii)
make interstitial water sampling, measured in the displaced solution, more representative
compared to that obtained in soil studies.

Separating the contributions of the growth medium characteristics from the MCs
properties to the BCFs can also advance the understanding of the uptake process from a
mechanistic perspective. The uptake of nonionic organic contaminants through plant roots has
already been shown to be a passive (i.e., no input of metabolic energy) diffusive process ?*. This
suggests that the uptake of nonionic organic MCs, and MLCs, is largely governed by their
aqueous concentration and tendency to sorb onto plant tissues. Partition—dominated steady state
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sorption of contaminants by plant materials has been tested and shown to serve as an estimate for
the upper—bound of the bioconcentration resulting from the overall uptake process 443,

In this work, five nonionic organic compounds were studied for both plant uptake and
plant-water partitioning by barley (Hordeum vulgare L.). Two objectives were: (i) provide BCFs
that are predominantly a function of the compound chemical properties, minimizing bias from
growth medium, compound bioavailability and toxic effects, and exposure time; and (ii) estimate
the upper—bound of the plant uptake process via plant-water partitioning measurements. The
compounds included three MCs: TNT; 2,4-DNT; and 2,4-DNAN; and two MLCs: 4-nitroanisole
(4-NAN) and 2-methoxy-5-nitropyridine (2-M-5-NPYNE). Additionally, in order to increase
chemical variety, three more compounds were studied for plant-water partitioning. These
compounds comprised two MCs: RDX and HMX, and a MLC: 2,5-dimethoxy-4-nitroaniline
(2,5-DM-4-NANE). While the MLCs here might not be used in current explosives and/or
propellants formulations, their structural resemblance to MCs including the presence of nitro
functional groups (-NO2) and N-substituted rings (Table F-3) makes them likely to be related to
future MCs for which MLCs can serve as validation proxies.

5.2 Materials and Methods

5.2.1 Chemical and Reagents

Aqueous solutions of TNT; 2,4-DNT; RDX; and HMX at nominal concentrations of 100,
100, 50, and 5 mg L%, respectively, were obtained from U.S. Army Edgewood Chemical
Biological Center (ECBC, Aberdeen Proving Ground, MD) and were used as stock material for
all experiments. The other compounds: 2,4-DNAN; 4-NAN; 2,5-DM-4-NANE; and 2-M-5-
NPYNE were obtained from Sigma-Aldrich (Milwaukee, WI), all with purity > 97%. Methanol
for high performance liquid chromatography (HPLC) was from Fisher Scientific (Suwanee, GA).
All other chemicals were either analytical or certified grade. Deionized water (18.1 MQ) was
obtained using a Neu-lon (Baltimore, MD) purification system and was used throughout the
studies.

Sand (Ottawa ACS grade, CAS: 14808-60-7, quartz, particle size: 20-30 mesh, specific
gravity: 2.65) was obtained from VWR International (Radnor, PA). Sand was triple rinsed with
water prior to use as the solid growth medium.

5.2.2 Plant Growth Conditions

Studies were performed using seeds of hulless barley (Hordeum vulgare L.) from
Keystone Group AG Seeds (New Columbia, PA). This plant species was selected based on its
wide geographical distribution, rapid growth, and ease of cultivation in the laboratory. Barley is
an important cereal crop; in 2014 it ranked fourth among cereal crops production in the world 44,
The monocotyledon H. vulgare belongs to the Poaceae family (true grasses) which has several
species established for standard plant uptake and translocation tests #>4¢ and has been listed as
one of the species used routinely to study phytotoxicity “¢. Additionally, barley has been used at
military locations as vegetation cover to control wind and water erosion #’.
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Plant assays were carried out in a dark fabric—surrounded growth chamber with natural
light lamp (AGROSUN®, Full Spectrum Grow Light) to maintain an average luminosity of
1281+10 lux (mean + standard deviation) for a duration of 16 h per day (see “Plant Growth
Conditions” in Appendix F for further details). Temperature and relative humidity in the growth
chamber were 25.7+0.4 °C and 38 to 51%, respectively.

Seeds of barley were sterilized following the procedure proposed in Abdul-Baki 8, and
germinated in darkness for 24 h on wet (water) paper towels in plastic dishes at room
temperature (23.3+0.5 °C). Sets of 10 to 20 germinated seeds were sown in individual glass pots
(diameter: 6 cm, and height: 14 cm) containing 500 gawt of sand. Glass pots had a drainage
nozzle at the bottom for sampling of displaced solution. A square of stainless steel mesh (40
mesh, 4 cm side) was placed at the bottom to prevent the loss of quartz grains. In order to supply
needed nutrients for plant growth in sand, a fixed aliquot (4 mL per day) of modified Hoagland
aqueous solution (Table F-4) 4%4° was added per pot throughout the uptake assays.

5.2.3 Preliminary Tests

5.2.3.1 Plant Growth in Sand

In order to address possible concerns about limited growth for plants sown in sand
relative to those planted in soil, a test comparing plant height of barley (unexposed to MCs or
MLCs) among three different growth media was performed. The media were: (i) sand, (ii) 50%
(w/w) sand—Matapeake soil, and (iii) Matapeake soil (see “Plant Growth in Sand” in Appendix F
for further details).

5.2.3.2 Toxicity Screening

In order to determine a single exposure concentration that was low enough to avoid lethal
or inhibitory effects in plant growth during the bioconcentration uptake assays but was high
enough to be quantified reliably, a toxicity screening test was performed following the protocol
detailed in “Toxicity Screening” in Appendix F.

5.2.4 Bioconcentration Uptake Assays

Plants were grown initially for 2-3 weeks unexposed to MCs, or MLCs, a MC-free
period. This period enabled shoots height to reach a steady state thus avoiding growth dilution
effects 24 that would otherwise alter the compound concentration measured in the biomass.
Immediately after the MC—free growth period, the exposure to a MC, or MLC, aqueous solution
at a single non—-toxic concentration of 10 mg L (determined in the toxicity screening, see
Section 5.3.1.2) was initiated as follows. Four consecutive pore volumes (pore volume = 100
mL, determined by fluid displacement method) of the corresponding compound solution were
added per pot on the first day of exposure. To ensure that the desired exposure level (10 mg L™,
nominal) had been reached, a set of displaced solution samples were collected from the pot’s
bottom drainage nozzle and analyzed by HPLC at the end of each of the 4 pore volumes added.
A set of replicate pots per compound not treated with MCs or MLCs were used as negative
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controls. Nutrients for plant growth were supplied separately from the solutions added using a
fixed aliquot per pot, as described before in Section 5.2.2.

The exposure solution was regarded to be that available for barley root uptake in the
interstitial water. The concentration of this exposure solution, i.e., exposure concentration, was
considered to be that measured in the displaced solution samples collected from the pot’s bottom
drainage nozzle. In order to maintain an approximately constant exposure concentration
throughout the experiment, a daily replenishment of 2 pore volumes was applied using the
corresponding solution added. Displaced solution samples were collected at the end of each of
these 2 pore volumes and subsequently analyzed by HPLC for MCs and MLCs concentrations.
These samples are hereafter referred to as first— and last—fraction of displaced solution, and also
served to quantify the extent of the overnight degradation of the compound in the interstitial
water.
Plants were harvested at each of four exposure times: 1, 2, 3, and 4 weeks, and the roots were
rinsed with water to remove residual sand. A minimum of two pots were sacrificed per exposure
time. The biomass (shoots and roots together) of each pot was cut into small pieces (approx. 0.5
cm) to facilitate extraction, and then placed into a 10 mL centrifuge glass tube for subsequent
acetonitrile extraction and HPLC analysis, details are provided in “Procedure for Extraction of
MCs and MLCs from Plant Biomass” in Appendix F.

BCFs were calculated using Eq. (5-1) with C;,,, . determined from the biomass

lPlan
extractions and C;,,, measured in the displaced solution samples. In order to verify the

reproducibility of the BCFs obtained, bioconcentration uptake assays for one of each MCs and
MLCs (2,4-DNAN and 4-NAN, respectively) were performed more than once.

5.2.,5 Plant-Water Partitioning

Fresh plant biomass (0.2 - 0.5 gawt, Shoots and roots together) grown for a 2—-3 weeks
MC-free period was harvested, cut into small pieces (approx. 0.5 cm), and mixed with 5 mL of
the corresponding MC, or MLC, aqueous solution and 3 mL of a 0.01 mol L CaCl2 and NaN3
solution to repress microbial activity, in a 10 mL glass tube. In order to establish the effect of the
compound initial concentration in the resulting plant—water partition coefficients (Kpw), most
partitioning tests were performed at both a low and high concentration (listed in Table F-14)
determined based on the compound aqueous solubility (Table F-3). The ratios of initial
concentration to aqueous solubility for the low and high concentration treatments ranged from
0.01 to 0.09 and 0.06 to 0.87, respectively. All treatments were carried out with a minimum of
two replicates.

The biomass—-MC, or -MLC, suspensions were tumbled end—to—end in darkness at 20
rpm for 24 h. This contact time had been shown to be sufficient for the equilibration of organic
compounds during plant sorption experiments in previous work 40, However, a kinetic sorption
experiment using 4-NAN was completed separately to confirm this observation. Following the
equilibration period, the aqueous phase from each tube was transferred with disposable glass
pipettes into disposable glass culture tubes (10 mL), filtered through Durapore® polyvinylidene
difluoride (PVDF) membranes (0.45 um pore size), and analyzed for MCs and MLCs
concentrations by HPLC. The plant phase from each tube was subjected to acetonitrile
extractions using the procedure described in “Procedure for Extraction of MCs and MLCs from
Plant Biomass” in Appendix F.
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The Kpw were calculated as the concentration in the plant (mg Kgplantawt®) divided by the
concentration in the aqueous phase (mg L), both measured at the end of the 24 h equilibration
period.

5.2.6 Analytical Methods

MCs and MLCs concentrations were analyzed and quantified in an Agilent Technologies
(Wilmington, DE) 1200 series HPLC system using modifications of the US EPA Method 8330B
%1 details are provided in “High Performance Liquid Chromatography (HPLC) Analytical
Method” in Appendix F.

5.2.7 Data Analyses

Two-way analysis of variance (ANOVA) with repeated measures tests were conducted to
examine the fluctuation of exposure concentrations over time. One-way ANOVA was used to
assess the dependence of the ratios of concentrations in the plant to concentrations in the
interstitial water on the exposure duration. In all these statistical tests, a p—value < 0.05 was
accepted as significant and these analyses were performed using the R software for statistical
computing *2.

5.3 Results and Discussion

5.3.1 Preliminary Tests

5.3.1.1 Plant Growth in Sand

There was no statistically significant difference (p—value = 0.68) in shoots height among
plants growing in sand, sand—Matapeake soil, and Matapeake soil over a period of 21 days (see
further details in Appendix F, Figure F-1). This result supported the use of sand as the solid
growth medium. Additionally, the use of sand made it possible to maintain nearly constant
exposure concentrations in both the toxicity screening and bioconcentration uptake assays
(“Toxicity Screening” in Appendix F and Section 5.3.2, respectively).

5.3.1.2 Toxicity Screening

Results of the toxicity screening tests for barley exposed to single MCs, or MLCs, are
shown in Figure F-2. The No—Observed—Adverse—Effect—-Concentration (NOAEC), Lowest-
Observed—Adverse—Effect—Concentration (LOAEC), and effective concentrations (ECso) for
endpoint shoot height and root elongation are listed in Table F-6. Both the shoot length LOAEC
and ECso were > 10 mg L™ for all the compounds. This was also the case for root length LOAEC
for all compounds except 2,4-DNAN. Since the shoot lengths were not affected and only the root
elongation for 2,4-DNAN showed an effect, 10 mg L™* (nominal) was chosen to perform the
bioconcentration uptake assays. This also ensured that the concentration of MCs, or MLCs, in
the plant biomass after extraction would be high enough to be quantified reliably.
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5.3.2 Bioconcentration Uptake Assays

Measured exposure concentrations are shown in Figure 5-2. Fluctuations over time were
not different from the mean exposure concentration at the 5% level of statistical significance for
any of the compounds except TNT (Table F-8), which reached a steady concentration at the third
week of exposure. These significant TNT fluctuations were not the result of a failure of the daily
replenishment protocol. They were already observed in the solution added to the pots as seen in
Figure 5-2, where the concentrations in the solution added follow the same trend as those of the
displaced solutions. Nevertheless, the TNT exposure concentrations eventually stabilized in
week 3 when the BCF was determined.

With the use of sand as the solid growth medium and daily replenishment of the exposure
solution, overnight degradation of the MCs and MLCs in the growth medium never exceeded
11% during these assays. Also, there was no significant sorption of the compounds by sand
(Table F-9). Therefore, it was possible to maintain approximately constant exposure
concentrations. The assurance of a nearly constant exposure is one of the advantages and
improvements of this experimental protocol as it reduces the uncertainty in BCFs caused by the
transformation/degradation of the parent compound in the growth medium. These processes lead
to non—constant exposures in uptake experiments where endpoint soil concentrations of TNT and
2,4-DNT have been shown to be below detection limits or only 20 to 50% of the initial
concentration %2528 and even in carrier controls (i.e., without plants added) or during
preliminary incubation periods TNT and 2,4-DNT soil concentrations have been observed to
decrease by 20 to 80% in less than a month 192528,
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Figure 5-2  Exposure concentrations over time for MCs and MLCs in bioconcentration uptake
assays with barley. Legend: Solution added is the aqueous solution sampled just
before being loaded into plant pots; Treatment are samples from displaced solutions
of pots exposed to MCs or MLCs; first and last fraction of displaced solution refer

to the first and last pore volume replenished daily; Control are samples from
displaced solutions of untreated plant pots (not exposed to MCs or MLCs).

Displaying 2" trial for 2,4-DNAN and 1% trial for 4-NAN. Data presented as means
and error bars represent the range. Sample size > 2 pots (Table F-11). If not visible,

error bars are smaller than the symbol.

. . . . . . ... C;
The ratios of concentration in the plant to concentration in the interstitial Water,%,

versus time of exposure are shown in Figure 5-3. These values did not vary significantly with
time of exposure for any of the compounds except 4-NAN (Table F-10). However, steady state
values were reached after three weeks of constant exposure for all compounds including 4-NAN
(1% trial, Table F-10). Therefore, steady state BCFs were calculated with the values from week 3
and 4 (Figure 5-3 and Table F-11), using Eq. (5-1): log (BCF) * standard error of the mean
(SEM) = 0.618+0.017, 0.698+0.032, 1.300+0.057, 0.515+0.027, and 0.403+0.052 L kgawt* for
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TNT; 2,4-DNT; 2,4-DNAN; 4-NAN; and 2-M-5-NPYNE, respectively. The log BCFs for TNT
and 2,4-DNT are larger or on the higher end relative to the log BCFsoligs reported by Best et al. 1
and Sunahara *° for perennial ryegrass (Lolium perenne), a plant species closely related to barley,
which range from 0.04 to 0.23 and from -0.15 to 0.88 for TNT metabolites (TNT reported as not
detected in plant material) and 2,4-DNT, respectively. This is perhaps due to both the uncertainty
of whether the BCFsoiidgs were steady state values and the reduced availability of the compounds
for root uptake in the soil exposures relative to that in the sand medium. No plant BCF or
BCFsoligs Values were found in the literature for 2,4-DNAN; 4-NAN; or 2-M-5-NPYNE.

Reproducible BCFs were obtained for both of the compounds tested for more than one
trial (Figure 5-3 and Table F-11). Differences in log BCF values among trials for 2,4-DNAN and
4-NAN were not statistically significant (p—value = 0.13 and 0.08, respectively). No trend was
observed in log BCF as a function of the compound being a MC or a MLC. Biomass profiles
showed a stable behavior for all compounds (Figure F-6).
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Figure 5-3 Logarithmic ratios of concentration in the plant to concentration in the interstitial
Ci . I :
water <logM> versus time of exposure for MCs and MLCs in bioconcentration

iw
uptake assays with barley. C;,,, . concentration of compound i in barley (mg Kgawt
b, Ci,,,- concentration of compound i in the interstitial water — displaced solution

(mg L1). BCF: steady state bioconcentration factor (L kgawt?). Trials refer to
repetitions of a particular uptake assay. Data presented as means + standard error of
the mean (SEM). Sample size > 2 pots (Table F-11). If not visible, error bars
smaller than the symbol.

5.3.3 Plant-Water Partitioning vs. Uptake

Plant—water partitioning experiments were performed to obtain the Kew for MCs and
MLCs. The Kkinetic sorption experiment conducted using 4-NAN confirmed that 24 h was
sufficient time to achieve steady state concentrations, as demonstrated in previous work #1%°, The
result showed no statistically significant difference in the log Kew between 24, 48, and 144 h
contact times (p—value = 0.18; Table F-12). Therefore, 24 h contact time was used in the plant—
water partitioning experiments. Differences in log Kew between experiments performed at a low
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and high initial MC, or MLC, concentration were not statistically significant at the 5% level for
any of the compounds (Table F-13).

The Kpw values are shown in Figure 5-4; experimental octanol-water partition
coefficients (Kow) are displayed as a reference. All MCs, except HMX, and 4-NAN had a
median log Kpw between 1.180 and 1.520 L kgawt* showing similar partition affinity for barley
biomass to that of undissociated polar aromatic/cyclic compounds including o-chlorophenol and
2,4-dichlorophenol for rice shoots biomass (1.08 < log Kew < 1.68 L kgawt®) 2, while being low
relative to that of nonpolar aromatic/cyclic compounds such as 1,2-dichlorobenzene and lindane
for plant biomass of grasses in the same family as barley (2.32 < log Kew < 4.58 L kgawt®) 4142,
Median log Kew for 2,5-DM-4-NANE, HMX, and 2-M-5-NPY NE were even lower: 0.795,
0.830, 0.960 L kgawt'®, respectively. No bias in log Kew was observed due to the compound being
either a MC or MLC.

Overall, the range of Kpw for the eight compounds evaluated spans only approximately
one order of magnitude (Figure 5-4) despite the differences expected at least for the nitramine
MCs (HMX and RDX) given their low affinity for organic phases relative to the aqueous phase
(log Kow =0.16 and 0.87 for HMX and RDX, respectively — Table F-3). In fact, there is no
apparent relationship between log Kew and log Kow. This suggests barley biomass components
have solvation properties that differ with those commonly accounted for using lipid surrogates
like octanol, something that has also been pointed out in published sorption experiments of
aromatic contaminants by grasses 443,
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Figure 5-4  Plant—water partition coefficients (Kew) for MCs and MLCs with barley and their
respective octanol-water partition coefficients (Kow). Data ordered by Kew. Kow
values are experimental data obtained from EPI Suite database *3 for all compounds
except 2,4-DNAN that is reported by Hawari et al. >* and 2,5-DM-4-NANE that is
an estimate from EPI Suite 5 in absence of an experimental value. Box width
proportional to the square—root of the number of observations in the group (Table
F-14).

The extent to which the bioconcentration of nitroaromatic MCs and MLCs, as measured
by log BCFs, is related to their plant—water partitioning is illustrated in Figure 5-5. Absolute
differences between the median values of the log Kew and log BCF were between 0.190 and
0.690, with the BCF in most cases smaller than Kew. These relatively small differences suggest
that simple partition between the plant biomass and aqueous phase largely reflects the extent to
which these compounds bioconcentrate in barley. Studies have reported similar observations for
uptake of compounds including toluene, hexachlorobenzene, and perfluorooctane sulfonate
(PFOS) by several plant species, showing the “kinetic uptake limit” or maximum concentration

in the plant to be predicted satisfactorily using the equilibrium sorption of the solute by the plant
42,50,55
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The differences between Kpw and BCF observed in Figure 5-5 are likely due to the
compounds being transformed and/or metabolized within the plant. Evidence of the
transformation of TNT; 2,4-DNT; and 2,4-DNAN in the interior of grasses and related plants
species, for example, has been reported 193056-5° Of the three compounds, TNT has been shown
to be so readily biotransformed in plants that often only its transformation products have been
observed in plant shoots 16132 In contrast, 2,4-DNT and 2,4-DNAN and their metabolites have
been observed in various plant tissues %%, It is worth noting, however, that 2,4-DNAN has not
been studied as extensively as TNT or 2,4-DNT since it has not been as widely utilized due to its
novelty as a MC €,
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Figure 5-5 Comparison between uptake (as measured by BCF, Figure 5-3) and plant-water
partition coefficient (Kew, Figure 5-4) for MCs and MLCs. Compounds ordered
from small to larger discrepancy between log Kew and log BCF. Box width
proportional to the square—root of the number of observations in the group.

In order to provide a quantitative analysis for the extent to which the
transformation/degradation of the MCs within the plant can explain the differences found
between Kpw and BCF (Figure 5-5), degradation rates (Kdegradation) were estimated for TNT; 2,4-
DNT; and 2,4-DNAN. An exponential decay model was fitted to a time course dataset of
concentrations in perennial ryegrass (L. perenne) observed during soil bioconcentration uptake
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assays by Sunahara *® and Dodard et al. *° (Table F-15 and Figure F-7). No time course data were
found for 2-M-5-NPYNE or 4-NAN. While the estimated Kdegradation Values are not the result of
degradation processes occurring exclusively within the plant tissues, but also account for those
taking place in the soil, they do indicate how susceptible to degradation/transformation each
compound is relative to the other MCs. The estimated Kdegradation Values were: 0.066, 0.083, 0.189
d? for 2,4-DNAN; 2,4-DNT; and TNT, respectively. This increasing sequence is in agreement
with that of the discrepancies found between Kew and BCF as shown in Figure F-8, a comparison

of the Kdegradation tO %, the ratio of plant—water partitioning to uptake. The increase in ';%’ is

matched by the increase in Kadegradation SUggesting that degradation is causing the difference
between BCF and Kpw.

5.4 Conclusions

Reproducible steady state bioconcentration factors for MCs and MLCs in barley can be
generated using sand as the solid growth medium with daily replenishment of the exposure
solution. Sand provides a solid medium that hydroponic systems with water only lack and that,
as mentioned previously, has been shown by other studies to be a key component for normal
development of plant roots and hence of plant growth.

Even though plants are complex organisms, simple plant-water partition coefficients
were able to estimate the BCFs with a difference between log Kew and log BCF of 0.2 to 0.7 log
units. The Kew, therefore, can be used to estimate the upper-bound of the bioconcentration of
these compounds in barley. The fact that no particular difference between MCs and MLCs was
observed in neither BCFs nor Kew values, suggests that the estimation tool is also applicable to
compounds with particular functionalities like those in the MLCs, including methoxy (O-CHz)
and amino (-NHz) groups.

Although according to the findings in this work, the evaluated compounds have rather
low plant uptake upper—bounds, as measured by Kew, relative to other nonpolar aromatic/cyclic
contaminants, they can bioconcentrate in barley and thus constitute a risk for ecological receptors
and point to the potential for transference to higher trophic levels from plants. The results
presented in this work have been included as part of the calibration dataset for a quantitative
model that estimates partitioning and BCFs for MCs and other compounds in grasses. The results
of the model are presented in Torralba—Sanchez °.
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Appendix F
SUPPLEMENTARY INFORMATION FOR: BIOCONCENTRATION FACTORS AND
PLANT-WATER PARTITION COEFFICIENTS OF MUNITIONS COMPOUNDS IN
BARLEY
CONTENTS:

Literature data for plant uptake of munitions compounds (MCs)

Table F-1  Literature data for concentrations of MCs in plants grown in soil
during uptake assays.

Table F-2  Literature data for MCs bioconcentration factors (BCFs) in plants
grown in soil during uptake assays.

MCs and Munition-Like Compounds (MLCs) studied

Table F-3  Selected characteristics and physicochemical properties of the MCs
and MLCs studied.

Plant Growth Conditions

Table F-4 ~ Composition of aqueous solution used to supply nutrients for plant
growth in sand.

Figure F-1  Growth of barley in three different solid media.

High Performance Liquid Chromatography (HPLC) Analytical Method
Toxicity Screening

Table F-5  Barley shoot height and root elongation for each measured exposure
concentration.

Figure F-2  Barley shoot and root lengths versus measured exposure
concentrations.
Table F-6  NOAEC, LOAEC, and ECso for MCs and MLCs.

Figure F-3  Biomass time profiles (shoot height).
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Figure F-4

Table F-7

Figure F-5

Exposure concentrations over time.

Summary statistics for the fluctuation in measured exposure
concentrations.

Concentrations in displaced solutions collected at the end of each
consecutive pore volume on the first day of exposure for selected
chemicals.

Bioconcentration Uptake Assays

Table F-8

Table F-9

Table F-10

Table F-11

Figure F-6

Summary statistics for the fluctuation in measured exposure
concentrations.

Summary statistics for the significance of sorption of MCs and MLCs
onto the solid growth medium (sand).

Summary statistics for the significance of exposure time in the ratios
of Siptant
w
Ratios of m
w

Biomass time profiles (shoot height).

Plant-Water Partitioning vs. BCF

Table F-12

Table F-13

Table F-14

Table F-15

Figure F-7

Figure F-8

Plant-water partition coefficients (Kew) for 4-NAN with barley and
the summary statistics for the significance of contact time (kinetics)
on log Kpew values

Summary statistics for the significance of the concentration of the
initial solution added on log Kpw values

Plant-water partition coefficients (Kpw).

Time course data obtained from Sunahara ® and Dodard et al. °, and
estimated degradation rates.

Concentration in the plant (C;,,, . (t)) over time and estimated

lPlan

degradation rates (Kdegradation).

Comparison between the ratios of plant—water partitioning to uptake
(%) and estimated degradation/transformation rates (Kdegradation).
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Literature Data for Plant Uptake of Munitions Compounds (MCs).

Table F-1  Literature data for concentrations of MCs in plants grown in soil during uptake assays.
Exposure Concentration Concentration
Compound Plant? Species® Family F;:))Lar?;[ time in plant in soil” foc Source
days mg Kgdwt™ mg kgawt™
TNT® YN C.esculentus  Cyperaceae  Shoots 45 27.800 11.300 0.024 !
TNT® YN C.esculentus  Cyperaceae  Shoots 45 93.400 16.700 0.006 !
TNT CS Z. mays Poaceae AG 76 2.100 17.050 0.025 2
TNT CS Z. mays Poaceae AG 76 1.600 213.000 0.025 2
TNT Corn Z. mays Poaceae  Kernels 76 1.700 213.000 0.025 2
2,4-DNT PR L. perenne Poaceae Shoots 14 2.800 1.000 0.013 8
2,4-DNT PR L. perenne Poaceae  Shoots 14 2.000 3.000 0.013 3
2,4-DNT PR L. perenne Poaceae  Shoots 14 2.800 5.000 0.013 3
2,4-DNT PR L. perenne Poaceae  Shoots 14 1.400 10.000 0.013 3
RDX PR L. perenne Poaceae  Shoots 42 119.000 11.100 0.007 4
RDX PR L. perenne Poaceae  Shoots 42 804.000 104.000 0.007 4
RDX PR L. perenne Poaceae  Shoots 42 764.000 1014.000  0.007 4
RDX PR L. perenne Poaceae  Shoots 42 1690.000 8867.000  0.007 4
RDX PR L. perenne Poaceae  Shoots 55 1083.000 10.000 0.029 5
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Shoots
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55
55
55
55
55
55
34
34
34
55
55
55
55
45
45
45
45
45
45
45
45
45
45

5217.000
2948.000
806.000
2055.000
3886.000
3068.000
387.567
1965.800
2221.400
187.000
3997.000
4355.000
4155.000
10.385
64.938
8.354
1.037
327.598
15.318
72.845
70.230
9.817
1197.085

59.200
153.900
13.800
645.000
855.500
1540.500
10.000
30.000
100.000
13.800
645.000
855.500
1540.500
1.640
50.300
7.680
0.670
1.580
2.480
3.060
5.780
1.640
50.300
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0.022
0.037
0.073
0.100
0.164
0.013
0.013
0.013
0.037
0.073
0.100
0.164
0.025
0.025
0.025
0.025
NA
NA
NA
NA
0.025
0.025
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APT
APT
APT
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45
45
45
45
45
45
45
45
76
76
76
76
34
34
34
34
28
28
28
50
50
34
34

171.544
8.977
409.966
66.453
160.410
120.880
67.131
121.332
1.637
58.294
7.774
6.732
120.000
300.000
802.000
1210.000
695.000
602.000
649.000
8.291
5.776
104.000
181.000
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0.670
1.580
2.480
4.900
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3.060
5.780
1.640
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7.680
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25.000
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50.300
7.680
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25.000

0.025
0.025
NA
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NA
NA
NA
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0.036
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0.036
0.036
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34
28
28
28
34
34
34
34
28
28
28
34
34
34
34
28
28
28
42
42
42
42

314.000
492.000
322.000
358.000
274.000
94.000
314.000
1052.000
1414.000
1133.000
975.000
1218.000
290.000
888.000
1723.000
2828.000
1597.000
1680.000
1915.000
39.000
201.000
206.000
325.000

50.000
100.000
220.000
494.000
903.000

12.500

25.000

50.000
100.000
220.000
494.000
903.000

12.500

25.000

50.000
100.000
220.000
494.000
903.000

3.900
107.000
1099.000
9282.000

0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.036
0.007
0.007
0.007
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HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
HMX
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN

PR
PR
PR
PR
PR
PR
PR

Alfalfa
Alfalfa
Alfalfa
Alfalfa
Alfalfa
BB
Canola
PR

Wheat
PR

PR
PR
PR
PR

L. perenne
L. perenne
L. perenne
L. perenne
L. perenne
L. perenne
L. perenne
. sativa
. sativa
. sativa
. sativa

I I L Z

. sativa

P. vulgaris
B. rapa
L. perenne

T. aestivum
L. perenne

L. perenne
L. perenne
L. perenne
L. perenne

Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Brassicaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae

Shoots
Shoots
Shoots
Shoots
Shoots
Shoots
Shoots
Shoots
Shoots
Shoots
Shoots
Whole
Whole
Whole
Whole
Whole
Shoots
Shoots
Shoots
Shoots
Shoots

55
55
55
55
55
55
55
55
55
55
55
77
77
77
77
77
19
19
19
19
19

29.800
101.700
62.300
NA
26.000
50.000
43.000
16.000
65.000
84.000
66.000
289.300
123.300
223.500
459.700
295.100
1.059
2.085
2.893
4.723
14.908

1.600
7.000
17.200
0.140
8.600
16.900
41.000
0.140
8.600
16.900
41.000
32.300
32.300
32.300
32.300
32.300
0.474
0.796
1.808
2.977
4.699

0.029
0.026
0.022
0.037
0.073
0.100
0.164
0.037
0.073
0.100
0.164
0.020
0.020
0.020
0.020
0.020
0.012
0.012
0.012
0.012
0.012
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& Plant common name, as reported in the sources; YN: Yellow Nutsedge; CS: Corn Stover; PR: Perennial Ryegrass; BB: Bush Bean
® Species names, as reported in the sources. C. esculentus: Cyperus esculentus; Z. mays: Zea mays; L. perenne: Lolium perenne; M.
sativa: Medicago sativa; L. sativa: Lactuca sativa; L. lycopersicum: Lycopersicon lycopersicum; G. max: Glycine max; S.
sudanese: Sorghum sudanese; T. aestivum: Triticum aestivum; P. vulgaris: Phaseolus vulgaris; B. rapa: Brassica rapa

¢ Plant tissue names, as reported in the sources. AG: Aboveground; APT: Aerial Plant Tissue

4 0On the last day of exposure

¢ UC-TNT
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Table F-2  Literature data for MCs bioconcentration factors (BCFs) in plants grown in soil
during uptake assays.

Exposure Concentration

BCF . i enil
time in soil
Compound Sources

Kgawt SOil (Kgawt plant)*  days mg kgawt™

RDX 14.60 42 11.10 4
RDX 8.90 42 104.00 4
RDX 0.70 42 1014.00 4
RDX 0.17 42 8867.00 4
RDX 108.30 55 10.00 5
RDX 88.10 55 59.20 5
RDX 19.20 55 153.90 5
RDX 58.00 55 13.80 6
RDX 3.00 55 645.00 6
RDX 5.00 55 855.50 6
RDX 2.00 55 1540.50 6
RDX 51.60 34 10.00 3
RDX 76.40 34 30.00 3
RDX 23.50 34 100.00 3
HMX 10.70 42 3.90 4
HMX 2.00 42 107.00 4
HMX 0.21 42 1099.00 4
HMX 0.03 42 9282.00 4
HMX 18.60 55 1.60 5
HMX 14.50 55 7.00 5
HMX 3.60 55 17.20 5
HMX 3.00 55 8.60 6
HMX 3.00 55 16.90 6
HMX 1.00 55 41.00 6
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HMX
HMX
HMX
HMX
TNT®
TNT®
TNT®

2,4-DNT

2,4-DNT
2,4-DNT
2,4-DNT

27.10
14.40
3.90
0.30
0.00
1.70
1.10
7.60
2.50
1.80
0.70

35
35
35
35
55
55
55
21
21
21
21

10.00
30.00
100.00
1000.00
4.90
9.60
18.00
1.00
3.00
5.00
10.00

& At the beginning of the exposure
b Reported as TNT metabolites
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MCs and MLCs Studied

Table F-3  Selected characteristics and physicochemical properties of the MCs and MLCs studied.

Molecular Agueous
Class Compound? CAS # : Structure Solubility®  log Kow®
Weight )
mg L
0 CH, ©
PP
o =0
TNT 118-96-7 227.13 115 1.60
_,,N‘:\:O
kL
MCs: 2,4-DNT 121-14-2  182.14 200 1.98
Nitroaromatics !
2,4-DNAN 119-27-7 198.14 \© 155 1.58°
MC I
S: N
Nitrarmines  RDX 121-82-4 22212 ( W 60 0.87
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HMX 2601-41-0 20616 - i 5 0.16

LSS
I
HyGo
4-NAN 100-17-4 153.14 590 2.03
rIJ‘
CQ\“N*/C_
=
MLCs 2-M-5-NPYNE 5446-92-4 154.13 r@ 1406¢ 1.55
C:““CH,

25-DM-4-NANE 6313-37-7 19818 *< @ L 1801 1.63°
C:/!
NH

& Chemicals: 2,4,6-trinitrotoluene (TNT); 2,4-dinitrotoluene (2,4-DNT); 2,4-dinitroanisole (2,4-DNAN);
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX); octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX); 4-
nitroanisole (4-NAN); 2-methoxy-5-nitropyridine (2-M-5-NPYNE); 2,5-dimethoxy-4-nitroaniline (2,5-
DM-4-NANE)

b Experimental data from EPI Suite database °

¢ Experimental value from Hawari et al. 1

d Estimate from EPI Suite *° in absence of an experimental value
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Plant Growth Conditions

While the 1281+10 lux (mean + standard deviation) light level might seem low compared
to that used in other plant studies (~ 4000 lux), it allowed barley to reach a steady shoot height
(avg. 19 cm), as described in Section 5.3.2 in the main text, that is equal or higher than the shoot
height reported in other MCs uptake studies (10 to 15 cm) performed with similar grasses (e.g.,
big bluestem grass, smooth bromegrass) at higher light levels [~ 5000 lux (147 W s?)] 213,

Table F-4  Composition of aqueous solution used to supply nutrients for plant growth in sand.

Concentration

Chemical
mol L*
MgSOa 0.98x10*
KH2PO4 1.25x10*
KNOs3 2.50%x1073
HsBO3 2.31x10°
MnCl2 4.60x10°
ZnS0q4 3.83x107
NazMoO4 1.86x1077
CaCl> 2.00x10°3
MES 2.93x1073

Plant Growth in Sand

Soil characteristics for Matapeake: silt loam texture, 21% sand, 57% silt, 22% clay, 1.5%
total organic carbon, 9.9 cmol kg cation—exchange capacity, and pH 5.7. Plant growth in sand
was supported using nutrient solution as described in Section 5.2.2 in the main text. Ratios of the
average shoot height for plants grown in sand and sand—Matapeake soil relative to that of those
growing in only Matapeake soil over a period of 21 days were > 1.0 after the average shoot
height started to reach a plateau (approx. 10 days) and until the end of the tested period as shown
in Figure F-1 in Appendix F. Two—way analysis of variance (ANOVA) with repeated measures
was used to establish the effect of the three different growth media (sand, sand—Matapeake soil,
and Matapeake soil) on plant height over time.
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Figure F-1  Growth of barley (unexposed to MCs or MLCs) in three different solid media over
a period of 21 days. Data presented as the ratios of the average shoot height of
plants grown in either sand or sand—Matapeake soil relative to that of those growing
in only Matapeake soil. Horizontal dotted line is a visual reference at ratio = 1.

High Performance Liquid Chromatography (HPLC) Analytical Method

Separation was made on a ZORBAX SB-C18 column (4.6 x 50 mm; 3.5 um particle
size) maintained at 16.5 °C (36.5 °C for RDX and 2,5-DM-4-NANE to avoid overlap with
background signals). The sample injection volume was 100 pL. A water and methanol gradient
was used at a flow rate of 2 mL min‘t. The initial solvent system consisted of 70% water and
30% methanol, which was held for 2.80 min. A linear gradient was built from 30% methanol to
65% methanol between 2.80 min and 3.15 min. Subsequently, the solvent ratio was changed to
the initial conditions and maintained until the end of the total run time (4.50 min).
Chromatograms were generated at a wavelength of 214 nm. Reference HPLC standards for TNT;
2,4-DNT; RDX; HMX; and 4-NAN were from AccuStandard, Inc. (New Haven, CT, USA) or
Crescent Chemical Co., Inc. (Islandia, New York, USA). Reference solutions for 2,4-DNAN;
2,5-DM-4-NANE; and 2-M-5-NPYNE were prepared in either methanol or ethanol.
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Toxicity Screening

Procedures for the toxicity screening were adapted from the ASTM Standard Guide
E1963-09 14 and the OECD Guidelines Test 227 1°. Tests were initiated after one day of
emergence (2 days after being sown in sand) by adding 4 pore volumes (pore volume = 100 mL,
determined by fluid displacement method) of the corresponding compound solution per pot at
one of four nominal aqueous concentrations (1, 10, 50, and 100 mg L*; hereafter referred to as
solutions added). These concentrations were selected for the toxicity screening because they
could be quantified reliably and were spaced around an average value (~ 18 mg L) of the range
of dissolved MCs concentrations observed at various military facilities and surrounding locations
(4 x 10*to 36 mg L) 618 Nutrients for plant growth were supplied separately from the
solutions added using a fixed aliquot per pot, as described in the main text in Section 5.2.2. To
ensure that the desired exposure level had been reached, a set of displaced solution samples were
collected from the pot’s bottom drainage nozzle and analyzed by HPLC at the end of each of the
4 pore volumes added. All treatments were carried out with a minimum of two replicates. A set
of replicate pots per compound not treated with MCs, or MLCs, were used as negative controls.

The exposure solution was regarded to be that available for barley root uptake in the
interstitial water. The concentration of this exposure solution, i.e., exposure concentration, was
considered to be that measured in the displaced solution samples collected from the pot’s bottom
drainage nozzle. In order to maintain an approximately constant exposure concentration
throughout the experiment, a daily replenishment of 2 pore volumes was applied using the
corresponding solution added. Displaced solution samples were collected at the end of each of
these 2 pore volumes and subsequently analyzed by HPLC for MCs and MLCs concentrations.
These samples are hereafter referred to as first— and last—fraction of displaced solution, and also
served to quantify the extent of the overnight degradation of the compound in the interstitial
water.

Shoot height was measured periodically to monitor growth over time. Plants were
harvested 6 or 8 days after the beginning of the exposure and the shoot and root lengths of every
plant were recorded. Shoots were measured to the tallest point and the longest root was measured
to the end of the root tip *4. These data are listed in Table F-5 and presented graphically in Figure
F-2. Endpoint shoot height and root elongation were used to determine the No—Observed-
Adverse-Effect—-Concentration (NOAEC) and Lowest—Observed—Adverse-Effect—-Concentration
(LOAEC) for the tested MCs and MLCs as follows. Two—way ANOVA tests were performed to
identify statistically significant differences in the means of plant responses among carrier
controls and MCs—, or MLCs-, exposed subjects. Subsequently, Tukey honest significant
difference (Tukey HSD) tests were carried out for multiple comparisons to determine statistically
significant differences between mean pairs, and to establish values for the No—Observed-
Adverse-Effect—-Concentration (NOAEC) and the Lowest—Observed—Adverse—Effect—
Concentration (LOAEC) for each compound. Effective concentrations producing a 50% decrease
(ECso) in the plant responses relative to carrier controls were determined fitting the endpoint
shoot height, or root elongation, measurements to either a logistic Gompertz model or a logistic
hormetic model. Toxicity screening results that exhibited hormesis (stimulation effects at doses
below the toxicity threshold, while causing toxicity at doses above the threshold ) were fitted to
the hormetic model. Models fitted for the determination of the ECso values in the plant responses
relative to carrier controls were
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Logistic Gompertz Model:

b
log(1-p)]x (<& } -
y = aXe{ oBTP <Ecp) (F-1)

Logistic Hormetic Model:

~ ax[1 + (hx0)]

+ (hXx0) c \° (F-2)
1+|p(1—p) X<Ecp)l

where y = measured endpoint shoot height or root elongation (cm), a = control response, i.e., y-
axis intercept (cm), p = value for the p effect (0.5 for 50%), C = measured exposure
concentration (mg L), EC, = estimate of effect concentration for the specified percent effect

(mg L), b = scale parameter, and h = hormetic effect parameter 22, In all these statistical tests,
a p—value < 0.05 was accepted as significant and these analyses were performed using the R
software for statistical computing ?>. NOAEC, LOAEC, and ECso values for the MCs and MLCs
studied are listed in Table F-6.

Plant biomass exhibited a typical exponential growth at all concentrations (Figure F-3).
ANOVA with repeated measures tests were conducted to examine the fluctuation of exposure
concentrations throughout the toxicity screening. Measured exposure concentrations are reported
in Figure F-4. For sand as the solid growth medium with daily replenishment of the exposure
solution, the fluctuations in the measured exposure concentrations were not different from the
mean concentration at the 5% level of statistical significance for any of the compounds in the
toxicity screening (Table F-7). Overnight degradation in the growth medium during the toxicity
screening was never > 26% for any of the compounds except TNT, which had a one-time
maximum of 34%. This was expected since TNT has been shown to be readily transformed in
comparison to other MCs 2224, Addition of four consecutive pore volumes was sufficient to reach
the desired concentrations on the day the exposure to MCs, or MLCs, began (Figure F-5).
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Table F-5  Barley shoot height and root elongation for each measured exposure concentration

in toxicity screening with MCs and MLCs.

Exposure Leaf Root
Compound Concentration? Replicate  Plant Height Elongation
mg L cm cm
TNT 0.00E+00 A 1 1.26E+01 6.60E+00
TNT 0.00E+00 A 2 1.86E+01 1.52E+01
TNT 0.00E+00 A 3 7.90E+00  4.40E+00
TNT 0.00E+00 A 4 1.10E+01  4.90E+00
TNT 0.00E+00 A 5 9.90E+00 6.30E+00
TNT 0.00E+00 A 6 1.06E+01 5.50E+00
TNT 0.00E+00 A 7 8.00E+00 5.50E+00
TNT 0.00E+00 A 8 5.60E+00  4.20E+00
TNT 0.00E+00 A 9 1.39E+01 8.50E+00
TNT 0.00E+00 A 10 1.31E+01 3.80E+00
TNT 0.00E+00 B 1 1.16E+01 6.80E+00
TNT 0.00E+00 B 2 1.18E+01 3.20E+00
TNT 0.00E+00 B 3 1.70E+01 1.45E+01
TNT 0.00E+00 B 4 1.31E+01 6.90E+00
TNT 0.00E+00 B 5 1.72E+01 1.08E+01
TNT 0.00E+00 B 6 1.36E+01 5.90E+00
TNT 0.00E+00 B 7 1.07E+01  4.00E+00
TNT 0.00E+00 B 8 8.80E+00 3.60E+00
TNT 0.00E+00 B 9 1.29E+01 5.20E+00
TNT 0.00E+00 B 10 1.02E+01  4.40E+00
TNT 0.00E+00 C 1 1.54E+01 1.20E+01
TNT 0.00E+00 C 2 7.20E+00  4.90E+00
TNT 0.00E+00 C 3 9.80E+00 6.10E+00
TNT 0.00E+00 C 4 1.57E+01 1.26E+01
TNT 0.00E+00 C 5 4.20E+00 1.90E+00
TNT 0.00E+00 C 6 6.10E+00 7.90E+00
TNT 0.00E+00 C 7 420E+00  4.00E+00
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5.50E+00
8.30E+00
1.25E+01
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1.16E+01
1.32E+01
1.72E+01
1.03E+01
1.21E+01
1.36E+01
1.01E+01
1.41E+01
9.60E+00
1.47E+01
1.44E+01
1.36E+01
1.04E+01
1.60E+01
1.02E+01
1.01E+01
1.34E+01
1.02E+01
1.44E+01
8.00E+00
9.60E+00
8.30E+00
6.00E+00
5.50E+00
4.60E+00
5.50E+00
8.50E+00
5.20E+00
7.80E+00
6.80E+00
9.20E+00
8.20E+00

5.30E+00
1.04E+01
9.90E+00
6.60E+00
7.90E+00
7.00E+00
5.50E+00
8.00E+00
4.60E+00
7.70E+00
7.30E+00
5.40E+00
6.50E+00
4.50E+00
2.70E+00
4.40E+00
7.60E+00
5.90E+00
6.00E+00
4.10E+00
5.60E+00
3.50E+00
1.40E+00
1.30E+00
3.00E+00
4.10E+00
2.30E+00
2.80E+00
2.20E+00
3.50E+00
3.40E+00
7.00E+00
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1.54E+01
9.50E+00
1.04E+01
1.09E+01
9.10E+00
1.11E+01
1.12E+01
1.19E+01
1.55E+01
5.50E+00
5.80E+00
6.10E+00
6.50E+00
1.00E+01
8.70E+00
8.70E+00
1.28E+01
7.50E+00
1.16E+01
7.50E+00
5.40E+00
4.40E+00
5.10E+00
7.20E+00
6.30E+00
8.00E+00
6.10E+00
1.23E+01
6.10E+00
8.70E+00
9.50E+00
1.23E+01

7.00E+00
6.10E+00
4.60E+00
6.50E+00
7.60E+00
6.80E+00
6.50E+00
5.80E+00
6.00E+00
4.90E+00
6.10E+00
3.50E+00
2.50E+00
4.40E+00
5.20E+00
3.10E+00
3.30E+00
4.40E+00
4.50E+00
4.50E+00
5.20E+00
3.90E+00
3.00E+00
4.10E+00
3.70E+00
7.00E+00
5.00E+00
7.10E+00
6.90E+00
5.10E+00
6.20E+00
8.00E+00
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2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
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7.47E+01 A 4 1.17E+01 7.90E+00
7.47E+01 A 5 8.80E+00 6.10E+00
7.47E+01 A 6 1.17E+01 1.00E+01
7.47E+01 A 7 9.50E+00 4.90E+00
7.47E+01 A 8 1.18E+01 7.90E+00
7.47E+01 A 9 1.40E+01 1.01E+01
7.47E+01 A 10 1.16E+01 5.30E+00
7.47E+01 B 1 7.10E+00 4.00E+00
7.47E+01 B 2 4.80E+00 1.50E+00
7.47E+01 B 3 6.60E+00 3.20E+00
7.47E+01 B 4 4.30E+00 1.50E+00
7.47E+01 B 5 4.40E+00 2.10E+00
7.47E+01 B 6 6.40E+00 2.20E+00
7.47E+01 B 7 7.90E+00 2.00E+00
7.47E+01 B 8 6.10E+00 1.40E+00
7.47E+01 B 9 6.20E+00 2.30E+00
7.47E+01 B 10 6.70E+00 5.60E+00
7.47E+01 C 1 4.90E+00 3.40E+00
7.47E+01 C 2 9.20E+00 5.40E+00
7.47E+01 C 3 5.70E+00 4.30E+00
7.47E+01 C 4 8.60E+00 3.50E+00
7.47E+01 C 5 7.50E+00 5.50E+00
7.47E+01 C 6 4.70E+00 1.90E+00
7.47E+01 C 7 6.50E+00 5.00E+00
7.47E+01 C 8 5.40E+00 2.10E+00
7.47E+01 C 9 5.20E+00 1.50E+00
7.47E+01 C 10 6.00E+00 2.00E+00
0.00E+00 A 1 1.40E+01 9.10E+00
0.00E+00 A 2 9.80E+00 1.12E+01
0.00E+00 A 3 1.12E+01 3.70E+00
0.00E+00 A 4 1.47E+01 1.16E+01
0.00E+00 A 5 9.90E+00 5.50E+00
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4, 70E+00
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1.34E+01
5.10E+00
7.10E+00
1.51E+01
1.30E+01
9.80E+00
9.40E+00
1.43E+01
1.23E+01
1.54E+01
8.80E+00
8.80E+00
7.90E+00
1.00E+01
6.80E+00
1.10E+01
6.00E+00
8.10E+00
8.70E+00
1.00E+01
1.21E+01
1.18E+01
8.60E+00
8.70E+00
1.50E+01
8.90E+00
1.02E+01
8.60E+00
6.00E+00
1.07E+01
1.30E+01
6.60E+00

1.00E+01
2.50E+00
4.50E+00
1.21E+01
1.00E+01
7.60E+00
1.03E+01
1.30E+01
2.20E+00
1.23E+01
2.10E+00
4.70E+00
7.00E+00
1.02E+01
2.10E+00
6.40E+00
3.10E+00
3.80E+00
7.50E+00
7.60E+00
9.50E+00
3.40E+00
1.13E+01
8.00E+00
1.45E+01
4.50E+00
1.02E+01
4.90E+00
2.00E+00
4.10E+00
1.20E+01
3.80E+00



2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNAN

5.83E+01 A 10 1.06E+01 5.60E+00
5.83E+01 B 1 5.80E+00 1.90E+00
5.83E+01 B 2 7.30E+00 5.20E+00
5.83E+01 B 3 7.90E+00 7.20E+00
5.83E+01 B 4 1.04E+01 1.03E+01
5.83E+01 B 5 8.90E+00 1.00E+01
5.83E+01 B 6 6.00E+00 2.00E+00
5.83E+01 B 7 6.70E+00 8.50E+00
5.83E+01 B 8 1.24E+01 1.07E+01
5.83E+01 B 9 7.70E+00 6.00E+00
5.83E+01 B 10 8.40E+00 4.50E+00
1.09E+02 A 1 6.90E+00 4.00E+00
1.09E+02 A 2 1.12E+01 1.20E+01
1.09E+02 A 3 7.00E+00 1.02E+01
1.09E+02 A 4 1.33E+01 8.30E+00
1.09E+02 A 5 1.13E+01 9.60E+00
1.09E+02 A 6 1.19E+01 9.30E+00
1.09E+02 A 7 8.10E+00 6.00E+00
1.09E+02 A 8 1.26E+01 9.40E+00
1.09E+02 A 9 7.70E+00 1.01E+01
1.09E+02 A 10 1.00E+01 6.20E+00
1.09E+02 B 1 7.80E+00 6.20E+00
1.09E+02 B 2 1.72E+01 1.32E+01
1.09E+02 B 3 1.21E+01 3.10E+00
1.09E+02 B 4 1.05E+01 9.00E+00
1.09E+02 B 5 9.40E+00 7.00E+00
1.09E+02 B 6 5.40E+00 1.90E+00
1.09E+02 B 7 5.40E+00 4.10E+00
1.09E+02 B 8 7.50E+00 5.30E+00
1.09E+02 B 9 6.30E+00 6.10E+00
1.09E+02 B 10 8.90E+00 2.70E+00
0.00E+00 A 1 1.70E+01 1.50E+01
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2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
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1.47E+01
1.32E+01
1.90E+01
1.77E+01
1.15E+01
1.43E+01
1.11E+01
1.62E+01
1.43E+01
1.31E+01
1.65E+01
1.65E+01
1.60E+01
1.57E+01
9.50E+00
1.03E+01
1.27E+01
1.54E+01
1.70E+01
2.08E+01
1.70E+01
1.77E+01
1.70E+01
1.30E+01
1.53E+01
1.55E+01
1.40E+01
1.55E+01
1.10E+01
1.01E+01
1.46E+01
1.56E+01

1.30E+01
1.25E+01
1.54E+01
1.60E+01
1.79E+01
1.20E+01
1.14E+01
1.45E+01
1.80E+01
1.16E+01
1.58E+01
1.44E+01
1.71E+01
1.00E+01
5.70E+00
1.10E+01
9.70E+00
1.31E+01
8.00E+00
5.30E+00
1.20E+01
1.24E+01
1.31E+01
1.03E+01
1.22E+01
1.45E+01
1.20E+01
1.32E+01
9.65E+00
1.18E+01
1.37E+01
1.43E+01



2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN

8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.60E-01
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
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1.86E+01
6.90E+00
1.43E+01
1.06E+01
1.96E+01
1.44E+01
1.10E+01
1.57E+01
1.90E+01
1.46E+01
1.50E+01
1.54E+01
8.00E+00
1.83E+01
1.77E+01
1.73E+01
1.43E+01
1.60E+01
2.08E+01
1.75E+01
1.45E+01
1.66E+01
1.50E+01
1.63E+01
1.96E+01
1.02E+01
1.40E+01
1.22E+01
1.70E+01
1.39E+01
8.50E+00
1.27E+01

1.18E+01
1.10E+01
1.45E+01
1.10E+01
1.30E+01
1.60E+01
1.05E+01
1.04E+01
1.15E+01
1.00E+01
1.35E+01
9.00E+00
8.20E+00
8.00E+00
1.02E+01
1.30E+01
1.30E+01
1.10E+01
1.70E+01
7.00E+00
1.05E+01
9.60E+00
6.70E+00
1.00E+01
1.05E+01
1.15E+01
1.11E+01
7.50E+00
5.20E+00
5.10E+00
3.40E+00
4.80E+00



2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN

8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
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1.30E+01
1.42E+01
1.20E+01
1.37E+01
1.80E+01
1.30E+01
1.20E+01
1.63E+01
1.40E+01
1.30E+01
1.40E+01
1.27E+01
1.64E+01
1.50E+01
1.72E+01
1.76E+01
1.42E+01
1.16E+01
1.41E+01
1.24E+01
1.17E+01
1.17E+01
1.70E+01
1.35E+01
1.10E+01
1.73E+01
9.00E+00
1.70E+01
1.23E+01
1.76E+01
1.25E+01
1.34E+01

4.00E+00
8.50E+00
3.40E+00
1.00E+01
8.20E+00
2.80E+00
2.80E+00
7.40E+00
2.50E+00
4.40E+00
8.20E+00
1.17E+01
7.30E+00
9.50E+00
1.10E+01
8.60E+00
1.01E+01
7.90E+00
9.30E+00
1.13E+01
7.00E+00
1.17E+01
1.35E+01
3.00E+00
7.50E+00
5.10E+00
8.10E+00
9.00E+00
1.05E+01
1.35E+01
1.06E+01
5.40E+00



2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN

8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
8.67E+00
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
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1.32E+01
1.85E+01
1.40E+01
1.31E+01
1.60E+01
1.55E+01
1.74E+01
1.32E+01
1.01E+01
6.50E+00
1.10E+01
1.16E+01
1.20E+01
9.50E+00
8.50E+00
9.50E+00
1.10E+01
1.14E+01
1.20E+01
8.40E+00
1.07E+01
7.00E+00
1.02E+01
5.70E+00
9.10E+00
6.00E+00
8.50E+00
1.14E+01
1.03E+01
1.05E+01
6.50E+00
9.20E+00

9.00E+00
8.40E+00
1.04E+01
3.60E+00
1.15E+01
1.06E+01
8.00E+00
1.50E+01
6.00E+00
7.20E+00
5.00E+00
8.20E+00
7.50E+00
4.30E+00
6.30E+00
2.10E+00
6.50E+00
6.40E+00
4.80E+00
6.80E+00
5.70E+00
2.00E+00
5.00E+00
8.00E-01
5.70E+00
5.60E+00
3.50E+00
6.40E+00
6.60E+00
5.60E+00
9.10E+00
2.00E+00



2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN

4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
4.52E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
8.78E+01
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9.60E+00
8.90E+00
1.15E+01
1.05E+01
7.90E+00
9.80E+00
3.20E+00
6.60E+00
7.20E+00
7.00E+00
8.50E+00
4.90E+00
7.50E+00
9.40E+00
7.50E+00
6.60E+00
9.50E+00
8.30E+00
9.60E+00
4.90E+00
4.00E+00
7.50E+00
7.90E+00
7.60E+00
7.50E+00
7.90E+00
5.00E+00
8.20E+00
5.50E+00
5.10E+00
7.20E+00
5.20E+00

1.60E+00
3.80E+00
7.00E+00
7.80E+00
2.80E+00
9.00E+00
5.10E+00
5.20E+00
7.60E+00
4.60E+00
1.50E+00
2.40E+00
6.00E+00
3.50E+00
4.50E+00
4.50E+00
5.20E+00
6.00E+00
5.00E+00
3.60E+00
5.20E+00
5.60E+00
3.20E+00
6.00E+00
2.10E+00
6.00E+00
3.50E+00
2.10E+00
5.50E+00
4.20E+00
5.40E+00
8.60E+00



2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN

8.78E+01 B 13 7.10E+00  3.00E+00
8.78E+01 B 14  530E+00  6.20E+00
8.78E+01 B 15 NRP 4.20E+00
8.78E+01 C 1 4.20E+00  2.60E+00
8.78E+01 C 2 6.50E+00  6.00E+00
8.78E+01 C 3 6.50E+00  7.00E+00
8.78E+01 C 4 6.40E+00  2.70E+00
8.78E+01 C 5 4.10E+00  1.30E+00
8.78E+01 C 6 6.20E+00  2.50E+00
8.78E+01 C 7 7.90E+00  3.60E+00
8.78E+01 C 8 7.00E+00  2.90E+00
8.78E+01 C 9 6.20E+00  7.50E+00
8.78E+01 C 10  7.80E+00  6.80E+00
8.78E+01 C 11 7.00E+00  5.30E+00
8.78E+01 C 12 7.30E+00  4.70E+00
8.78E+01 C 13 6.20E+00  5.20E+00
8.78E+01 C 14  9.30E+00  7.10E+00
8.78E+01 C 15  9.40E+00  8.10E+00
0.00E+00 A 1 1.60E+01  9.40E+00
0.00E+00 A 2 1.65E+01  5.20E+00
0.00E+00 A 3 1.47E+01  1.02E+01
0.00E+00 A 4 1.55E+01  1.30E+01
0.00E+00 A 5 1.40E+01  9.50E+00
0.00E+00 A 6 1.47E+01  8.50E+00
0.00E+00 A 7 1.60E+01  1.65E+01
0.00E+00 A 8 1.30E+01  8.00E+00
0.00E+00 A 9 1.30E+01  1.23E+01
0.00E+00 A 10  1.95E+01  1.33E+01
0.00E+00 A 11  1.60E+01  1.05E+01
0.00E+00 A 12 1.70E+01  1.75E+01
0.00E+00 A 13 1.77E+01  1.05E+01
0.00E+00 A 14  1.60E+01  1.10E+01
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4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
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1.44E+01
1.75E+01
1.75E+01
1.37E+01
1.13E+01
6.70E+00
1.76E+01
1.41E+01
1.90E+01
1.70E+01
1.55E+01
1.95E+01
1.40E+01
1.85E+01
1.20E+01
1.42E+01
1.55E+01
1.60E+01
1.20E+01
1.48E+01
1.60E+01
1.50E+01
3.00E+00
1.70E+01
1.80E+01
1.25E+01
1.55E+01
1.50E+01
1.91E+01
1.57E+01
1.50E+01
1.80E+01

1.05E+01
1.20E+01
1.00E+01
8.50E+00
9.30E+00
1.45E+01
8.00E+00
9.50E+00
9.20E+00
1.00E+01
7.00E+00
1.35E+01
8.00E+00
1.00E+01
9.00E+00
9.00E+00
1.00E+01
1.45E+01
1.00E+01
7.50E+00
8.00E+00
1.10E+01
1.50E+00
1.00E+01
1.06E+01
9.00E+00
1.20E+01
1.06E+01
9.00E+00
1.05E+01
1.05E+01
1.04E+01



4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN

1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
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1.55E+01
1.63E+01
1.45E+01
1.61E+01
1.80E+01
1.90E+01
1.95E+01
1.90E+01
1.72E+01
1.67E+01
1.76E+01
1.30E+01
1.73E+01
1.20E+01
8.80E+00
1.85E+01
1.78E+01
1.20E+01
1.52E+01
1.65E+01
1.42E+01
1.45E+01
1.80E+01
1.84E+01
1.55E+01
151E+01
1.26E+01
4.50E+00
1.41E+01
1.60E+01
2.00E+01
1.35E+01

1.15E+01
1.20E+01
1.06E+01
9.50E+00
1.05E+01
1.00E+01
1.15E+01
1.10E+01
9.50E+00
1.03E+01
1.00E+01
1.08E+01
1.53E+01
1.00E+01
1.00E+00
1.13E+01
8.50E+00
1.10E+01
1.37E+01
1.15E+01
9.00E+00
7.20E+00
1.00E+01
1.00E+01
1.04E+01
1.15E+01
1.14E+01
NR
1.10E+01
8.30E+00
1.35E+01
1.20E+01



4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN

1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
1.11E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
9.97E+00
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1.55E+01
1.55E+01
1.72E+01
1.23E+01
1.15E+01
1.53E+01
1.75E+01
1.23E+01
1.45E+01
1.62E+01
1.48E+01
1.30E+01
1.02E+01
1.25E+01
1.13E+01
1.50E+01
1.20E+01
1.90E+01
1.55E+01
1.35E+01
1.37E+01
1.30E+01
1.45E+01
1.58E+01
9.80E+00
1.80E+01
6.60E+00
1.35E+01
7.50E+00
1.67E+01
9.50E+00
1.80E+01

1.00E+01
1.30E+01
1.03E+01
9.80E+00
1.01E+01
9.00E+00
1.00E+01
1.20E+01
1.38E+01
1.05E+01
9.30E+00
7.70E+00
1.25E+01
4.00E+00
9.00E+00
9.70E+00
9.00E+00
1.00E+01
1.00E+01
1.00E+01
7.00E+00
5.50E+00
1.00E+01
8.80E+00
1.14E+01
1.15E+01
7.60E+00
8.00E+00
2.50E+00
1.25E+01
8.00E+00
9.00E+00



4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN

9.97E+00
9.97E+00
9.97E+00
9.97E+00
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
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1.80E+01
1.85E+01
1.47E+01
1.60E+01
5.30E+00
8.50E+00
1.60E+01
1.63E+01
6.80E+00
1.57E+01
1.60E+01
1.48E+01
1.20E+01
1.50E+01
9.70E+00
8.50E+00
1.45E+01
9.20E+00
4.00E+00
1.57E+01
2.30E+00
1.26E+01
7.00E+00
1.32E+01
9.00E+00
9.00E+00
1.10E+01
1.19E+01
1.20E+01
1.35E+01
8.80E+00
1.45E+01

8.80E+00
8.20E+00
1.05E+01
7.00E+00
2.50E+00
1.70E+00
6.00E+00
7.00E+00
2.00E+00
3.80E+00
9.70E+00
3.00E+00
3.50E+00
7.70E+00
1.80E+00
2.00E+00
7.00E+00
5.50E+00
7.30E+00
4.00E+00
NR
3.00E+00
2.50E+00
5.00E+00
5.00E+00
3.50E+00
5.50E+00
6.00E+00
4.30E+00
7.00E+00
2.00E+00
4.00E+00



4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN

4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
4.84E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
8.43E+01
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5.80E+00
1.22E+01
1.20E+01
8.40E+00
7.00E+00
4.00E+00
2.70E+00
8.00E+00
6.50E+00
8.00E+00
5.80E+00
4.00E+00
NR
7.00E+00
2.30E+00
7.50E+00
6.00E+00
2.00E+00
4.40E+00
5.50E+00
5.70E+00
6.80E+00
5.50E+00
7.00E+00
7.50E+00
5.00E+00
7.00E+00
7.00E+00
7.00E+00
5.70E+00
4.80E+00
8.00E+00

NR
6.50E+00
5.00E+00
2.00E+00
3.00E+00
8.00E-01
8.00E-01
2.00E+00
5.00E+00
5.50E+00
2.00E+00
1.00E+00
3.20E+00
3.30E+00
7.00E-01
4.50E+00
2.00E+00

NR

NR
4.70E+00
5.20E+00
6.70E+00
2.10E+00
6.70E+00
1.00E+00
3.60E+00
4.30E+00
4.60E+00
4.80E+00
4.10E+00
1.40E+00
6.70E+00



4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE

8.43E+01 B 14 3.00E+00 4.00E-01
8.43E+01 B 15 5.80E+00 7.10E+00
8.43E+01 B 16 5.50E+00 5.80E+00
8.43E+01 B 17 3.00E+00 4.90E+00
8.43E+01 B 18 7.00E+00 9.60E+00
8.43E+01 C 1 5.50E+00 2.50E+00
8.43E+01 C 2 8.00E+00 3.50E+00
8.43E+01 C 3 7.00E+00 5.00E+00
8.43E+01 C 4 6.00E+00 6.50E+00
8.43E+01 C 5 5.50E+00 6.00E+00
8.43E+01 C 6 5.50E+00 5.00E+00
8.43E+01 C 7 7.00E+00 6.50E+00
8.43E+01 C 8 4.50E+00 5.50E+00
8.43E+01 C 9 2.50E+00 2.50E+00
8.43E+01 C 10 5.00E+00 5.00E+00
8.43E+01 C 11 6.00E+00 3.20E+00
8.43E+01 C 12 5.50E+00 5.00E+00
8.43E+01 C 13 6.10E+00 4.10E+00
8.43E+01 C 14 6.00E+00 3.80E+00
8.43E+01 C 15 4.00E+00 2.00E+00
8.43E+01 C 16 6.00E+00 2.00E+00
8.43E+01 C 17 4.20E+00 4.00E+00
8.43E+01 C 18 1.00E+00 5.00E-01
8.43E+01 C 19 6.50E+00 4.00E+00
0.00E+00 A 1 1.35E+01 2.14E+01
0.00E+00 A 2 1.66E+01 1.30E+01
0.00E+00 A 3 1.82E+01 2.10E+01
0.00E+00 A 4 1.32E+01 1.80E+01
0.00E+00 A 5 1.01E+01 1.20E+01
0.00E+00 A 6 1.10E+01 1.60E+01
0.00E+00 A 7 1.33E+01 1.80E+01
0.00E+00 A 8 1.22E+01 1.37E+01
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2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
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1.10E+01
9.40E+00
1.44E+01
1.09E+01
6.70E+00
1.01E+01
1.42E+01
1.15E+01
1.87E+01
1.05E+01
2.00E+01
1.42E+01
7.00E+00
1.26E+01
9.50E+00
8.00E+00
8.00E+00
1.07E+01
7.10E+00
1.32E+01
5.60E+00
4.30E+00
1.42E+01
1.24E+01
1.11E+01
1.50E+01
1.21E+01
1.46E+01
1.75E+01
1.41E+01
1.52E+01
7.00E+00

1.55E+01
1.00E+01
1.40E+01
3.00E+00
1.10E+01
5.90E+00
1.80E+01
1.45E+01
1.37E+01
1.50E+01
1.80E+01
1.72E+01
8.00E+00
1.30E+01
1.14E+01
1.12E+01
8.40E+00
1.65E+01
1.10E+01
1.25E+01
1.00E+01
3.50E+00
1.36E+01
1.12E+01
1.20E+01
1.56E+01
7.50E+00
1.45E+01
1.60E+01
1.35E+01
1.09E+01
4.40E+00



2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE

1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.09E+00
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
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1.55E+01
1.50E+01
1.76E+01
1.17E+01
1.09E+01
1.80E+01
1.55E+01
1.09E+01
1.83E+01
6.40E+00
1.32E+01
1.35E+01
1.45E+01
1.42E+01
8.50E+00
1.05E+01
1.25E+01
1.06E+01
1.65E+01
1.41E+01
9.10E+00
1.85E+01
1.30E+01
1.71E+01
9.80E+00
7.60E+00
1.66E+01
1.60E+01
1.80E+01
1.20E+01
1.28E+01
1.50E+01

1.60E+01
1.45E+01
1.35E+01
1.16E+01
1.25E+01
1.50E+01
1.60E+01
1.10E+01
2.05E+01
1.00E+01
1.55E+01
2.10E+01
1.35E+01
1.45E+01
1.15E+01
1.00E+01
1.27E+01
1.50E+01
1.50E+01
1.56E+01
4.60E+00
1.65E+01
1.40E+01
1.86E+01
1.00E+01
8.50E+00
1.50E+01
1.55E+01
1.70E+01
1.17E+01
1.08E+01
1.34E+01



2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE

1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
1.17E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
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1.50E+01
8.50E+00
2.02E+01
9.80E+00
1.36E+01
1.71E+01
1.72E+01
1.40E+01
1.64E+01
1.50E+01
1.50E+01
1.11E+01
1.33E+01
1.90E+01
6.40E+00
1.97E+01
1.60E+01
1.45E+01
1.33E+01
1.55E+01
1.72E+01
1.37E+01
9.00E+00
8.40E+00
1.32E+01
5.20E+00
1.05E+01
8.50E+00
1.60E+01
1.05E+01
1.00E+01
1.33E+01

1.31E+01
7.50E+00
1.65E+01
1.05E+01
1.45E+01
1.45E+01
1.53E+01
1.37E+01
1.28E+01
1.30E+01
1.22E+01
6.40E+00
1.02E+01
1.70E+01
8.20E+00
1.40E+01
1.10E+01
1.65E+01
7.50E+00
1.05E+01
1.05E+01
1.05E+01
7.70E+00
6.20E+00
7.00E+00
6.00E+00
1.00E+01
5.20E+00
8.00E+00
7.50E+00
9.50E+00
9.70E+00



2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE

5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
5.53E+01
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
1.06E+02
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1.56E+01
1.58E+01
1.14E+01
1.55E+01
1.31E+01
1.50E+01
1.14E+01
5.60E+00
1.30E+01
1.15E+01
7.70E+00
1.20E+01
6.00E+00
1.57E+01
1.45E+01
1.41E+01
9.70E+00
1.17E+01
8.40E+00
1.20E+01
8.00E+00
1.00E+01
6.50E+00
7.50E+00
1.05E+01
1.00E+01
6.00E+00
7.50E+00
6.00E+00
6.50E+00
1.10E+01
1.20E+01

8.20E+00
1.14E+01
1.00E+01
1.17E+01
1.30E+01
1.37E+01
3.50E+00
5.50E+00
1.10E+01
4.70E+00
6.00E+00
1.05E+01
8.70E+00
1.00E+01
1.00E+01
1.00E+01
8.50E+00
1.27E+01
9.50E+00
1.00E+01
8.50E+00
8.50E+00
5.00E+00
7.00E+00
9.00E+00
7.00E+00
3.00E+00
3.00E+00
8.00E+00
7.60E+00
8.60E+00
8.50E+00



2-M-5-NPYNE 1.06E+02 B 1.20E+01 9.70E+00
2-M-5-NPYNE 1.06E+02 B 8 1.15E+01 1.10E+01
2-M-5-NPYNE 1.06E+02 B 9 9.20E+00 9.50E+00
2-M-5-NPYNE 1.06E+02 B 10 6.00E+00 3.00E+00
2-M-5-NPYNE 1.06E+02 C 1 6.50E+00 7.50E+00
2-M-5-NPYNE 1.06E+02 C 2 6.20E+00 4.00E+00
2-M-5-NPYNE 1.06E+02 C 3 5.00E+00 9.40E+00
2-M-5-NPYNE 1.06E+02 C 4 6.60E+00 1.28E+01
2-M-5-NPYNE 1.06E+02 C 5 1.32E+01 1.08E+01
2-M-5-NPYNE 1.06E+02 C 6 5.70E+00 2.50E+00
2-M-5-NPYNE 1.06E+02 C 7 1.05E+01 1.35E+01
2-M-5-NPYNE 1.06E+02 C 8 5.70E+00 8.20E+00
2-M-5-NPYNE 1.06E+02 C 9 1.05E+01 1.08E+01

2-M-5-NPYNE 1.06E+02 C 10 9.60E+00 4.40E+00

2 Average of measured exposure concentrations across replicates for the
corresponding solution added. The 0 mg L concentration represents controls (pots
not exposed to MCs, or MLCs)

® Not recorded

¢ Replicate B was accidentally exposed to the wrong solution added few days after
the beginning of the experiment, so it was excluded for further measurements

195



209 NT 2 4-DNT 24-DNAN
€ 15 . B------ |- i
L !’_" ‘\!"i! @ - A \\
£ 10 - TR s B ™
o A A 0
c 2~ EAN ~ A AL : &
3 5 FAY A/_\ AN
28 i T Hm”l—"l T DI "‘““i 1' T 5
4-NAN 2-M-5-NPYNE Control10 10 10 10
—_ Concentration (mg L‘1)
c 15 8-~ s -3 ;
3 N A—.‘___-z’ﬁ" Z"\!
< 104a A s || @ X e Shoot
=2 AT AR A Root
3 54 a2
O .

LELERALL B B UL | UBLRRLLLL BRI LU LLLL LR |
Control10™" 10° 10" 107 control10™" 10° 10" 107
Concentration (mg L_1) Concentration (mg L_1)

Figure F-2  Barley shoot and root lengths versus measured exposure concentrations of MCs and

MLCs. Vertical dotted line shows nominal concentration chosen to perform
bioconcentration uptake assays (10 mg L™?). Data presented as means + standard
error of the mean (SEM). Sample size > 2 pots (Table F-5). Dashed colored lines

are visual guides for data trends. If not visible, error bars are smaller than the
symbol.
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Table F-6

NOAEC, LOAEC, and ECso for MCs and MLCs in toxicity screening test with barley.

MCs and MLCs

Plant Summary
Part  Statistics TNT 2,4-DNT 2,4-DNAN 4-NAN 2-M-5-NYPNE
NOAEC?  74.675+1.443 109.411+1.036 8.668+0.300 9.972+0.074 55.274+0.872
p-value® 0.87 0.22 0.73 0.93 0.98
LOAEC® >74.675+1.443 >109.411+1.036 45.211+1.774 48.358+0.976 105.984+2.196
Shoot  p-value ND¢ ND <0.001 <0.001 0.01
ECso® >74.675x1.443 >109.411+1.036  26.156+4.200 47.098+3.813 >105.984+2.196
95% CI ND ND 17.874-34.430 39.577-54.619 ND
Model® Hormetic Gompertz Gompertz Gompertz Hormetic
NOAEC 74.675x1.443 109.411+1.036 < 0.859+0.055 9.972+0.074 11.703+0.366
p-value 0.95 0.96 ND 0.19 1.00
LOAEC >74.675£1.443 >109.411+1.036 0.859+0.055 48.358+0.976 55.274+0.872
Root  h.value ND ND <0.001 <0.001 <0.001
ECso > 74.675+1.443 >109.411+£1.036 0.916+0.492 15.135+4.768 46.736+13.266
95% ClI ND ND -0.054-1.887 5.730-24.540 20.556-72.916
Model Hormetic Gompertz Gompertz Gompertz Gompertz
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* No—Observed—-Adverse—-Effect—-Concentration in mg L™ (measured): mean = standard error of the mean (SEM).

Statistical analyses for the determination of the NOAEC values are described above in this section

® A p-value < 0.05 was accepted as significant

¢ Lowest—Observed—-Adverse—-Effect—Concentration in mg L™ (measured): mean = SEM. Statistical analyses for the
determination of the LOAEC values are described above in this section

I Not determinable

¢ Effect Concentration (mg L™) producing a 50% effect relative to carrier control + SEM. Models fitted for the
determination of the ECso values are described above in this section

95 % Confidence Interval (mg L™)

9 Defined in equations presented above in this section. Fitted to toxicity screening results (Table F-5) for the
determination of ECso
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Figure F-3 Biomass profiles (shoot height) for barley exposed to individual munitions
compounds (MCs) or munitions-like compounds (MLCs) at increasing
concentration of solution added (nominal: Control, 1, 10, 50, and 100 mg L™?)
during toxicity screening. Data presented as means + standard error of the mean
(SEM). If not visible, error bars are smaller than the symbol.

199



c
. _
£ 120 % g B )
= ] oy
250 X m . X
S o, B Mg
o 40 a g 2 g
8 o- g % k5B R © S
< - TNT 24-ONT . 2:4-DRAN
c 0 2 4 6 8 10
S 120+ o X Time (days)
£ : &g_xxx X8 g |
5‘:_\ 80 - 58 8 X Solution added
8 L | ‘ ,}Jﬁ Treatmerjt: . .
8 g, 40 - @ g X X X éﬁ :[:Z';::Zif:nofdlsplaced solution
% ~ | : last fraction of displaced solution
8 o] WRER gooogg e Control
g o \ | | 4_|\\JAN| | | 2‘M‘5|‘NP|YNE|

o 2 4 6 8 100 2 4 6 8 10

Time (days) Time (days)

Figure F-4  Exposure concentrations over time for MCs and MLCs in toxicity screening with
barley at five concentrations of solution added (nominal: Control, 1, 10, 50, and 100
mg L1). Legend: Solution added is the solution sampled just before being loaded
into plant pots; Treatment are samples from displaced solutions of pots exposed to
MCs or MLCs; first and last fraction of displaced solution refer to the first and last
pore volume replenished daily; Control are samples from displaced solutions of
untreated plant pots (not exposed to MCs or MLCs). Data presented as means and
error bars represent the range.
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Table F-7  Summary statistics for the fluctuation in measured exposure concentrations for MCs
and MLCs during toxicity screening with barley?.

Compound NumDF® DenDF® F-value p-value®
TNT 1.00E+00 1.41E+01 1.58E+00 2.29E-01
2,4-DNT 1.00E+00 2.54E+01 3.42E-02 8.55E-01
2,4-DNAN 1.00E+00 5.40E+01 1.04E+00 3.13E-01
4-NAN 1.00E+00 4, 70E+01 1.55E-02 9.01E-01

2-M-5-NPYNE 1.00E+00 5.40E+01 2.24E-01 6.38E-01

2 Time effect was analyzed for the four concentration of solutions added
(nominal: 1, 10, 50, and 100 mg L) altogether per MC or MLC. In cases of
unbalanced ANOVA (e.g., missing data), a linear mixed-effect model
analysis was conducted using Satterthwaite approximation for degrees of
freedom to estimate p-values.

b Degrees of freedom numerator

¢ Degrees of freedom denominator

4 A p-value < 0.05 was accepted as significant
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Figure F-5 Concentrations in displaced solutions collected at the end of each consecutive pore
volume (pv, 100 mL per pv) on the first day of exposure to MCs and MLCs for
selected chemicals during toxicity screening with barley. Solution added: Aqueous
solution containing TNT or 4-NAN and being loaded to plant pots. Replicates: Plant
pots subjected to the same solution added. Difference in TNT concentration
between solution added and displaced solution collected from 4™ pore volume were
not statistically significant (p-value = 0.80).
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Bioconcentration Uptake Assays

Procedure for Extraction of MCs and MLCs from Plant Biomass

The extraction was performed adding 5 mL of acetonitrile and 3 mL of a 0.01 mol L*
CaCl2 and NaNs solution to repress microbial activity per biomass tube. The biomass-acetonitrile
suspensions were tumbled end-to-end in darkness at 20 rpm for 1 h, supernatants were
transferred with disposable glass pipettes into disposable glass culture tubes (10 mL), filtered
through Durapore® polyvinylidene difluoride (PVDF) membranes (0.45 um pore size, EMD
Millipore Corp., Billerica, MA), and analyzed by HPLC. Four consecutive extractions were
performed for each biomass tube.

Table F-8  Summary statistics for the fluctuation in measured exposure concentrations for MCs
and MLCs during bioconcentration uptake assays with barley?.

Compound NumDF® DenDF® F-value p-valued
TNT 1.00E+00 7.20E+01 1.82E+01 5.96E-05°
2,4-DNT 1.00E+00 6.59E+00 4.33E+00 7.86E-02
2,4-DNAN 1.00E+00 7.00E+01 2.78E+00 1.00E-01
4-NAN 1.00E+00 1.74E+01 3.80E-01 5.46E-01

2-M-5-NPYNE  1.00E+00 7.20E+01 2.22E-01 6.39E-01

2 Time effect was analyzed for the four exposure times (1, 2, 3, and 4
weeks) altogether per MC or MLC. Unbalanced ANOVA (unequal number
of observations over time due to destructive sampling across exposure
weeks) was conducted through a linear mixed-effect model analysis using
Satterthwaite approximation for degrees of freedom to estimate p-values

b Degrees of freedom numerator

¢ Degrees of freedom denominator

4 A p-value < 0.05 was accepted as significant

¢ Subsequent multiple comparisons test revealed a p-value = 0.90 for the
difference between paired means of displaced solution collected on the 3™
and 4" weeks of exposure
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Table F-9  Summary statistics for the significance of sorption of MCs and MLCs onto the solid
growth medium (sand) during bioconcentration uptake assays with barley?

Compound NumDF® DenDF¢ F-value p-valued
TNT 1.00E+00 5.70E+01 1.71E-04 9.90E-01
2,4-DNT 1.00E+00 1.39E+01 1.73E+00 2.10E-01
2,4-DNAN 1.00E+00 5.50E+01 1.47E+00 2.30E-01
4-NAN 1.00E+00 3.70E+01 1.92E+00 1.74E-01

2-M-5-NPYNE 1.00E+00 8.05E+00 4.08E+00 7.78E-02

2 Significance of sorption onto sand was analyzed comparing the
concentrations of the solutions added and the displaced solutions sampled at
the end of the daily replenishment from treated pots for the four exposure
times (1, 2, 3, and 4 weeks) altogether per MC or MLC. Unbalanced
ANOVA (unequal number of observations over time due to destructive
sampling across exposure weeks) was conducted through a linear mixed-
effect model analysis using Satterthwaite approximation for degrees of
freedom to estimate p-values

b Degrees of freedom numerator

¢ Degrees of freedom denominator

4 A p-value < 0.05 was accepted as significant
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Table F-10 Summary statistics for the significance of exposure time in the ratios of -2t for

MCs and MLCs during bioconcentration uptake assays with barley?.

iw

Compound Df Sum Sq Mean Sq F-value p-value®
TNT 3  1.83E-02 6.10E-03 2.19E+00  1.90E-01
2,4-DNT 3  3.72E-02 1.24E-02 2.32E+00 1.75E-01
2,4-DNAN 3  143E-01 4.76E-02 2.06E+00 2.07E-01
4-NAN 3  5.90E-01 197E-01 2.00E+01 7.17E-03°
2-M-5-NPYNE 3 332E-02 1.11E-02 6.49E-01  6.12E-01

2 One-way ANOVA was used to assess the significance of exposure time on
the ratio of concentration in the plant to concentration in the interstitial

water, Cipiane
Ciyw

b A p-value < 0.05 was accepted as significant
¢ Subsequent multiple comparisons test revealed a p-value = 0.90 for the

. . Ci
difference between paired means of —242t from the 3" and 4™ weeks of
yw

exposure
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. Ci . . .
Table F-11 Ratios of —Zant b for the compounds evaluated in bioconcentration uptake assays with barley.
w

~ Exposure o . Concentration in Ciplant
Compound Trial  Time Plant Mass  Concentration in Plant Interstitial Water® log <_Cilw )
#

days Jawt® mg Kgawt™* mg L L kgawt®

TNT 1% 9 3.82E-01 4.36E+01 8.74E+00 6.97E-01
TNT 1% 9 4.07E-01 5.32E+01 9.37E+00 7.54E-01
TNT 1% 9 4.00E-01 4.41E+01 9.35E+00 6.73E-01
TNT 1% 16 5.68E-01 3.53E+01 7.15E+00 6.93E-01
TNT 1% 16 5.26E-01 2.72E+01 7.05E+00 5.86E-01
TNT 1% 16 5.63E-01 2.58E+01 7.11E+00 5.59E-01
TNT 1% 23 5.23E-01 2.56E+01 6.00E+00 6.30E-01
TNT 1% 23 4.79E-01 2.46E+01 5.84E+00 6.26E-01
TNT 1% 30 5.40E-01 3.16E+01 7.09E+00 6.49E-01
TNT 1% 30 4.41E-01 2.22E+01 6.00E+00 5.69E-01
2,4-DNT 1% 8 4.19E-01 5.83E+01 9.07E+00 8.08E-01
2,4-DNT 1% 8 6.28E-01 5.68E+01 9.09E+00 7.96E-01
2,4-DNT 1% 15 4.26E-01 6.65E+01 9.07E+00 8.65E-01
2,4-DNT 1% 15 4.96E-01 5.82E+01 8.98E+00 8.11E-01
2,4-DNT 1% 22 4.30E-01 5.09E+01 9.84E+00 7.14E-01
2,4-DNT 18 22 4.36E-01 3.96E+01 9.82E+00 6.05E-01
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2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN

1t 22 4.50E-01 5.98E+01 9.85E+00 7.83E-01
1t 29 3.76E-01 4.92E+01 9.44E+00 7.17E-01
1t 29 3.77E-01 3.79E+01 9.49E+00 6.01E-01
1t 29 3.19E-01 5.49E+01 9.39E+00 7.67E-01
1t 22 3.85E-01 2.04E+02 7.56E+00 1.43E+00
1t 22 3.62E-01 2.20E+02 7.71E+00 1.46E+00
1t 29 3.92E-01 2.11E+02 7.98E+00 1.42E+00
1%t 29 5.25E-01 1.16E+02 8.10E+00 1.15E+00
2nd 3.70E-01 7.49E+01 9.76E+00 8.85E-01
2nd 3.44E-01 2.41E+02 1.24E+01 1.29E+00
2nd 4.37E-01 7.13E+01 9.75E+00 8.64E-01
2nd 15 3.78E-01 1.45E+02 1.01E+01 1.16E+00
2nd 15 3.82E-01 1.76E+02 9.62E+00 1.26E+00
2nd 15 5.23E-01 1.37E+02 9.64E+00 1.15E+00
2nd 22 4.73E-01 1.17E+02 1.06E+01 1.04E+00
2nd 22 4.87E-01 1.59E+02 1.09E+01 1.16E+00
2nd 29 2.77E-01 2.37E+02 1.07E+01 1.35E+00
2nd 29 4.28E-01 2.55E+02 1.05E+01 1.39E+00
1t 5.72E-01 1.03E+01 9.73E+00 2.51E-02
1t 4.72E-01 6.91E+00 9.84E+00 -1.53E-01
1t 15 4.27E-01 1.07E+01 9.66E+00 4.65E-02
1t 15 3.12E-01 7.28E+00 9.31E+00 -1.07E-01
1t 22 6.56E-01 2.39E+01 9.71E+00 3.91E-01
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4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE
2-M-5-NPYNE

1st 22 5.85E-01 3.31E+01 9.84E+00 5.27E-01
1t 29 3.40E-01 3.01E+01 9.69E+00 4.93E-01
1t 29 2.73E-01 3.51E+01 9.62E+00 5.62E-01
2nd 22 7.22E-01 2.56E+01 7.28E+00 5.46E-01
2nd 22 7.05E-01 4.08E+01 6.99E+00 7.67E-01
2nd 29 7.50E-01 3.61E+01 7.48E+00 6.84E-01
2nd 29 7.94E-01 3.68E+01 7.54E+00 6.88E-01
3 22 5.79E-01 2.76E+01 7.23E+00 5.82E-01
3 22 5.83E-01 2.81E+01 7.27E+00 5.87E-01
3rd 29 4.64E-01 2.02E+01 7.31E+00 4.42E-01
3rd 29 5.27E-01 2.32E+01 7.25E+00 5.06E-01
31 29 6.04E-01 2.41E+01 7.26E+00 5.21E-01
4th 23 4.35E-01 2.05E+01 7.43E+00 4.41E-01
4th 23 3.87E-01 1.81E+01 7.50E+00 3.84E-01
4th 23 3.29E-01 2.50E+01 7.53E+00 5.22E-01
4t 30 4.00E-01 2.41E+01 7.62E+00 5.00E-01
4t 30 5.53E-01 1.50E+01 7.63E+00 2.92E-01
4t 30 5.85E-01 1.73E+01 7.65E+00 3.54E-01
1st 8 5.77E-01 4.30E+01 1.10E+01 5.94E-01
1t 8 4.53E-01 3.19E+01 1.09E+01 4.66E-01
1t 8 4.38E-01 3.26E+01 1.11E+01 4.66E-01
1t 15 5.35E-01 4.73E+01 9.68E+00 6.89E-01
1t 15 6.19E-01 2.40E+01 1.03E+01 3.67E-01
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2-M-5-NPYNE 1% 15 7.02E-01 2.20E+01 9.84E+00 3.50E-01

2-M-5-NPYNE 1% 22 7.18E-01 2.80E+01 1.02E+01 4.39E-01
2-M-5-NPYNE 1% 22 7.67E-01 1.83E+01 1.02E+01 2.52E-01
2-M-5-NPYNE 1% 29 7.61E-01 2.79E+01 1.01E+01 4.40E-01
2-M-5-NPYNE 1% 29 6.35E-01 3.09E+01 1.02E+01 4.82E-01

& dwt: dry weight

b Cip,one: CONCENtration of compound i in barley (mg kgawt™), Ci,,,: concentration of compound i in the interstitial water,

which was measured in the displaced solution (mg L™)
¢ Plant = shoots + roots
d Measured in the displaced solution
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Figure F-6
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Biomass profiles (shoot height) for barley exposed to individual MCs, or MLCs,
during bioconcentration uptake assays. Legend: Treatment are plant pots exposed to
MCs or MLCs at a nominal concentration of 10 mg L™*; Control are untreated plant
pots (not exposed to MCs or MLCs). Displaying 2" trial for 2,4-DNAN and 1% trial
for 4-NAN. Data presented as means = standard error of the mean (SEM). Sample
size > 2 pots (Table F-11).
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Plant-Water Partitioning vs. BCF

Table F-12 Plant-water partition coefficients (Kew) for 4-NAN with barley and the summary
statistics for the significance of contact time (kinetics) on log Kpw values?,

Contact time log Kew
Replicate
h L kgawt*
24 A 1.16E+00
24 B 1.13E+00
24 C 1.19E+00
48 A 1.07E+00
48 B 1.13E+00
48 C 1.19E+00
144 A 1.09E+00
144 B 1.12E+00
144 C 1.03E+00
Summary statistics
Df  SumSgq  Mean Sq F p-value®
Contact time 2 9.56E-03 4.78E-03 2.34E+00 1.77E-01
Residuals 6 1.23E-02 2.04E-03

2 One-way ANOVA was used to assess the significance of contact time on the
4-NAN log Kpw values
b A p-value < 0.05 was accepted as significant
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Table F-13 Summary statistics for the significance of the concentration of the initial solution
added on log Kew values?.

Compound t-test Df p-value®

2,5-DM-4-NANE 1.79E+00 2.68E+00 1.83E-01

2-M-5-NPYNE -4.53E+00 1.16E+00 1.12E-01
2,4-DNAN 1.61E+00 9.79E+00 1.38E-01
4-NAN 1.86E+00 1.39E+00 2.56E-01
2,4-DNT -2.26E+00 3.23E+00 1.02E-01
TNT 2.27E-01 4.59E+00 8.30E-01
RDX 2.09E+00 1.24E+00 2.44E-01

& Two-tailed t-tests assuming unequal variances were used to
assess the significance of the concentration of the initial
solution added on the log Kew values. Values are listed in
Table F-14.

b A p-value < 0.05 was accepted as significant
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Table F-14 Plant-water partition coefficients (Kew) for the compounds evaluated.

Nominal
Concentration of Plant Concentration  Concentration in log Kew®
. Initial Solution Mass in Plant® Water Phase® f
Compound Trial # Added? Exposure
mg L Jawt” mg Kgawt™ mg L L kgawt®
2,5-DM-4-NANE 1% 10 4.31E-01 3.06E+01¢ 5.04E+00 7.83E-01 Low
2,5-DM-4-NANE 1% 10 5.17E-01 4.28E+01 3.87E+00 1.04E+00 Low
2,5-DM-4-NANE 1% 10 3.94E-01 3.71E+01 4.85E+00 8.84E-01 Low
2,5-DM-4-NANE 1% 100 4.34E-01 2.68E+02 4.17E+01 8.07E-01 High
2,5-DM-4-NANE 1% 100 4.38E-01 2.43E+02 4.31E+01 7.50E-01 High
2,5-DM-4-NANE 1% 100 4.18E-01 2.24E+02 4.45E+01 7.02E-01 High
HMX 1% 2.75E-01 1.32E+01 1.95E+00 8.32E-01 High
HMX 1% 2.23E-01 1.66E+01 2.03E+00 9.13E-01 High
HMX 1% 2.08E-01 1.39E+01 2.22E+00 7.97E-01 High
2-M-5-NPYNE 1% 16 6.67E-01 4.29E+01 6.41E+00 8.25E-01 Low
2-M-5-NPYNE 1% 16 6.68E-01 5.59E+01 6.96E+00 9.05E-01 Low
2-M-5-NPYNE 1% 160 2.18E-01 1.04E+03 9.95E+01 1.02E+00 High
2-M-5-NPYNE 1% 160 1.91E-01 1.09E+03 1.00E+02 1.04E+00 High
2,4-DNAN 1% 10 3.99E-01 6.32E+01 4.24E+00 1.17E+00 Low
2,4-DNAN 1% 10 4.23E-01 6.94E+01 3.73E+00 1.27E+00 Low
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2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNAN
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
2,4-DNT
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN
4-NAN

15t 10 476E-01  6.88E+01 3.67E+00 1.27E+00  Low
15t 10 479E-01  3.87E+01 4.63E+00 9.22E-01  Low
15t 10 3.62E-01  6.33E+01 4.10E+00 1.19E+00  Low
1t 10 3.10E-01  1.01E+02 3.84E+00 1.42E+00  Low
2nd 10 3.59E-01  7.63E+01 4.76E+00 1.21E+00  Low
2nd 10 3.37E-01  7.67E+01 4.99E+00 1.19E+00  Low
3 10 4.25E-01  5.03E+01 4.10E+00 1.09E+00  Low
3 10 4.19E-01  5.53E+01 3.95E+00 1.15E+00  Low
3 100 3.71E-01  5.69E+02 4.26E+01 1.13E+00  High
31 100 4.24E-01  5.29E+02 4.15E+01 1.11E+00  High
15t 6 4.60E-01  3.30E+01 2.37E+00 1.14E+00  Low
15t 6 5.39E-01  3.24E+01 2.03E+00 1.20E+00  Low
1t 60 4.22E-01  3.86E+02 2.00E+01 1.29E+00  High
15t 60 4.30E-01  3.97E+02 2.27E+01 1.24E+00  High
2nd 60 1.40E+00  2.04E+02 1.30E+01 1.20E+00  High
2nd 60 3.40E-01  5.32E+02 2.37E+01 1.35E+00  High
15t 10 3.79E-01  7.83E+01 4.25E+00 1.27E+00  Low
15t 10 2.73E-01  6.66E+01 4.41E+00 1.18E+00  Low
15t 10 431E-01  7.67E+01 2.37E+00 1.51E+00  Low
15t 10 3.85E-01  7.06E+01 3.79E+00 1.27E+00  Low
15t 10 3.58E-01  8.28E+01 3.99E+00 1.32E+00  Low
15t 10 2.54E-01  8.87E+01 3.91E+00 1.36E+00  Low
2nd 10 3.75E-01  7.06E+01 4.35E+00 1.21E+00  Low
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4-NAN
4-NAN
4-NAN
4-NAN
TNT
TNT
TNT
TNT
TNT
TNT
TNT
RDX
RDX
RDX
RDX
RDX

2nd 10 3.10E-01  7.18E+01 4.98E+00 1.16E+00  Low
2nd 10 3.65E-01  7.05E+01 4.33E+00 1.21E+00  Low
15t 100 5.24E-01  5.75E+02 5.50E+01 1.02E+00  High
15t 100 2.83E-01  8.07E+02 5.19E+01 1.19E+00  High
15t 10 3.16E-01  5.34E+01 2.97E+00 1.25E+00  Low
15t 10 419E-01  4.66E+01 2.44E+00 1.28E+00  Low
2nd 10 3.63E-01  5.18E+01 2.86E+00 1.26E+00  Low
2nd 10 2.37E-01  7.33E+01 2.94E+00 1.40E+00  Low
2nd 10 2.41E-01  7.98E+01 3.14E+00 1.40E+00  Low
2nd 100 2.41E-01  7.32E+02 3.65E+01 1.30E+00  High
2nd 100 1.96E-01  9.09E+02 4.31E+01 1.32E+00  High
2nd 2.11E-01  5.14E+01¢ 1.02E+00 1.70E+00  Low
2nd 2.16E-01  5.22E+01 9.79E-01 1.73E+00  Low
2nd 2.93E-01  3.59E+01 1.07E+00 1.52E+00  Low
15 40 2.85E-01  3.59E+02 1.36E+01 1.42E+00  High
15 40 3.04E-01  2.03E+02 1.86E+01 1.04E+00  High
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2 Difference with respect to measured concentration was never > 20%

b dwt: dry weight

¢ Measured at the end of the 24 h equilibration period

d Due to failure to completely avoid overlap of 2,5-DM-4-NANE and RDX peaks with background signals in plant
extracts samples, all concentrations in plant tissues at the end of the 24 h equilibration period were calculated by mass
balance for 2,5-DM-4-NANE and RDX

¢ Ratio of concentration in plant to concentration in water phase, both measured at the end of the 24 h equilibration
period

f Calculated as the ratio of the nominal concentration of initial solution added to the aqueous solubility. Ratios ranged
from 0.01 to 0.09 and 0.06 to 0.87 for the low and high exposures, respectively.
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Table F-15 Time course data obtained from Sunahara * and Dodard et al. °, and estimated degradation rates for MCs?.

Cipons (D2 Fitted Parameters _ )
Total Times c © & Median Median
time® ; iplant degradation Kpw BCF
Compound Observed  Predicted (SEM)? (SEM)?
days days mg Kgawt* Mg Kgawt™ d?t L kgawt® L kgawt®
0  5.25E+01¢ 5.25E+01
2,4-DNAN 5.25E+01 1.51E+01 2.33E+01
19 1.49E+01 1.49E+01
21 0 3.20E+00°¢ 3.13E+00
24-DNT 28 7  150E+00 1.75E400 °--3E*00 1.67E+01  5.19E+00
! ' ' (3.34E-01) (2.16E-02) '
35 14 1.20E+00 9.77E-01
14 0 2.04E+01¢ 2.03E+01
21 7  5.00E+00 5.42E+00 203E+01
TNT ' 2.00E+01 4.25E+00
28 14  1.70E+00 1.44E+00 (9.91E-01) (2.35E-02)
35 21 1.70E+00 3.85E-01
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# An exponential decay model was fitted to the concentration in the plant (C;,, . (¢)) time course data to

obtain the maximum concentration in the plant (C;, . (0)) and degradation rate (Kdegradation):

lPlan
Cipron: (8 = Cipypn (0) e(~kaegradationt) SEM: Standard error of the mean
® Time starting from beginning of exposure
¢ Time starting from when maximum concentration in the plant was observed
d Assumed to be equal to the sum of the parent compound and transformation product at 19 days in absence
of an initial value; data measured in the shoots from a soil exposure at 4.7 mg Kgawt™
¢ All the time course data for 2,4-DNT and TNT were measurements in the roots from soil exposures at 10
and 100 mg kgawt™, respectively
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Figure F-7  Concentration in the plant (C;,,, . (t))over time and estimated degradation rates

(Kdegradation) for MCs. An exponential decay model fitted to time course data obtained
from Sunahara ® and Dodard et al. ® (Table F-15).
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Chapter 6

ESTIMATING GRASS-SOIL BIOCONCENTRATION OF MUNITIONS COMPOUNDS
FROM MOLECULAR STRUCTURE

Abstract

A partitioning—based model is presented to estimate the bioconcentration of five
munitions compounds and two munition—like compounds in grasses. The model uses
polyparameter linear free energy relationships (pp—LFERS) to estimate the partition coefficients
between soil organic carbon and interstitial water and between interstitial water and the plant
cuticle, a lipid-like plant component. Inputs for the pp—LFERs are a set of numerical descriptors
computed from molecular structure only that characterize the molecular properties that determine
the interaction with soil organic carbon, interstitial water, and plant cuticle. The model is
validated by predicting concentrations measured in the whole plant during independent uptake
experiments with a root mean square error (log predicted plant concentration - log observed plant
concentration) of 0.429. This highlights the dominant role of partitioning between the exposure
medium and the plant cuticle in the bioconcentration of these compounds. The pp-LFERs can be
used to assess the environmental risk of munitions compounds and munition—like compounds
using only their molecular structure as input.

6.1 Introduction

Munitions compounds (MCs) are widely used in commercial and military activities, and
are often released into the environment 3. Organisms that are exposed may bioconcentrate MCs.
This causes concerns regarding the potential for environmental risk due to both direct toxicity
and transference of these compounds to higher trophic levels. Hence the need to develop
prediction models able to estimate the degree to which MCs are transferred from the ambient
environment into plants, i.e., the extent of bioconcentration to be expected.

Studies proposing models to predict bioconcentration of organic compounds in plants
from various growth media have been proposed “*!. Some of these models account for
transformation and degradation of the parent compound within the plant (e.g., metabolism,
photodegradation), volatilization from leaves, and plant physiological processes such as growth
and water transpiration " 1. However, in order to be applied to a specific compound, these
models require parameter estimates that quantify each of these mechanisms for that compound.
This limits their general applicability.

Models have also been formulated assuming that the uptake of nonionic organic
compounds through the plant roots results in a steady state partitioning between the plant
components and the soil 1% 12, The uptake is driven by concentration gradients between the plant
and the external phase(s) where the organic compound is present (e.g., soil), and it occurs along
the plant transpiration stream # >3, In this way, the process can be modeled assuming an
equilibrium between the soil solids, soil solution (interstitial water), and the plant.

The concentration of an organic compound available for plant root uptake in soils is that
freely dissolved in the interstitial water (IW) *1°, This concentration is the result of soil solid—
soil IW adsorption—desorption and is controlled by both the compound chemical properties and
soil properties such as the mass fraction of organic carbon (f,) and clay size particles (f¢4y) 16-
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201t has been shown for a wide variety of nonionic organic compounds that sorption to soil
organic carbon (OC) is the dominant mechanism for f,. greater than approximately 0.1 to 0.2 %
2126 The soil OC-aqueous phase concentrations ratio is the partition coefficient, Koc, that is
commonly estimated using a log—log correlation of Koc with the octanol-water partition
coefficient, Kow. This assumes that n—octanol is a good surrogate for soil OC 272, While these
single—parameter quantitative structure-activity relationships (QSARS) have been shown to work
reasonably well for mostly nonpolar hydrophobic organic chemicals 2°, they have failed for more
polar compounds, compounds that interact by hydrogen—bonding, and for highly hydrophobic
compounds %32, Consequently, a need for comprehensive models of Koc that perform well for a
wide range of compound classes has been identified 3.

Equilibrium sorption of organic contaminants by plant tissue components, such as
carbohydrates and lipids, has also been measured and modeled 32, Similarly to the Koc models,
n—octanol is commonly used as a surrogate for plant lipids. While practical, this approach has not
been able to fully characterize the interactions between organic compounds and plant tissues >
34

An alternative approach is to use a polyparameter linear free energy relationship (pp—
LFER) model 3”38, Unlike single-parameter Kow-based predictions, pp-LFERs predict
partitioning by explicitly considering the contributions from different types of chemical
interactions (e.g., hydrogen bonding, van der Waals forces) between the solute and the
condensed phase (e.g., soil OC, plant lipids). Thus, pp—LFERs are able to more fully characterize
the solvation properties of the condensed phase and the strength of its interactions with solutes
relative to that of the aqueous phase.

In order to achieve these results the estimation of pp—LFERS parameters require a large
and chemically diverse training dataset of partition coefficients. In the case of plants, for
example, the pp—LFERs require sufficient data to quantify both the solvation properties of a
specific biomass component (e.g., lipids, carbohydrates, proteins) and the molecular properties of
the organic contaminant of interest % 3639,

The purpose of this work is to predict the bioconcentration of MCs and compounds with
similar chemical structural functionalities (Table G-1 in Appendix G), which are hereafter
referred to as munition—like compounds (MLCs), in plants based on the partitioning between soil
solids, IW, and plant. This is achieved using pp—LFERs for predicting the dissolved IW
concentration in the soil using Koc, and for predicting the sorption to plant tissue using the
partitioning between IW and plant cuticle, a lipid—like component. This procedure is validated by
predicting concentrations in plant biomass compiled from published uptake assays in an
independent dataset (95 observations). The pp—LFERs employed in this work use only molecular
structure to compute the required model parameters. Therefore, they can also be used to evaluate
the bioconcentration potential for proposed compounds early in the development stage of new
MCs.

6.2 Methodology

6.2.1 Basis for Modeling Approach
The model is designed to predict the bioconcentration of MCs for plants, more
specifically, for grasses, in situations where estimates of the parameters required in more detailed
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uptake models, e.g., plant water fluxes, growth rates, and contaminant
transformation/metabolism rates are not available. The model estimates the upper—bound of the
concentration in the plant when exposed to the bioavailable MC in the soil IW using equilibrium
partitioning (EqP). The EqP concept has been widely applied to assess the bioconcentration of
organic compounds in organisms including fish, worms, and plants 10 12 40-46,

In the case of grasses, the MCs available in the soil IW are transported in solution
through the plant roots and along the plant transpiration stream. Eventually, as shown by Chiou
et al. 1%, nonionic organic compounds that are relatively water soluble, as is the case for MCs,
reach equilibrium between the external and internal aqueous phases (see Appendix G for further
details). In the same vein, we have shown #’ that the bioconcentration factors (BCFs) for MCs in
barley reach steady state under constant exposure concentrations in sand culture experiments.
The observed BCFs are comparable to plant—water partition coefficients (Kpy,) measured by
equilibrating sectioned barley biomass and the exposure solution used in the sand culture uptake
experiments. These results support the use of the EQP model to predict the uptake of MCs by
grasses from IW.

Figure 6-1 illustrates MC partitioning between soil and plant components and water.
When the root achieves equilibrium with the soil IW and simultaneously with the plant internal
water, both the internal and external aqueous phases are at equilibrium. In this case, the root—
water partitioning can be bypassed and the MC concentration in the plant internal water is
assumed to be equal to that in the soil IW. Therefore, partitioning between soil OC and plant
cuticle determines the MCs bioconcentration in grasses.

PLANT

Plant tissue
(Cuticle)

‘ K;

Internal
water

SOIL t Kizoot

&) | Interstitial water “ Root

1( [ Root

Figure 6-1 Schematic diagram of the basis for the modeling approach: Equilibrium
partitioning. Left—right arrows indicate partitioning of MC (or MLC) i between two
phases. K;, . = soil organic carbon-water partition coefficient of MC i (Lwater kgoc™

", K;_,,, = root-water partition coefficient of MC i (Lwater kgroot™*), and K;,. , = plant
cuticle-water partition coefficient of MC i (Lwater KQcuticte™).
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Organic carbon is usually assumed to determine the mobility of MCs in soils -0, It has
been shown that OC is the dominant phase for partition of MCs in soils with foc > 1 — 2% 255152,
This is larger than the usual boundary for hydrophobic compounds foc = 0.1 -0.2 % as
discussed above 2126,

Plant cuticle is an extracellular hydrophobic membrane composed of interconnected
long—chain fatty acids and alkyls > > that coats plant organs such as fruits, leaves, and stems °°,
and protects and waterproofs the plant surface. This hydrophobic membrane appears to be the
principle site where sorption of MCs occurs. Contributions from plant carbohydrates were also
examined before being excluded (see Section 6.3.2).

Uptake through plant leaves from the atmosphere is not included in the model. The model
might also be successfully applied to other similar nonionic organic compounds, however, the
validation presented in this study is limited to MCs and MLCs only.

6.2.2 Polyparameter Linear Free Energy Relationship (pp—LFER) Models
The pp—LFER models for partitioning between soil OC and water, and between plant
cuticle and water used in this work are based on the Abraham polyparameter model 7

logKsyy =c+eE+sS+aA+bB+vV (6-1)

where Ksw is the partition coefficient between a solvation phase (e.g., OC, plant cuticle) and
water, and the right hand side of Eq. (6-1), are the parameters that account for the free energy
contributions from different types of molecular interactions. The uppercase letters in Eq. (6-1)
are solute (e.g., MC, MLC) descriptors and the lowercase letters quantify the complementary
effect of the solvation phase on the corresponding interaction. The eE term represents the
dispersion interactions that are predominant between nonpolar (no permanent multipole
moments) molecules and that are not captured by the vV term. The sS term encompasses
dipole—dipole or dipole—induced dipole plus some polarizability interactions. The a4 and bB
terms account for the donation and acceptance of hydrogen bonds, which are bonds between
certain types of hydrogen atoms and highly electronegative atoms in polar molecules. a4 is
solvent acceptor (a)-solute donor (A) and bB is solvent donor (b)-solute acceptor (B). vV
accounts for both the energy required for cavity formation and part of the London dispersion
interactions, and c is a regression constant 37+ %6,

6.2.2.1 Plant Cuticle-Water pp-LFER

Platts and Abraham ° fitted a pp—LFER model to a dataset of plant cuticle-water partition
coefficients, Kcut, for tomato (Lycopersicum esculentum Mill) cuticle, for 62 volatile organic
compounds (-0.77 < log Kow < 6.25) yielding

log Kpyr = —0.415 + 0.596E — 0.413S — 0.5084 — 4.096B + 3.908V  (6-2)

R? =0.981; SD = 0.236; F= 566. Kcut = plant cuticle-water partition coefficient (Lwater KQeuticte™),
R? = coefficient of determination, SD = regression standard deviation, and F = Fischer’s F
statistic. The magnitude of the terms in Eq. (6-2) indicate that cuticle is more competitive for
solutes than water through m- and n- electron pairs dispersion interactions (e = 0.596 > 0), and
via cavity formation in the cuticle that requires much less free energy than in water (v =
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3.908 > 0). This model also indicates that the cuticle is less polar/polarizable (s = —0.413 <
0) and accepts hydrogen bonds (a = —0.508 < 0) and donates hydrogen bonds (b = —4.096 <
0) much less readily than water °.

In order to broaden the chemical and plant species diversity and to incorporate MCs and
MLCs functionalities, such as aromatic compounds with multiple C-NO2 groups and non-
aromatic cyclic structures with N-NOz bonds (Table G-1), into the training set used by Platts and
Abraham °, additional Kcu data (Table G-5) were collected and included in deriving the plant
cuticle-water pp—LFER. Sources for these data are described below.

Since new chemicals and new plant cuticle data were added to the dataset, it was
necessary that the solute parameters (uppercase letters in Eq. (6-1)) be obtained from consistent
sources. Therefore, three different sources for solute descriptors were compared (Table G-7 to
Table G-10): (i) Absolv estimated Abraham Parameters (Absolv—AP) from the Absolv software
module of ACD/PhysChem Suite °7, (ii) Experimentally derived Abraham Parameters (Exp—AP)
from Liang et al. 58 and the UFZ-LSER database *°, and (iii) Quantum Chemically estimated
Abraham Parameters (QCAP) from Liang %°. These three sources were selected because Absolv—
AP have been widely used and are recommended by Platts and Abraham ° for any organic
structure, and Exp—AP and QCAP have been shown to successfully predict Ksw for a wide
variety of organic compounds including MCs and MLCs 58 %, Three updated plant cuticle-water
pp—LFERSs were obtained using a multiple linear regression (MLR) with Absolv—AP, Exp-AP,
and QCAP as the solute parameters and the full Kcu: dataset (Table G-5) as the independent
variable. The MLRs were performed using the 1m function of the R software for statistical
computing 8L,

6.2.2.2 Soil Organic Carbon-Water pp-LFER
Koc ’s were predicted using the pp—LFER developed by Kipka and Di Toro 52

log Ky = 0.670 (£0.088) + 1.075 (+0.061)E — 0.277 (+£0.083)S
—0.363 (+£0.100)4 — 1.697 (+0.085)B (6-3)
+1.468 (£0.077)V

for 440 compounds; RMSE = 0.48. Koc = soil organic carbon—-water partition coefficient (Lwater
kgoc™), values in parenthesis = + the standard error, and RMSE = root mean square error of
prediction. This model was built using a large and chemically diverse dataset of nonionic organic
compounds with Absolv—AP for the solute parameters. A comparison of the performance of this
model relative to other available log Koc pp-LFERSs is presented in Appendix G. The solvent
parameters in Eq. (6-3) reveal that the soil OC phase has similar solvation capabilities to those
shown by plant cuticle in Eq. (6-2). The solute descriptors used to apply this model were the
appropriate QCAP reported by Liang *° (Table G-14).

6.2.3 Experimental Data

Two types of experimental data were collected from the literature: (i) reported Kcut
values, and (ii) measurements of concentrations in plant biomass made during uptake assays
where plants were exposed to MCs, or MLCs, in the growth medium. The former dataset was
added to the training set used by Platts and Abraham °, while the latter served to validate the
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partitioning—based bioconcentration model. The MCs, MLCs, and plant species included in the
datasets are listed in Table 6-1.

Table 6-1  Munitions Compounds (MCs), Munitions—Like Compounds (MLCs), and plant
species included in the datasets.
Abbreviation Name
MCs and MLCs?

TNT 2,4,6-trinitrotoluene
2,4-DNT 2,4-dinitrotoluene
2,4-DNAN 2,4-dinitroanisole
RDX hexahydro-1,3,5-trinitro-1,3,5-triazine
HMX octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
4-NAN 4-nitroanisole
2-M-5-NPYNE 2-methoxy-5-nitropyridine
2,5-DM-4-NANE 2,5-dimethoxy-4-nitroaniline

Plant Species: Kcut dataset”

L. esculentum
F. elastica

C. annuum

C. aurantium
P. laurocerasus
G. biloba

J. regia

S. lycopersicum
M. domestica
S. tuberosum
V. heyneana

L. multiflorum
L. arundinaceium
F. rubra

S. oleracea

Lycopersicum esculentum Mill
Ficus elastica Roxb. var. decora
Capiscum annuum L.

Citrus aurantium L.

Prunus laurocerasus L.

Ginkgo biloba L.

Juglans regia L.

Solanum lycopersicum

Malus domestica

Solanum tuberosum

Vitis heyneana Roem. et Schult
Lolium multiflorum Lam.
Lolium arundinaceium

Festuca rubra L.

Spinacia oleracea
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H. vulgare® Hordeum vulgare L.

Plant Species: Uptake dataset®

C. esculentus Cyperus esculentus
L. perenne Lolium perenne

M. sativa Medicago sativa

Z. mays Zea mays

G. max Glycine max

S. Sudanese Sorghum Sudanese
T. aestivum Triticum aestivum

P. vulgaris Phaseolus vulgaris
B. rapa Brassica rapa

& Further details including chemical properties are listed in Table G-1
b As reported in corresponding source(s). Data in Table G-5

¢ Also in uptake dataset

d As reported in corresponding source(s). Data in Table G-13

6.2.3.1 Plant Cuticle-Water Partition Coefficients (Kcut) Data

Partition coefficients between plant cuticle and water are commonly determined by
individually equilibrating either isolated cuticular membranes (CM) or cuticle matrices (MX, the
dewaxed CM) > 8364 with an aqueous solution of an organic compound (i) and calculating the
cuticle partition coefficient

C:
icut — lC(:‘iM or MX (6-4)
Water
where C;..,, . .., = concentration of compound i in CM or MX (mg kgawt*; dwt: dry weight), and
Ciyarer = CONCeNtration of compound i in the water phase (mg L™*). The Kcu dataset (Table G-5)

includes values obtained with CM or MX since the presence of epicuticular wax in the cuticle
component proved to have no significant effect on the resulting Kcu: (Table G-6) .

In addition to Kcut from isolated cuticle components, values from experiments performed
with whole plant biomass were also included after normalization of the plant—water partition
coefficient by the mass fraction of cuticle

KiPW (6'5)

Kicut N fCut

where K;, . = plant-water partition coefficient of compound i (Lwater Kgawt plant™) and f¢,,. = dry
weight fraction of cuticle in the plant (Kgcuticte KQawt plant’®). A total of 143 experimental Kcut for
undissociated organic compounds were compiled for the cuticle pp—LFER training set (Table
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G-5). The Kcut for compounds containing dissociable groups were either from experiments
performed in solutions buffered below the pKa of the compound or had been corrected for the
degree of dissociation using acid dissociation constants as detailed in Kerler and Schonherr .
The corrected Kcut were 9 observations for 3 compounds in the training set.

6.2.3.2 Data from Plant Uptake Assays

A dataset was compiled from measurements reported in published uptake assays with
grasses and other plants belonging to closely related families exposed to MCs, or MLCs, in the
growth medium (Table G-13). In addition to experiments performed in spiked or contaminated
field soil (hereafter referred to as "soil"), assays using either coarse quartz sand (99%, 0.85-1.27
mm effective diameter particles, hereafter referred to as "sand") or aqueous solutions as the
growth medium were also included in the dataset. The inclusion of these datasets had two
purposes: (i) compare the predictions relative to those in soil exposures, and (ii) test only the
plant cuticle—water pp—LFER without the need for a soil OC—water pp—LFER. The full dataset
includes the concentration in the plant, concentration in the growth medium, exposure time, and
dry weight fraction of OC in the soil when applicable (Table G-13).

Concentrations in the plant were for the whole plant or only for the aboveground plant
parts when available; measurements in fruits or flowers (e.g., corn kernels or tassels) were not
included. Concentrations below reported analytical quantification limits or without clarification
on whether they were expressed on a dry or fresh weight basis were excluded. Data from studies
not reporting either the soil OC or organic matter content were also excluded (excluded data in
Table G-18).

6.2.4 Estimation of Concentrations in Plants Observed in Independent Uptake Assays

Concentrations in grasses and closely related plants reported in published uptake assays
were predicted using models of the appropriate partition coefficients. The concentration of MCs
and MLCs available for plant root uptake in soil growth medium was estimated using

_ CiSoilSolids _ CiSoilSolids
Cipy = K =X (6-6)
isoiw iochC
where C;,, = concentration of MC (or MLC) i in the growth medium interstitial water (mg LY,
isou sorias = cONCentration of MC i in the soil solids (mg Kgawtt), K, .,y = SOil-water partition

coefficient of MC i (Lwater Kgawtsoi™®), and f,, = dry weight fraction of organic carbon in the soil
(kgoc Kgawt soil™).

Values for C; . . ... were those reported by the sources as the concentrations at the

beginning of the exposure or a steady state concentration when available. Values for f,. were
also obtained from the sources. A factor of 0.50 was used to convert soil organic matter content
(fom) 10 foc (i.e., foc = 0.5 fou) When needed ©7. K;,.’s were estimated using the pp-LFER in
Eq. (6-3) described previously and the appropriate QCAP from Liang % (Table G-14).

The concentration of MCs and MLCs in plant biomass was estimated using

Ciplant = KiPWCl'IW = KiCut feut CilW (6‘7)
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where C;,, = concentration of MC i in the plant biomass (mg kgawt ™). Ci,,, directly observed in

experiments performed in either sand or aqueous solutions, or predicted using Eq. (6-6) for soil
experiments. Due to the scarcity of f,,; values for the species in the uptake assays, a single f¢,:
from the literature was used for each of the most abundant plant families in the dataset: 0.18 and
0.21 kg kgawt™ for Poaceae and Fabaceae, respectively (Table G-15). An average of these two
fur Values (0.20 kg kgawt®) was used for the species belonging to the other closely related
families. K; ., ’s were estimated using the pp—LFER in Eq. (6-8) described below and the QCAP

from Liang  (Table G-14).
6.3 Results and Discussion

6.3.1 Plant Cuticle-Water pp-LFER

The predicted Kcut using Eq. (6-2) versus observed Kcut are shown in Figure 6-2 (Table
G-7 to Table G-9). The accuracy of the predictions varied with the source of the Abraham solute
descriptors. The predicted Kcut for the nitramine MCs, RDX and HMX, using Absolv—-AP were
seven orders of magnitude smaller than the observed Kcut (Figure 6-2A). A reason for these large
underpredictions might be the absence of the nitramine (N-NOz2) functional group in the Absolv
fragment descriptors set %. Missing fragments has been identified as a major drawback for the
group contribution approach in the estimation of solute descriptors ¢ ¢°. N-NOz is a highly
electronegative group and it increases the potential reactive sites of these MCs 7°. Therefore the
fragment descriptor needs to be included.

The predictions for RDX and HMX improved by more than six orders of magnitude
when using Exp—AP (Figure 6-2B) and the overall RMSE for all compounds decreased from
RMSE = 1.167 (Figure 6-2A) to RMSE = 0.382 (Figure 6-2B). The experimental derivation of
molecular properties generally results in high—quality solute descriptors. However, its application
to large collections of compounds or proposed MCs early in the development stage, for which no
data is available, is limited by time and feasibility constrains. Consequently, an alternative
method for the determination of solute descriptors that depends only on molecular structure was
also tested.
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Figure 6-2 pp-LFER-predicted Kcut versus observed Kcut for organic compounds (Table G-5
and Table G-7 to Table G-9). Predictions made using the pp—LFER model from
Platts and Abraham °, Eq. (6-2), for the full Kcu dataset collected from the
literature. Solute descriptors, uppercase letters for Eq. (6-2), are: (A) Absolv—AP °';
(B) Exp—AP from either Liang et al. > or the UFZ-LSER database %°, and Absolv-
AP when Exp—AP were not available; and (C) Adjusted QCAP . RMSE: root
mean square error of prediction (log predicted - log observed) for all compounds
included in the full Kcut dataset (Table G-5). The RMSEs for only MCs and MLCs
were = (A) 3.154; (B) 0.544; and (C) 0.507. The solid line indicates the best
agreement (unity), dashed lines are spaced at 1 log unit from unit.

QCAP’s are derived from quantum chemically computed solvent—water partition
coefficients and molecular polarizability 8. The solute descriptors: S, 4, and B are
simultaneously estimated using 65 quantum chemically computed solvent—water partition
coefficients obtained from a continuum solvation model. E and V are independently obtained
from quantum mechanical estimated molecular polarizability and molecular volume. 8% 1, QCAP
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are not generated using only experimental solvent—water partitioning data. Therefore, they are
incompatible with the solvent parameters in existing pp—LFERs. This inconsistency is corrected
by adjusting QCAP using large datasets of Exp—AP (details in Liang ®°). These adjusted QCAP
were used for all the compounds to predict the observed Kcut in Figure 6-2C. The RMSE =
0.494, which is competitive relative to that using Exp—AP.

6.3.1.1 Plant Cuticle-Water pp-LFER Including MCs and MLCs

The dataset employed by Platts and Abraham ° to develop the Kcu pp-LFER in Eq. (6-2),
and used to make the predictions in Figure 6-2, did not contain MCs or MLCs. Therefore, pp-
LFERs were developed using the expanded Kcu: dataset compiled from the literature, which also
includes a more heterogeneous group of plant species. The results are shown in Figure 6-3 and
the pp—LFERs are listed in Table G-11. The same solute descriptors were used as in Figure 6-2A
and B. However, for Figure 6-3C, QCAP were used instead of the adjusted QCAP since QCAP
have been found to be superior when a new pp-LFER is being created .
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Figure 6-3 pp-LFER-fitted Kcut versus observed Kcut for organic compounds (Table G-5,
Table G-7, Table G-8, and Table G-10). Calculations made using the general pp-
LFER, Eq. (6-1), fitted to the full Kcutdataset collected from the literature. Solute
descriptors, uppercase letters for Eq. (6-1), are: (A) Absolv-AP °7; (B) Exp-AP
from either Liang et al. ®8 or the UFZ-LSER database °°, and Absolv—AP when
Exp—AP were not available; and (C) QCAP 8. RMSE: root mean square error of
prediction (log fitted - log observed) for all compounds included in the full Kcut
dataset (Table G-5). The RMSEs for only MCs and MLCs were = (A) 1.261; (B)
0.478; and (C) 0.421. The solid line indicates the best agreement (unity), dashed
lines are spaced at 1 log unit from unit.

The Kcut pp—LFER obtained using Absolv—AP improved the overall RMSE (1.167 to
0.778; Figure 6-2A and Figure 6-3A, respectively), but misfits for many of the compounds
resulted (Figure 6-3A). The Kcut pp—LFER obtained using Exp—AP slightly changed the already
good overall fit (RMSE = 0.382 to 0.332; Figure 6-2B and Figure 6-3B, respectively).

234



A good fit was also obtained when QCAP were used for all the compounds. The resulting
Kcut pp—LFER satisfactorily captured the overall variations in the dataset (Figure 6-3C) yielding
a RMSE = 0.386. The resulting plant cuticle-water pp—LFER built using QCAP is

log Keyr = —0.593 (£0.098) + 0.433 (+£0.086)E + 0.900 (+0.164)S
— 0.587 (£0.100)A — 5.409 (+0.253)B (6-8)
+3.442 (£0.203)V

using 77 compounds; N = 143 data points; RMSE = 0.386; R7,; = 0.939; SE = 0.394; F = 437.6.
Values in parenthesis = + the standard error, Rjdj. = adjusted R? and SE = regression residual

standard error.

The system parameters in Eq. (6-8), which are the lowercase variables in Eq. (6-1),
quantify the extent to which compounds partition to cuticle relative to water. The signs of the
system parameters in Eq. (6-8) are consistent with those obtained by Platts and Abraham ° (Eq.
(6-2)) for all molecular interactions except the dipolarity/polarizability term, s, which is negative
s = —0.413 in Eq. (6-2) and positive s = 0.900 in Eq. (6-8). The s > 0 in Eq. (6-8) suggests
that cuticle is a stronger solvation phase than water when interacting with polar/polarizable
solutes, which is an unexpected result. This is because water is usually stronger than many
environmental and biological phases through polarizability interactions 2, i.e., s < 0. However,
the ability of a pp—LFER to accurately characterize the properties of a solvation phase such as
cuticle, Igrgely relies on the quality and diversity of the solute descriptors used in its calibration
dataset 2.

While the solute descriptors used in Platts and Abraham ° (Absolv—AP and/or Exp—AP)
produced an excellent agreement to their observed values, the training set used in Eq. (6-8)
covers a considerably wider descriptor space in E and S values than that by Eq. (6-2) (range E":
4.29 vs. 3.26; and range S: 2.33 vs. 1.76; respectively. Table G-12). The high end of the S range
for EqQ. (6-8) comes largely from the MCs and MLCs. These compounds revealed the strength of
the cuticle interaction with more polar solutes, which can behave through both specific and
nonspecific molecular interactions 3. The s = 0.900 (Eq. (6-8)) suggests that the cuticle system
has a higher ability than water to attract polar solutes through dipolarity/polarizability-type
interactions and hence cause the partition coefficient to increase. This might be due in part to the
polar characteristics of the fatty acids in the cutin and cutan components of this lipid—like plant
component %354 7 |t is interesting to note that a positive s is also found in the pp—LFER of the
target lipid model (TLM) for the prediction of acute toxicity in aquatic organisms °, which uses
lipid as the site of action for the sorption of contaminants.

Besides a larger array of plant species in the calibration set, the good quality and wider
diversity of solute descriptors supported the choice of Eq. (6-8) over Eq. (6-2) for the prediction
of concentrations in plants from published uptake assays.

6.3.2 Estimation of Concentrations in Plants Observed in Independent Uptake Assays
Predictions were made based on the partitioning between soil OC, IW, and plant cuticle,
as described previously. The Koc model, Eq. (6-3), was used to estimate the concentration of the
MC, or MLC, in the soil IW (i.e., exposure concentration), and the Kcut model, Eq. (6-8), was
used to predict the corresponding concentration in the plant biomass. The final equation used to
predict the plant concentrations is Eq. (6-9) in Table 6-2, which contains the equations that
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comprise the bioconcentration model. An example is presented in Table G-16. Predicted versus
observed concentrations in plants for five MCs and two MLCs are shown in Figure 6-4 (Table
G-13 and Table G-17).

Table 6-2  Equations for the prediction of concentrations in plants exposed to MCs, or MLCs,
in soil and sand or water culture.

A partitioning—based plant bioconcentration model?:

_ KiCut feut CiSoilSolids

C: = 6-9
lPlant KiOC fOC ( )
Var. Equation #
Ki,.: logKoc =0.670 + 1.075E — 0.2775 — 0.3634 — 1.697B + 1.468V (6-3)
Cio .o
CiIW: C — _tSoil Solids (6_6)

lw
Kioc fOC

Kig,.: 10gKcye = —0.593 + 0.433E + 0.900S — 0.587A — 5.409B + 3.442V  (6-8)

CiPlant: CiPlant = KiCut fCut CiIW (6'7)

“Var.: Variables; i: MC, or MLC, of interest; C;,,, . concentration of compound i in

the plant biomass (mg kgawt™); K;.,.- plant cuticle-water partition coefficient of i (Lwater

Kgeuticle2); frye: dry weight fraction of cuticle in the plant (Kgcuticle KQdwt plant™);

Cig, i souias- CONCENtration of i in the soil solids (mg Kgawt'); K;,: soil organic carbon—

water partition coefficient of i (Lwater Kgoc™); foc: dry weight fraction of organic carbon

in the soil (kgoc kgawtsait™®); E, S, A, B, and V: solute descriptors for i (Table G-14);

Ci,,,- concentration of i in the growth medium interstitial water (IW) (mg LY

The three panels in Figure 6-4 contain the same predicted and observed concentrations in

the plant but with different coding by (A) compound, (B) growth medium, and (C) plant species.
These are the main factors that affect the performance of the model. Measured concentrations in
plants range about four orders of magnitude for seven different compounds including
nitroaromatic, nitramines, and nitropyridines. They were predicted within an order of magnitude
(Figure 6-4A). No bias in the predictions was observed for either MCs or MLCs.
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Figure 6-4 Predicted concentrations in the plant versus observed values from published uptake
studies (Table 6-2, Table G-13, and Table G-17). Color coding assigned based on:
(A) MCs and MLCs (Table 6-1), (B) growth medium, and (C) plant species.
Unfilled symbols indicate that the predicted concentration in the interstitial water
(using Eq. (6-6)) was replaced by the corresponding MC aqueous solubility as the
predicted concentration in the interstitial water exceeded solubility limits. The
border color for the unfilled symbols corresponds to the color identification in each
panel legend. Root mean square error of prediction (log predicted - log observed),
excluding predictions bounded at aqueous solubility, RMSE = 0.429. The solid line
indicates the best agreement (unity), dashed lines are spaced at 1 log unit from
unity.

The data included plant uptake assays carried out in three different growth media: soil,
sand, and water (Figure 6-4B). The accuracy of the predictions increased in the order of soil <
sand < water as shown by the logarithmic residuals ranging (minimum to maximum) from -0.897
to 1.249, -0.459 to 0.837, and -0.215 to 0.612, respectively (Table G-17). This can be due to both
the complexity of the experimental procedure increasing in the order of water < sand < soil and
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the inclusion of a Koc model to make the estimations from soil, which contributes to a larger
prediction uncertainty relative to that for uptake assays in water or in sand.

Predictions made using only the Kcut pp—LFER (Eq. (6-8)), i.e., those for experiments
performed with sand and water as the growth medium, produced RMSEs of 0.527 and 0.214,
respectively. This indicates that the Kcut pp—LFER model alone is capable of estimating within a
reasonable uncertainty the bioconcentration of compounds that are available for plant root uptake
using only the measured concentration in the water (IW in the case of sand), f ¢, and QCAP.

Contribution from plant carbohydrates to the bioconcentration of MCs was also examined
before being excluded from the model. A pp—LFER was built using literature data for partition to
cellulose and starch from water. Carbohydrate—water partition coefficients, Kcn, for MCs and
MLCs were small (-1.016 < (log Kcn) < -0.470) and accounted for maximum 3.3% of the Kew
even assuming carbohydrates were the predominant component of the plant. The overall
estimation error of the model changed only by 0.5% when carbohydrates were included as a
sorption compartment (see Appendix G for details).

It is difficult to maintain a nearly constant exposure concentration in soils, unlike in water
or sand due to both the degradation of the parent compound and the inhomogeneous distribution
of the compound in the soil. Unfortunately, for the majority of the data in Figure 6-4 the
concentrations in the growth medium were not monitored or prevented from significantly
fluctuating. Only the initial concentrations in the growth medium were available (Table G-13).
The loss of the parent compound led to the overestimation of some of the resulting plant
concentrations (Figure 6-4A and Figure 6-4B), especially for compounds like TNT which have
been shown to be readily transformed 2% °,

In order to circumvent the problem of significant compound degradation, large amounts
of chemicals are usually applied to soil as the initial exposure treatment during uptake assays
(Table G-13). However, for these soil treatments (unfilled symbols in Figure 6-4), the
concentration in the IW predicted with the Koc pp-LFER exceeded the aqueous solubility of the
compound. Hence, for these cases, the prediction of the concentration in the plant (Eq. (6-7)) was
made using the aqueous solubility of the compound as the exposure concentration. This yielded
single predictions (the horizontal trends in Figure 6-4), especially for MCs with low aqueous
solubilities, such as RDX and HMX (Table G-1).

Figure 6-4C shows the ten plant species in the dataset. No bias in the quality of
predictions was observed as a function of plant species. This indicates that using a couple fc.:
values representing the predominant families in the dataset is not an unreasonable
approximation.

Despite the lack of uniformity in the plant concentration data and some uncertainty in the
soil concentration over the duration of the exposure, the prediction of concentrations from
independent uptake assays for all three growth media using Eg. (6-9) yielded a RMSE = 0.429
(excluding predictions at aqueous solubility). This RMSE is competitive relative to that produced
by a detailed dynamic model based on physiological plant uptake by Trapp and Eggen !, RMSE
= 0.578 (calculated using data in their Figure 2). Their model predicts concentrations in plants,
such as barley and carrot (leaves, steams, and/or roots; excluding fruits for comparison to this
work), from greenhouse experiments for nonionic polar organic compounds. Unfortunately,
comparison to the other models for bioconcentration of organic compounds in plants cited
previously was not possible as a validation to an independent dataset is often not presented or it
is performed as a cross—validation .
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6.4 Conclusions

Bioconcentration of MCs and MLCs in grasses can be estimated based on the partitioning
between the growth medium solids, IW, and plant. Partitioning between soil OC and IW, and
between IW and plant cuticle for MCs, MLCs, and other organic compounds can be predicted
with pp—LFERs. Smaller estimation errors (RMSE = 0.386) for the Kcut pp—LFER are obtained
using QCAP as the solute descriptors for all compounds relative to using Absolv—AP or Exp—
AP. The superior quality of the QCAP and the diversity of the Kcut solute training dataset, enable
the better characterization of the solvation properties of the plant cuticle.

A demonstration of the prediction capabilities of the partitioning—based model to estimate
concentrations from independent plant uptake assays provides evidence of the model’s
usefulness and practicality. More accurate predictions are obtained for the estimation of plant
concentrations from assays performed in sand or water than those in complex soils.

The results presented suggest that the partitioning—based plant bioconcentration model
proposed (Eq. (6-9)), which utilizes quantum chemically computed Abraham parameters
(QCAP) and two pp—-LFERs, can be used to predict the MCs concentrations in grasses from
molecular structure only.
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Appendix G

SUPPLEMENTARY INFORMATION FOR: ESTIMATING GRASS-SOIL
BIOCONCENTRATION OF MUNITIONS COMPOUNDS FROM MOLECULAR
STRUCTURE

CONTENTS: Large tables located in accompanying Microsoft (MS) Excel file.
Munitions Compounds (MCs) and Munitions—Like Compounds (MLCs)

Table G-1  Selected characteristics and physicochemical properties of the MCs
and MLCs.

Transport of Munitions Compounds (MCs) between Soil and Plant

Figure G-1  Schematic diagram for the advective and diffusive transport of MCs
and MLCs between soil and water.

Table G-2  Literature measured average volumetric flows in xylem and phloem
for four plant species

Comparison of pp-LFERs for Soil Organic Carbon-Water Partition Coefficients (Koc)

Table G-3  Observed and predicted soil organic carbon—water partition
coefficients (Koc). Located in Chapter_6_Appendix G_Tables.xlsx
file.

Table G-4  Solute descriptor space coverage for three log Koc polyparameter
linear free energy relationships (pp—LFERS).

Figure G-2  Cross—plot of predicted Koc versus observed Koc.

Figure G-3  Cross—plot of predicted Koc versus MC-averaged observed Koc.

Polyparameter Linear Free Energy Relationship (pp—-LFER) Models

Table G-5  Plant cuticle-water partition coefficients (Kcut) data. Located in
Chapter_6_Appendix G_Tables.xlsx file.

Table G-6  Comparison of plant cuticle membrane—water partition coefficients
(Kem) and plant cuticle matrix—water partition coefficients (Kmx) for
undissociated organic compounds.

Table G-7  Kcut calculated using pp—LFERs with Absolv estimated Abraham
Parameters (Absolv—AP). Located in Chapter_6_Appendix
G_Tables.xlsx file.
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Table G-8

Table G-9

Table G-10

Table G-11

Table G-12

Kcut calculated using pp—LFERs with Experimentally derived
Abraham Parameters (Exp—AP). Located in Chapter_6_Appendix
G_Tables.xlsx file.

Kcut calculated using pp—LFER with Adjusted Quantum Chemically
estimated Abraham Parameters (Adjusted QCAP). Located in
Chapter_6_Appendix G_Tables.xlIsx file.

Kcut calculated using pp—LFER with Quantum Chemically estimated
Abraham Parameters (QCAP). Located in Chapter_6_Appendix
G_Tables.xlsx file.

Kcut pp—LFERSs obtained using three different sources of solute
descriptors.

Range of solute descriptor space for the Kcut pp—LFERS by Platts and
Abraham ! and this work.

Estimation of Concentrations in Plants Observed in Independent Uptake Assays

Table G-13

Table G-14

Table G-15

Table G-16

Table G-17

Table G-18

Table G-19

Table G-20

Table G-21

Figure G-4

Data from published uptake assays with plants exposed to MCs, or
MLCs. Located in Chapter_6_Appendix G_Tables.xlIsx file.

Solute descriptors used for the prediction of MCs and MLCs
concentrations in plant biomass. Located in Chapter_6_Appendix
G_Tables.xlsx file.

Fraction of cuticle, f.,;, for plant species in the uptake assays
dataset.

Example for prediction of a MC concentration in a grass.

Predictions for published MCs and MLCs uptake assays. Located in
Chapter_6_Appendix G_Tables.xlsx file.

Examples of MCs plant uptake data surveyed but excluded from the
validation dataset. Located in Chapter_6_Appendix G_Tables.xIsx
file.

Observed carbohydrates—water partition coefficients (Kcn) and fitted
Kch with pp—LFER using QCAP. Located in Chapter_6_Appendix
G_Tables.xlsx file.

Kch pp-LFER

Predictions for published MCs and MLCs uptake assays including
carbohydrates as a sorption compartment. Located in
Chapter_6_Appendix G_Tables.xlsx file.

Cross—plot of predicted versus observed MCs and MLCs
concentrations in plants including carbohydrates as a sorption
compartment
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MCs and Munitions-Like Compounds (MLCs)

Table G-1 Selected characteristics and physicochemical properties of the MCs and MLCs.

Aqueous
Class Compound? casy  Molecular Structure Solubility®  Jog Kow®
Weight 1
mg L
TNT 118-96-7 227.13 115 1.60
~ MCs:  24.DNT 121-14-2 18214 200 1.98
Nitroaromatics
2,4-DNAN 119-27-7 198.14 155 1.58¢
o] o
O.\IT_//O
N.'V'CS:: RDX 121824 22212 [ ] 60 0.87
Itramines 0L ._N N_ +_0
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HMX 2691-41-0 29616 S N_f 5 0.16

4-NAN 100-17-4 153.14 <> 590 2.03

MLCs 2-M-5-NPYNE  5446-92-4  154.13 o 1406¢ 1.55

/C'
2,5-DM-4-NANE  6313-37-7 198.18 " \@ Ny 1801¢ 1.63¢

NH,

& Abbreviations: 2,4,6-trinitrotoluene (TNT); 2,4-dinitrotoluene (2,4-DNT); 2,4-dinitroanisole (2,4-
DNAN); hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX); octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
(HMX); 4-nitroanisole (4-NAN); 2-methoxy-5-nitropyridine (2-M-5-NPYNE); 2,5-dimethoxy-4-
nitroaniline (2,5-DM-4-NANE)

b Experimental data from EPI Suite database 2

¢ Experimental value from Hawari et al. 3

d Estimate from EPI Suite 2 in absence of an experimental value
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Transport of Munitions Compounds (MCs) between Soil and Plant

MCs can potentially be transported through both advective and diffusive processes
between the soil interstitial water and the plant, as seen in Figure G-1. Two water flows in the
plant are considered: (i) inward flow (Qin) from the soil interstitial water (IW) to the plant,
moving along the plant xylem, and (ii) outward flow (Qout) from the plant to the soil IW, moving
along the plant phloem. At steady state, the mass of MC entering the plant should equal the mass
of MC leaving the plant. For advective transport only, the mass balance equation is

QinCin = QoutCour (G-1)
where C is the concentration of the MC. Rearranging Eq. (G-1) yields

Qin — Cout (G-Z)
Qout Cin

At steady state, Eq. (G-2) specifies the ratio of concentrations in the outflow and inflow.
Table G-2 contains measured values for average volumetric flows in both xylem and phloem for
four different plant species. At night Qout (i.€., Qphicem) can be up to half of Qin (i.€., Qxylem) for
herbaceous plants like tobacco; Qin largely dominates on the average daily cycle. As a daily
average the concentration ratio is given by Eq.(G-2).

In addition to advective transport, diffusive mass transfer also occurs. Diffusive exchange
(£difr) across the root would decrease the ratio of Cout to Cin. As shown in Figure G-1, both the
diffusive exchange in and out occur between the interstitial water and the root. Therefore, if the
MC concentration builds up inside the plant, a gradient favoring outward transport of the MC
will arise counterbalancing the inward transport. In this way, the diffusive exchange would lower
the concentration ratio. If diffusive exchange is much larger than advective exchange, then Cout
= Cin. In any case the return flow and diffusive exchange prevent the internal plant concentration
from increasing indefinitely.
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Figure G-1 Schematic diagram for the advective and diffusive transport of MCs and MLCs between soil and water. Q;,, = inward
flow moving along the plant xylem; @, = outward flow moving along the plant phloem; ¢4;¢ = diffusive exchange.
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Table G-2  Literature measured average volumetric flows in xylem and phloem for four plant species®.

Qxy1
Qxylem Qphloemc Qxy—em
Plant common name® . . . phloem .
diurnal  nocturnal Avg. daily mm3 s diurnal nocturnal  Avg. daily
mmés?t  mm3s? mm?3s?! mm?3s?! mm?3s?t mm?3s?t
Grey poplar 16.25 5.00 10.63 0.75 21.67 6.67 14.17
Tomato 7.50 2.50 5.00 0.10 75.00 25.00 50.00
Castor Bean 3.50 0.50 2.00 0.20 17.50 2.50 10.00
Tobacco 1.25 0.20 0.73 0.10 12.50 2.00 7.25

2 Values from Figures 6 and 9 in Windt et al. 4
b Plant species, as reported in source: Grey poplar: Populus tremula x Populus alba, INRA clone 717 1B4; Tomato:

Lycopersicon esculentum cv. Counter; Castor bean: Ricinus communis; Tobacco: Nicotiana tabacum cv. Petit Havana
SR1

¢ Phloem flow showed small fluctuations throughout the daily cycle, but averaged over a whole day or night period the
differences were insignificant (Figure 6 and 7 in Windt et al. %)
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Comparison of pp-LFERs for Soil Organic Carbon-Water Partition Coefficients (Koc)

There are two pp-LFERs listed in the UFZ-LSER database ° for log Koc predictions:
Nguyen et al. ®

log Ky =0.14 + 1.10E — 0.72S + 0.154 — 1.98B + 2.28V (G-3)
Poole and Poole ’

log Ky = 0.55 + 0.95E — 0.39S — 0.394 — 1.51B + 1.76V (G-4)

In their paper, Kipka and Di Toro 8 present a comparison of their pp-LFER (Eq. (6-3))
performance to that of other pp-LFERs including those by Nguyen et al. ® (Eq. (G-3)) and Poole
and Poole 7 (Eq. (G-4)). Kipka and Di Toro 8 show that their pp-LFER has a smaller prediction
root mean square error for an independent dataset of 740 screened observations (Figure 3 in
Kipka and Di Toro ¥).

In order to compare the performance of these three pp—LFERs to predict log Koc for
MCs, an independent dataset (n = 40, Table G-3) for five MCs was collected from the literature.
The estimated log Koc are presented versus the observed values in Figure G-2. Observed Koc
vary up to three orders of magnitude for a single MC (Figure G-2), likely due to the different
experimental methodologies and determination methods used to obtain the log Koc (Table G-3).
MC-averaged observed log Koc are shown versus the predicted values in Figure G-3. Prediction
errors (RMSE: root mean square error) were similar for the pp—LFERs by Kipka and Di Toro 8
(RMSE = 0.565; Figure G-3A) and Poole and Poole ” (RMSE = 0.485; Figure G-3C), while the
pp-LFER by Nguyen et al. ® yielded a higher uncertainty (RMSE = 0.912; Figure G-3B). The
RMSEs obtained with the pp—LFERs by Kipka and Di Toro & and Poole and Poole 7 indicate that
approximately 68% of predicted log Koc fall within about half a log unit (a factor of about 3) of
the corresponding MC-averaged observed log Koc.
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Table G-3  Observed and predicted Soil Organic Carbon—Water Partition Coefficients (Koc) for

comparison of log Koc pp—LFERSs performance. Located in Chapter_6_Appendix
G_Tables.xlIsx file.
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Figure G-2 Predicted soil organic carbon-water partition coefficients (Koc) versus observed
Koc from published partitioning studies (Table G-3). Predicted Koc were calculated
with pp—-LFER from: (A) Kipka and Di Toro & (Eq. (6-3)), (B) Nguyen et al. ° (Eq.
(G-3)), and (C) Poole and Poole ’ (Eq. (G-4)). RMSE: Root mean square error of
prediction (log predicted - log observed). The solid line indicates the best agreement
(unity), dashed lines are spaced at 1 log unit from unity.
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Figure G-3 Predicted soil organic carbon—water partition coefficients (Koc) versus MC—
averaged observed Koc from published partitioning studies (Table G-3). Predicted
Koc were calculated with pp—LFER from: (A) Kipka and Di Toro & (Eq. (6-3)), (B)
Nguyen et al. ¢ (Eq. (G-3)), and (C) Poole and Poole 7 (Eq. (G-4)). RMSE: Root
mean square error of prediction (log predicted - log observed). Error bars represent
the standard error of the mean (SEM). The solid line indicates the best agreement
(unity), dashed lines are spaced at 1 log unit from unity.

Besides this competitive prediction performance, a wider solute descriptor space
coverage dictated the choice of using the pp—LFER by Kipka and Di Toro 8 for the estimation of
concentrations in plants observed in independent uptake assays described in the main text. The
dataset used to build the pp—LFER by Kipka and Di Toro & is not only larger (n = 440) than that
used in either Nguyen et al. ® (n = 75) or Poole and Poole * (n = 138) but it also covers a wider
solute descriptor space for all five solute descriptors (Table G-4) except E for which the pp-
LFER by Poole and Poole ” is about 0.5 log units wider. Solute diversity in the calibration
dataset expands the range of applicability of a pp—LFER, and that is especially useful for the

prediction of MCs with new or uncommon functionalities.
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Table G-4 Comparison of solute descriptor space coverage for three log Koc pp—LFERS.

Solute descriptor

Nguyen et al. ®

Poole and Poole ’

Kipka and Di Toro 8

Min. = 0.369 0.024 0.060

E Max. = 2.847 4.000 3.430
Range = 2.478 3.976 3.370

Min. = 0.380 0.300 0.370

S Max. = 1.910 2.170 3.250
Range = 1.530 1.870 2.880

Min. = 0.000 0.080 0.000

A Max. = 0.970 1.100 1.490
Range = 0.970 1.020 1.490

Min. = 0.000 0.000 0.000

B Max. = 1.050 0.900 1.920
Range = 1.050 0.900 1.920

Min. = 0.617 0.308 0.308

\% Max. = 2.303 1.954 3.401
Range = 1.687 1.646 3.093

Polyparameter Linear Free Energy Relationship (pp—LFER) Models

Table G-5 Plant cuticle-water partition coefficients (Kcut) data. Located in

Chapter_6_Appendix G_Tables.xlsx file.
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Table G-6  Plant cuticle membrane—water partition coefficients (Kcm) and plant cuticle matrix—
water partition coefficients (Kmx) for undissociated organic compounds from
Sabljic et al. ** and the summary statistics for the significance of the cuticular
component on the resulting plant cuticle—water partition coefficient (Kcut).

log Kem or mx?

Compound CAS # C. aurantium F. elastica C. annuum

CM MX CM MX CM MX
phenol 108-95-2 NA NA 1.51 1.69 1.59 1.67
2-nitrophenol 88-75-5 NA NA 1.84 1.99 1.92 2.04
4-nitrophenol 100-02-7 1.79 1.76 1.80 1.89 1.97 2.03
atrazine 1912-24-9  2.15 2.17 2.16 2.15 2.19 2.20
pentachlorophenol 87-86-5 4.42 4.46 4.55 4.60 4.66 4.72
hexachlorobenzene  118-74-1 5.70 5.79 5.74 6.01 5.80 5.82
perylene 198-55-0 6.45 6.59 6.20 6.58 6.55 6.58

Summary statistics®

Df t stat p-value®

Cuticle component 36 -0.143 0.887

2 Lwater KQeuticle™X. As reported in the corresponding source(s): C. aurantium: Citrus aurantium L; F.
elastica: Ficus elastica Roxb. var. decora; and C. annuum: Capiscum annuum L.

b t-test: Two-Sample Assuming Unequal Variances

¢ A p-value < 0.05 was accepted as significant
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Table G-7  Absolv estimated Abraham Parameters (Absolv—AP) 22 and Kcut calculated using
pp—LFERs with Absolv—-AP. Located in Chapter_6_Appendix G_Tables.xIsx file.

Table G-8 Experimentally derived Abraham Parameters (Exp—AP) > 2 and Kcut calculated
using pp—LFERs with Exp—AP 2. Located in Chapter_6_Appendix G_Tables.xlsx
file.

Table G-9  Adjusted Quantum Chemically estimated Abraham Parameters (Adjusted QCAP) 12
and Kcut calculated using pp—LFER with QCAP. Located in Chapter_6_Appendix
G_Tables.xlsx file.

Table G-10 Quantum Chemically estimated Abraham Parameters (QCAP) 2 and Kcut calculated
using pp—LFER with QCAP. Located in Chapter_6_Appendix G_Tables.xlIsx file.
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Table G-11 Results of the Kcut pp—LFER multiple linear regression analyses fitting the general
Abraham polyparameter model (Eq. (6-1)) to Kcut data using three different sources
of solute descriptors?,

Source of Plant cuticle phase b
sol ute descriptors Standard error ¢t value p-value
descriptors
o 0.171 0.220 0.776 4.39E-01
e 1.228 0.221 5.545 1.46E-07
s 0.013 0.263 0.048 9.62E-01
AbsolV—AP® a -0.508 0.267 -1.905 5.89E-02
b -1.965 0.245 -8.019 4.22E-13
v 1.672 0.292 5.730 6.13E-08
77 compounds; N = 143; RMSE = 0.778; Rjd]-_ =0.751; SE =
0.795; F = 86.8
c -0.175 0.091 -1.926 5.62E-02
e 0.569 0.098 5.808 4.21E-08
s -0.239 0.100 -2.382 1.86E-02
Exp-AP¢ a -0.132 0.114 -1.153 2.51E-01
b -4.103 0.146 -28.145 < 2.00E-16
v 3.493 0.147 23.836 < 2.00E-16
77 compounds; N = 143; RMSE = 0.332; Rjd]-_ =0.955; SE =
0.400; F = 600.1
c -0.593 0.098 -6.027 1.46E-08
e 0.433 0.086 5.058 1.33E-06
s 0.900 0.164 5.501 1.79E-07
QCAPE a -0.587 0.100 -5.895 2.78E-08
b -5.409 0.253 -21.353 < 2.00E-16
v 3.442 0.203 16.921 < 2.00E-16
77 compounds; N = 143; RMSE = 0.386; Rjdj. =0.939; SE =
0.394; F =437.6
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& Kcut dataset described in Table G-5. N = number of data points used to estimate the
regression equation coefficients, RMSE = root mean square error of prediction,

R} 4;.= adjusted coefficient of determination, SE = regression residual standard
error, and F = Fischer’s F statistic

® A p-value < 0.05 was accepted as significant

¢ Absolv-AP listed in Table G-7

d Exp—AP listed in Table G-8

¢ QCAP listed in Table G-10

Table G-12 Range of solute descriptor space for the plant cuticle-water pp—LFERSs by Platts
and Abraham * and this work.

lert_gsthni This work®

Min. = 0.00 0.47

E Max. = 3.26 4.76
Range = 3.26 4.29

Min. = 0.00 0.12

S Max. = 1.76 2.45
Range = 1.76 2.33

Min. = 0.00 0.00

A Max. = 0.96 1.09
Range = 0.96 1.09

Min. = 0.00 -0.05

B Max. = 1.67 1.31
Range = 1.67 1.36

Min. = 0.308 0.295

/4 Max. = 2.674 2.498
Range = 2.366 2.203

2 Eq. (6-2). Range reported in Platts and Abraham !
b Eq. (6-8). QCAP range from Table G-10
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Estimation of Concentrations in Plants Observed in Independent Uptake Assays

Table G-13 Data from published uptake assays with plants exposed to MCs, or MLCs, in the
growth medium. Located in Chapter_6_Appendix G_Tables.xlsx file.

Table G-14 Solute descriptors used in the partitioning-based bioconcentration model, Eq. (6-9),
for the prediction of MCs and MLCs concentrations in plant biomass. Located in
Chapter_6_Appendix G_Tables.xlsx file.
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Table G-15 Fraction of cuticle, f,,;, for plant species in the uptake assays dataset.

Plant _ Plant  Specific Leaf Area Cuticle per area feut
common Species? famil Source Source
name amily cm? mgdwf1 MJdwt cm2 KQcuticle KQawt plant_l
Barley H.vulgare  Poaceae 0.30 3 0.62 3 0.18
WeepIng A floribunda  Fabaceae 0.01 Slin % 19.65 3 0.21
acacia
Avg. = 0.20

& As reported in source: H. vulgare: Hordeum vulgare L. cv. Dongboree; A. floribunda: Acacia floribunda
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Table G-16 Example for prediction of a MC (HMX) concentration in grass (Perennial ryegrass).

Input data

i: HMX

Plant species: Perennial ryegrass

HMX Adjusted QCAP for prediction of K :

HMX QCAP for prediction of K; . .

Variable  Value
E =0.881
S =2.383
A =0.315
B =1.020
Vv =1.643
isoitsotias — 41
foc =0.141
Variable  Value
E =1.165
S =2451
A =0.635
B =1.050
vV =1.631
feuticie =0.18

264

Units

mg Kgdwt soil

kgoc Kgdwt soir™

Units

KQcuticle KQawt pIant'l

Source
Table G-14

Table G-14
Table G-14
Table G-14
Table G-14

28

Table G-13

Source
Table G-14

Table G-14
Table G-14
Table G-14
Table G-14

Table G-15



Prediction

Variable

C

K;

oc

w

K;

Cut

iplant

- 10(0.670+1.075E—0.277S—0.363A—1.697B+1.468V)

- 10(0.670+1.075*0.881—0.277*2.383—0.363*0.315—1.697*1.020+1.468*1.643)

= 33.385 Luwater kgOC_l

_ Sisoirsolias
Kipcfoc
— 41mg kgawe "
33.385 Lwater kgoc™ *0.141 kgoc kgawe

=8.710 mg L

> 5 mg Lt HMX aqueous solubility

Predicted C;,,,, is > aqueous solubility; use aqueous solubility as C;,, for onward

calculations
- 10(—0.593+0.433E+O.9OOS—0.587A—5.409B+3.442V)

- 10(—0.593+0.433*1.165+0.900*2.4—51—0.587*0.635—5.409*1.050+3.4—42*1.631)
= 47.705 Lwater kgcuticle_1

= KiCut fCut CiIW

=47.705 Lwater kgcuticle_1 * 0.18 kgcuticle kgdwt plant_1 *5 mg L_l

= 42.935 mg kgawt*

vs. 43 mg kgawt* observed C;

lPlant

Based on
Eq. (6-3)

Eq. (6-6)

Table G-1

Eq. (6-8)

Eq. (6-7)

Table G-13
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Table G-17 Predicted values for MCs and MLCs concentrations in interstitial water and plant
biomass using the partitioning—based bioconcentration model (Eqg. (6-9)) 2. Located
in Chapter_6_Appendix G_Tables.xlsx file.

Table G-18 Examples of MCs plant uptake data surveyed but excluded from the validation
dataset. Located in Chapter_6_Appendix G_Tables.xlIsx file.

Estimation of Concentrations in Plants Observed in Independent Uptake Assays
Including the Contribution from Carbohydrates

Contribution from plant carbohydrates to the bioconcentration of MCs was also examined
before being excluded from the model. A pp—LFER for the prediction of carbohydrate—water
partition coefficients, Kcn, was built using: (i) QCAP as the solute descriptors, and (ii) a dataset
for partition to cellulose and starch from water by Hung et al. “° (Table G-19). The Kcn dataset
includes alkyl benzenes, halogenated benzenes, aniline derivatives, short—chain chlorinated
hydrocarbons, esters, polychlorinated biphenyls, organochlorine pesticides, and polycyclic
aromatic hydrocarbons (Table G-19). The resulting Kcn pp-LFER is

log K¢y, = — 1.801 + 0.472E — 0.297S — 2.662B + 2.305V (G-5)

where Kch = carbohydrate-water partition coefficient (Lwater KQcarbohydrate *) and statistics are listed
in Table G-20.

Table G-19 Observed Kch and fitted Kcn with pp—LFER using QCAP. Located in
Chapter_6_Appendix G_Tables.xlIsx file.
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Table G-20 Kcn pp—LFER from the multiple linear regression analysis fitting the general
Abraham polyparameter model (Eq. (6-1)) to Kcn data using QCAP solute
descriptors?.

Source of Carbohydrate phase Standard b
solute q . t value p-value
h escriptors error
descriptors
c -1.801 0.087 -20.643 < 2.00E-16
e 0.472 0.058 8.082 8.26E-11
s -0.297 0.134 -2.208 0.031591
0.103 0.219 0.470 0.640282
QCAP® @
b -2.662 0.209 -12.743 < 2.00E-16
v 2.305 0.124 18.599 < 2.00E-16
59 compounds; N = 59; RMSE = 0.165; R},; = 0.965; SE = 0.175;
F =3184

4 Kcn dataset described in Table G-19. N = number of data points used to estimate
the regression equation coefficients, RMSE = root mean square error of prediction,
R} 4;.= adjusted coefficient of determination, SE = regression residual standard
error, and F = Fischer’s F statistic

b A p-value < 0.05 was accepted as significant, hence the aA term was excluded
from the final pp—LFER (Eg. (G-5))

¢ QCAP listed in Table G-19

Predicted Kcn for MCs and MLCs were small (-1.016 < (log Kcn) < -0.470; Table G-21).
The partitioning—based plant bioconcentration model (Eq. (6-9)) was modified to include the
contribution from carbohydrates

_ (Kl'Cut feur + KiCh fCh) Cismz Solids (G-6)
Plant KiOC fOC

The contribution from carbohydrates (K;., fcr) accounted for maximum 3.3% of the Kew
(= Ki.,, fout + Kig, fcn) (Table G-21) even assuming carbohydrates were the predominant
component of the plant (i.e., fcn=1 - fcur). The overall estimation error of the bioconcentration
model changed only by 0.5% when carbohydrates were included as a sorption compartment
(RMSEcut+ch = 0.431; RMSEcut = 0.429). Results are shown in Table G-21 and Figure G-4.

o
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Table G-21 Predicted values for MCs and MLCs concentrations in plant biomass using the
partitioning—based bioconcentration model that includes contributions from
carbohydrates (Eq. (G-6)) 2 Located in Chapter_6_Appendix G_Tables.xlIsx file.
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Figure G-4 Predicted concentrations in the plant versus observed values from published uptake
studies including the contribution from carbohydrates and cuticle (Eq. (G-6)) (Table
G-21). Color coding assigned based on: (A) MCs and MLCs (Table G-1), (B)
growth medium, and (C) plant species. Unfilled symbols indicate that the predicted
concentration in the interstitial water (using Eq. (6-6)) is substituted for the
corresponding MC aqueous solubility since the predicted concentration in the
interstitial water exceeds solubility. See main text for further details. The border
color for the unfilled symbols corresponds to the color identification in each panel
legend. Root mean square error of prediction (log predicted - log observed),
excluding predictions bounded at aqueous solubility, RMSE = 0.431. The solid line
indicates the best agreement (unity), dashed lines are spaced at 1 log unit from
unity.
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Chapter 7

PREDICTING OLIGOCHAETE WORMS-SOIL BIOCONCENTRATION OF
MUNITIONS COMPOUNDS FROM MOLECULAR STRUCTURE

Abstract

Soil uptake studies have shown that munitions compounds (MCs) accumulate in
oligochaete worms. This work presents a model for the prediction of MCs bioconcentration in
oligochaetes considering chemical partitioning between soil, interstitial water, and worm lipid
and protein. All the partition coefficients (K) were calculated using polyparameter linear free
energy relationships (pp—LFERSs) with Abraham solute descriptors computed from only
molecular structure through quantum chemical methods. Two pp—-LFERS were compared for the
estimation of Kiipia. The first one (i.) was fitted exclusively to oligochaetes data, and the second
(ii.) was an existing pp—LFER calibrated to data from various organisms. The oligochaete BCFs
calibration data were estimated with a similar root mean square error, RMSE (log estimated - log
observed) = (i.) 0.499 and (ii.) 0.677. A validation of the partition—based model’s capabilities
against independent data yielded RMSEs = 0.396 and 0.523 using (i.) or (ii.), respectively. This
bioconcentration model is especially useful when data are unavailable due to scarcity of BCFs
experimental values or the MC being at the development stages since the inputs for these pp—
LFERs, the Abraham solute descriptors, are estimated from the compound molecular structure.

7.1 Introduction

Residues of munitions compounds (MCs) deposited on soils at military ranges and areas
exposed to off-site migration of contaminants come in direct contact with biota inhabiting the
soils. As a result, soil dwelling organisms such as oligochaetes are exposed to, and are likely to,
accumulate MCs posing risks not only of direct toxicity but also of transference to higher trophic
levels. Modeling tools are required to estimate the degree of bioconcentration to be expected.

Worms are crucial for the structure and fertility of soils, and for the recycling of nutrients
! Terrestrial and aquatic worms are routinely used as test organisms to assess the environmental
risk of contaminants 23. Their abundance, behavior, and contaminant body burden are
bioindicators of soil and sediment quality *. The bioconcentration of organic compounds in
worms is defined as the steady state ratio of the compound concentration in the worm to that in
the soil or sediment interstitial/pore water °, and it is expressed as

C; C:
_ lorganism _ lworm
BCF; = (C- =\7 (7-1)
lAvailable in growth medium./ ¢g¢ uw /gs

where i refers to a compound of interest (e.g., a MC), BCF; = bioconcentration factor of i (Lwater
Kgworm awt™*; dwt = dry weight), SS denotes steady state, Ciyyorm = CONcentration of i in the worm
(mg kgawt'), and Ci,,, = dissolved concentration of i in the interstitial water (IW) (mg LY.

Models that are able to estimate the concentration of organic compounds in worms using
the soil concentration rather than the measured interstitial water concentration are preferred

because of the analytical challenges associated with separating the interstitial water from soil or
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sediment solids. Dynamic models based on first-order kinetics have been proposed %2 to
estimate the steady state concentration in the worm using

R

iworm k: Lsolid growth medium
i

c (7-2)

e

where C; . 4 growth medium concentration of i in the solid growth medium (mg kgaw™), k; =

uptake rate constant (d!), and k;, = elimination rate constant (d}). The rate constants k; and k;,
represent the summed contributions from various uptake and elimination processes. Worms can
take up contaminants through two main routes: (i) dermal via diffusion of the contaminant
dissolved in the interstitial water through the skin, and (ii) intestinal via ingestion of
contaminated particles >*3, Dynamic models may include both of these uptake routes °.
However, with the exception of very hydrophobic chemicals (octanol-water partition coefficient,
log Kow > 6) for which the second route is of major importance, the first route has been shown to
be dominant for a variety of organic compounds ®**. These dynamic models incorporate a
detailed representation of the mechanisms involved in the uptake process, but they often require
a large number of fitting parameters for each chemical °. Therefore, a large dataset is needed to
estimate the parameters for each of the specific uptake and elimination processes. This limits the
use of these models for proposed compounds for which only the molecular structure is known.

Models that include only the passive partitioning between soil (or sediment) solids and
soil interstitial water, and between soil interstitial water and worm components have been
published *>18, These models consider only the organic phases present in soil and worms to
estimate the distribution of contaminants. Soil organic carbon, worm lipid, and worm protein
have been suggested as phases that play a major role >!2%, To estimate the partition coefficients
between organic carbon and water (Koc), lipid and water (Kvipid), and protein and water (Kerotein),
these models often use single-parameter quantitative structure-activity relationships (QSARS)
that are developed using a log-log correlation of each Koc, KLipid, and Kprotein With the Kow. This
assumes that octanol has similar solvation properties to those of soil OC and worm components.
However, this is not the case for more polar compounds, compounds that interact by hydrogen-
bonding 2224, and certain worm species 1’. The reliance on the Kow as the sole chemical property
used to estimate the BCF provides little insight into the chemical properties that make a
compound more likely to bioconcentrate in worms. This is important information that can be
used to aid in selecting among proposed MCs early in the development stage.

Recent models for estimating Koc, KLipid, and Kerotein employ polyparameter linear free
energy relationships (pp-LFERs) 2> that estimate partitioning by considering the contributions
from different types of interactions between the solute and the condensed phase (e.g., soil
organic carbon, worm lipid). Thus, pp—LFERs are able to more fully characterize the solvation
properties of the condensed phase and the strength of its interactions with solutes relative to that
of water. In order to achieve these results, however, pp—LFERs demand a significantly larger and
more chemically diverse training dataset of partition coefficients than that for single-parameter
Kow-based models.

Unfortunately, the database available for partitioning of organic compounds between
worm and water is rather limited. However, if the uptake of these compounds from soil is mainly
driven by passive partitioning between interstitial water and worm components such as lipid and
protein, and less dependent on active physiological processes inherent to a particular organism,
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then the sources of data for the calibration of Kvipia and Kprotein pp—LFERS can be expanded to
other organisms such as fish for which numerous measurements exist in the literature. Moreover,
experimental fish BCFs have been found to be in the same order of magnitude as worm BCFs for
organic compounds including MCs 27-%°, This suggests that the fish data could be used to build
models that produce a baseline estimate of the MCs bioconcentration in worms.

The objective of this work is to predict the bioconcentration of MCs (Table H-1 in
Appendix H) in oligochaete worms based on the partitioning between soil solids, interstitial
water, and worm components. This is achieved using pp—LFERs for the prediction of Koc to
calculate the concentration in soil available for dermal uptake, and KLipid and Kprotein to estimate
the sorption to worm tissue. Two Kripia pp—LFERs are compared for the estimation of the
bioconcentration in oligochaetes. The first is fitted exclusively to oligochaete data, while the
second is an existing model that was calibrated to lipid partitioning data from various organisms.
The same Kprotein pp—LFER is used for both models.

The procedure for the estimation of concentrations in oligochaetes from soil is validated
by predicting concentrations in an independent dataset (23 observations) compiled from
published uptake assays. The pp—LFERs use only molecular structure to compute the required
model parameters. Therefore, they can also be used to assess the bioconcentration potential for
proposed MCs early in the development stage.

7.2 Methodology
Two types of estimations are made: (i) estimation of observed oligochaete BCFs, as

defined in Eq. (7-1), for those experiments that report measured concentrations in the interstitial
water, and (ii) prediction of concentrations in oligochaetes observed during uptake experiments
for which the concentration in the interstitial water was unknown or not reported and, therefore,
needs to be predicted. The first set of estimations tests the partitioning—based BCFs models using
measured exposure concentrations, while the second set of estimations examine whether the Koc,
KLipid, and Krrotein pp—LFERS can be used to predict MCs concentrations in oligochaetes within a
reasonable uncertainty for situations where only soil concentration measurements are available.

7.2.1 Estimation of Oligochaete Worms Bioconcentration Factors (BCFs)

The bioconcentration model employed for oligochaetes is similar to that employed for
fish 3. Three phases are assumed to represent the components in the worm for which partitioning
determines the BCF: lipid, protein, and internal water. A three phase partitioning model, based
on the BCF definition in Eq. (7-1), is

fWater) 1 (7-3)

fdwt
where i is an organic compound of interest (e.g., a MC); Kiyipia and K;,, ... are the lipid-water
and protein—water partition coefficients of compound i, respectively (Lwater Kgiipia™ and Lwater

Kgprotein™); fripia @nd fprorein are the worm wet weight fraction of lipid and protein, respectively

(Kgipid Kgwwt worm™ and Kgprotein Kgwwt worm™, wwt = wet weight); fiyqcer and fy,,¢ are the worm
mass fraction of water and dry weight, respectively (KQwater KQuwt worm™ and Kgawt Kgwwt worm™);

BCFL. = (fLipid KiLipid + fProtein Kiprotein +
Pwater
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1

and Py arer 1S the density of water (Kgwater Lwater™). The term is included since most of the

dwt

literature BCFs data are reported on a dry weight basis and the worm fractions of lipid and
protein are most commonly presented on a wet weight basis. Eq. (7-3) represents a worm as a
three component system: lipid, protein, and internal water, and the BCF is the sum of the
individual contributions of compound i in each of the three compartments. The sources for the
BCFs data (Table H-2) are described below in Section 7.2.3.1 together with the sources for the
fractions of lipid, protein, water, and dry weight (Table H-3 and Table H-4). Kiyipia and K;

were calculated using the pp—LFERs described below in Section 7.2.2.1.

Protein

7.2.2 Polyparameter Linear Free Energy Relationship (pp—LFER) Models
The pp—-LFER models for partitioning between water and soil organic carbon, lipid, and
protein used in this work are based on the Abraham polyparameter model %

logKsyy =c+eE+sS+aA+bB+vV (7-4)

where Ksw, the dependent variable, is the partition coefficient between a solvation phase (e.g.,
organic carbon, worm lipid) and water, and the independent variables, the right hand side of Eq.
(7-4), account for the free energy contributions from different types of molecular interactions.
The uppercase letters in Eq. (7-4) are solute descriptors for the compound being modeled (e.g., a
MC) and the lowercase letters refer to the complementary effect of the solvation phase on the
corresponding interaction. The eE term represents the dispersion interactions that occur between
non-polar (no permanent multipole moments) molecules. The sS term is the
dipolarity/polarizability that arises from dipole-dipole and dipole-induced dipole interactions.
The aA and bB terms account for the donation and acceptance of hydrogen bonds, which are
bonds between certain types of hydrogen atoms and highly electronegative atoms in polar
molecules. The aA term refers to solvent acceptor (a)-solute donor (A) and bB to solvent donor
(b)-solute acceptor (B). Finally, vV accounts for the energy required for cavity formation, and ¢
is a regression constant %,

7.2.2.1 Lipid-Water and Protein—Water pp-LFERs

Two Kipia pp—LFERSs were tested for the estimation of oligochaete BCFs and the
validation for the prediction of concentrations in oligochaetes from independent uptake
experiments. The same Keprotein pp—LFER was used for both tests. The first KLipia pp—LFER was
obtained using Eq. (7-4) substituted into Eq. (7-3) and fit exclusively to BCF oligochaete data
collected from the literature, sources described below in Section 7.2.3.1. The solute descriptors,
uppercase letters in Eq. (7-4), were Quantum Chemically estimated Abraham Parameters
(QCAP) from Liang 3! (Table H-5). Briefly, the QCAP E and V are obtained from the
compound’s computed molecular polarizability and molecular volume, respectively. The QCAP
S, A, and B are simultaneously estimated with a multiple linear regression analysis (MLRA)
applied to Eq. (7-4) using quantum chemically computed solvent—water partition coefficients for
60 solvents with known lowercase parameters 322, The primary reason for using QCAP for the
development of the worm lipid—water pp—LFER is the failure of other available Abraham
parameter estimation methods for certain MCs, whereas QCAP have been shown to successfully
predict Ksw values for a wide variety of organic compounds including MCs and compounds with
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similar chemical structural functionalities, which are referred to as munition-like compounds
(MLCs; Table H-1) 3.

The second KLipid and the Kprotein pp—LFERS were obtained from recent publications by
Kuo and Di Toro 303

log Ky ipia = 0.84 (£0.14) + 0.77 (£0.10)E — 1.10 (£0.19)S
—0.47 (£0.22)A — 3.52(+0.20)B + 3.37(+0.13)V
248 compounds; N = 248; RZ2= 0.88; RMSE = 0.57

(7-5)

log Kprotein = — 0.88 (£0.17) + 0.74 (£0.13)E — 0.37 (£0.15)S
—0.13 (+0.15)4A — 1.37 (+0.16)B + 1.06 (+0.14)V
69 compounds; N = 69; R2=0.76; RMSE = 0.38

(7-6)

where K;iniq and Kpyotein are expressed as Lwater kgiipia™ and Lwater Kgprotein™, respectively, values
in parenthesis are + the standard error, N = number of data points used to estimate the regression
equation coefficients, R? = coefficient of determination, and RMSE is the root mean square error
of estimation. Kuo and Di Toro %32 calibrated Eq. (7-5) using data from multiple sources
including partitioning experiments with fish fat/oil for a diverse set of organic compounds (1.0 <
log Kow < 8.5). Eq. (7-6) was trained with data from partitioning to human serum albumin as a
protein surrogate for compounds with low log Kow (0.0 < log Kow < 4.5) for which partitioning
to protein is more dominant than partitioning to lipids.

The solvent parameters for lipid—water partitioning in Eq. (7-5) can be used to determine
which phase, lipid or water, is more competitive for solutes. A positive solvent coefficient causes
an increase in the partition coefficient indicating that lipid is preferred relative to water. For
example, dispersion interactions (e = 0.77 > 0) favor lipid, and cavity formation in the lipid
requires less free energy than in water (v = 3.37 > 0), so again lipid is favored. Eq. (7-5),
however, shows that the lipid is less polar/polarizable (s = - 1.10 < 0) and accepts hydrogen
bonds (a = - 0.47 < 0) and donates hydrogen bonds (b = - 3.52 < 0) less readily than water,
indicating that for these type of interactions water is favored over lipid.

The protein solvent parameters in Eq. (7-6) depict protein as a phase with solvation
tendencies similar to those of the lipid phase relative to water as the signs for all the solvent
parameters are the same in Eq. (7-6) and Eq. (7-5). The competitiveness for solutes between
protein and lipid, however, varies with the type of molecular interaction as listed in Table 7-1 ,
which contains the differences in solvent parameters between the two phases. Negative
differences in Table 7-1 indicate the molecular interaction type represented by that solvent
parameter favors protein over lipid. In this way, protein is stronger than lipid for polarizability
(s), acceptance of hydrogen bonds (a), and donation of hydrogen bonds (b). Lipid is favored for
dispersion (e) and cavity formation (v).

The solute descriptors, uppercase letters in Eq. (7-4), for the partition coefficient pp-
LFERs used here, Eq. (7-5) and Eq. (7-6), were the appropriate QCAP reported by Liang 3
(Table H-5).
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Table 7-1  Comparison of the competitiveness for solutes between lipid and protein, calculated
as the difference between the solvent parameters in the KLipia and Kerotein pp—LFERS
obtained by Kuo and Di Toro %%, Eq. (7-5) and Eq. (7-6), respectively.

Solvent Phase Difference
parameter Lipid  Protein
e 0.77 0.74 0.03
s -1.10  -0.37 -0.73
a -047  -0.13 -0.34
b -352  -1.37 -2.15
v 337 1.06 2.31

7.2.2.2 Soil Organic Carbon-Water pp-LFER

The Koc values were estimated using the pp—LFER model developed by Kipka and Di
Toro 3

log Ko =0.670 (£0.088) + 1.075 (+£0.061)E — 0.277 (£0.083)S (7-7)
—0.363 (£0.100)A — 1.697 (£0.085)B + 1.468 (£0.077)V
440 compounds; N = 440; RMSE = 0.48

where Koc is expressed as Lwater Kgoc™. This model was built with a wide and chemically varied
dataset for nonionic organic compounds. The solvent parameters in Eq. (7-7) indicate that the
soil organic carbon phase has similar solvation tendencies than those of the lipid and protein
phases shown in Eq. (7-5) and Eq. (7-6), respectively, as the signs for all the molecular
interactions are the same among these three pp—LFERSs. A comparison of the difference in
solvent parameters between lipid and organic carbon is presented in Table 7-2. Negative
differences in Table 7-2 indicate the molecular interaction type represented by that solvent
parameter favors organic carbon over lipid. In this way, the organic carbon phase is stronger than
lipid for all molecular interactions with the exception of cavity formation (v). The solute

descriptors used to apply this model here were the appropriate QCAP reported by Liang ! (Table
H-5).
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Table 7-2  Comparison of the competitiveness for solutes between lipid and organic carbon,
calculated as the difference between the solvent parameters in the Kvipia pp—LFER
by Kuo and Di Toro 3%, Eq. (7-5), and Koc pp-LFER by Kipka and Di Toro %,

Eq. (7-7).
Phase
Solvent Difference
parameter Lipid oC
e 077  1.08 -0.31
s -1.1 -0.28 -0.82
a -047  -0.36 -0.11
b -352 -1.70 -1.82
v 3.37 1.47 1.90

7.2.3 Experimental Data

Two datasets were compiled from published uptake assays: oligochaete BCFs from
studies with measured concentrations in the interstitial water, and concentrations in oligochaetes
from studies performed in soil for which measured concentrations in the interstitial water were
unavailable. Data exclusion criteria were: (1) compounds with experimental log Kow > 6.0
(values from the EPI Suite database *°) given that the worm intestinal uptake route becomes
predominant for these highly hydrophobic chemicals, (2) compounds for which QCAP were not
available (Liang %), (3) measurements obtained at exposures concentrations causing lethal or
inhibitory effects to worms, (4) concentrations below reported analytical quantification limits or
without clarification on whether they were expressed on a dry or fresh weight basis, and (5)
studies not reporting either the soil organic carbon or organic matter content. The data are listed
in Tables H-2 and H-8.

7.2.3.1 Oligochaete Worms Bioconcentration Factors

A BCF dataset was assembled that is both chemically diverse and has oligochaete species
variety as well. The compounds include MCs, MLCs, polycyclic aromatic hydrocarbons (PAHS),
and organochlorines for studies with seven different terrestrial and aquatic oligochaete species
(Table H-2). The exposure media include coarse quartz sand (0.5-1.0 mm effective diameter
particles, hereafter referred to as "sand"), spiked or contaminated soil more complex than simple
sand (hereafter referred to as "soil™), spiked or contaminated sediment, and water. A total of 60
observed oligochaete BCFs values for undissociated organic compounds were compiled (Table
H-2). The oligochaete species in the BCFs dataset are: Eisenia andrei (E. andrei); Lumbriculus
variegatus (L. variegatus); Lumbricus terrestris (L. terrestris); Eisenia fetida (E. fetida);
Lumbricus rubellus (L. rubellus); Tubifex tubifex (T. tubifex); Monopylephorus rubroniveu (M.
rubroniveus).

Values for f1ipia: fprotein: fwater» @Nd fa,: Were found in the literature for five of the
seven oligochaete species in the dataset (Table H-3). Values for the missing species were
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calculated as the average among oligochaetes of the same type, i.e., terrestrial or aquatic (Table
H-4).

7.2.3.2 Concentrations in Oligochaete Worms

A dataset was compiled from measurements reported in published uptake assays with
oligochaetes exposed to MCs in soil (Table H-8). The dataset includes the concentration in the
worm, concentration in the soil, exposure time, and mass fraction of organic carbon in the soil
(foc)- A total of 23 observations were compiled. Further details of the experiments are described
in Table H-8. The oligochaete species included in this dataset are E. andrei and E. fetida.

7.2.4 Prediction of Concentrations in Oligochaete Worms Observed in Independent
Uptake Assays
Concentrations of MCs in oligochaetes reported in published soil uptake assays (Table
H-8) were predicted using the Koc, KLipid, and Kprotein pp—LFERS. The concentration of MCs
available for worm passive uptake in soil exposure medium was estimated using

C _ CiSoilSolids _ CiSoilSolids

w = g T K (7-8)
iSoilw iochC

where C;, . = concentration of compound i in the growth medium interstitial water (IW) (mg L°

1 — M . - - _1 _ -
)s Cicousonas = CONCENtration of compound i in the soil solids (mg kgawt ™), K., = Soil-water

partition coefficient of compound i (Lwater Kgawt soit™®), and £, = dry weight fraction of organic

carbon in the soil (kgoc kgawt soil™*).Values for Cigou souas WETE those reported by the sources as

the concentration at the beginning of the exposure or a steady state exposure concentration when
available. Values for f,, were also obtained from the sources when available. However, soil
organic matter content (as fo or %, w/w) is reported in most of the sources. A factor of 0.50
was used to convert f,, to foc when needed *°. K; _ were estimated using Eq. (7-7), described
previously in Section 7.2.2.2.

Using the predicted C;,, , the concentration of MCs in worm biomass was estimated as

oc

C :Ki C

ww “iw

= (fLipid KiLipid + ferotein Kiprotein +

iWorm

f dwt

where K; ., = worm-water partition coefficient of compound i (Lwater kgawt worm™). K; were

Lipid
estimated using both of the pp-LFERs described previously in Section 7.2.2.1. K;,, . were
estimated using Eq. (7-6). Values for f},,ia, ferotein: fwater» and fau Were obtained from the

literature (Table H-3).

fwater ) Ciy  (7-9)

Pwater
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7.3 Results and Discussion

7.3.1 Lipid-Water and Protein—-Water pp—LFERs and Estimation of Oligochaete Worms
BCFs
The estimation of oligochaete BCFs was performed substituting Eg. (7-4) into Eq. (7-3)
for the KLipid, which yields

1
BCFi = [fLipid 10(c+eE+sS+aA+bB+vV) + fProtein Kiprotein + fWateT (7'10)
Pwater fdwt

where values for f1iniq, ferotein: fwater» @Nd fa: Were obtained from the literature (Table H-4),
iprorein WETe estimated using Eqg. (7-6), and the solute descriptors, uppercase letters in Eq. (7-4),

were QCAP reported by Liang 3! (Table H-5), and the solvent parameters, lowercase letters in
EQ. (7-4), were the result of the MLRA to the oligochaete BCFs.

The fitted BCFs using Eq. (7-10) are shown in Figure 7-1. The regression yielded a
RMSE = 0.499, indicating that approximately 68% of the estimated BCFs fall within + 0.499 log
units (a factor of + 3.16) of the corresponding observed BCF. The color coding in Figure 7-1
allows to identify each data point by compound (Figure 7-1A), exposure medium (Figure 7-1B),
and oligochaete species (Figure 7-1C). The BCFs covered a range of approximately five orders
of magnitude (0.664 < log BCF < 5.389) for which MCs and MLCs constitute the lower end of
the range (Figure 7-1A). No bias was observed for the estimation of any compound.

On the other hand, the RMSE of the estimates depended on the exposure media (Figure
7-1B) with RMSEs for each group increasing in the order of sand < water < soil < sediment
(0.177, 0.365, 0.467, and 0.768, respectively). This was expected as the concentrations measured
in worms and exposure phase in experiments with sediments or soils are less reliable than those
in assays with sand or water. This is due to the analytical challenges to collect worms or
interstitial water (i.e., exposure phase) from sediment or soil without also disturbing the sample
and changing it in some way, for example by oxidation.

No trend was observed in the estimation as a function of the oligochaete being terrestrial
or aquatic (Figure 7-1C), suggesting that the model could be applied to a variety of oligochaete
species.
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Figure 7-1  Fitted versus observed BCFs for organic compounds (Table H-6). Regression made
using a BCF model (Eg. (7-10)) with partitioning to three worm components, lipid
(Eq. (7-11)), protein (Eq. (7-6)), and internal water. Color coding assigned based
on: (A) organic compound, (B) exposure medium, and (C) oligochaete species.
Root mean square error of estimation (log estimated - log observed BCF), RMSE =
0.499. Abbreviations defined in Table H-2. The solid line indicates the best
agreement (unity), dashed lines are spaced at 1 log unit from unity.

The Kvipia pp—LFER obtained in this work with the MLRA described for Eq. (7-10) using
exclusively BCF oligochaete data was
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log K} ipia =0.751 (£0.780) + 0.431 (£0.189)E — 2.409 (£0.387)S
—0.787 (+0.393)A4 — 2.106 (+0.793)B (7-11)
+ 4.553 (+£0.673)V
27 compounds; N = 60

where the solvent parameters, lowercase variables in Eq. (7-4), resulted to be very similar to
those in the Kvipia pp—LFER obtained by Kuo and Di Toro 3% with lipid—water partitioning data
from multiple sources including fish fat/oil (Eq. (7-5)). Both Eq. (7-5) and Eq. (7-11) exhibit the
same competitiveness of the lipid phase relative to water as the signs of the solvent parameters
are the same for all types of molecular interactions and, with the exception of s, the values are
not different at the 5% level of statistical significance (Table H-7).

Given the similarities between these two Kiipia pp—LFERS, a comparison of estimations
for the BCF oligochaete data was performed using either the Kvipia pp—LFER by Kuo and Di
Toro %0 (Eq. (7-5)) or that obtained in this work (Eq. (7-11)) and shown in Figure 7-2. The
BCF model (Eq. (7-3)) was able to capture the linear variation in the observed oligochaete BCFs
in spite of using a Kvipia pp—LFER not trained specifically with oligochaete data (Figure 7-2B).
The underestimation of three organochlorines in the higher end of the dataset (Figure 7-2)
appears to be an artifact of the experimental measurements as all three observations are from the
same study and are approximately two orders of magnitude higher than values corresponding to
the same compounds (1,2,3,4-tetrachlorobenzene; pentachlorobenzene; and hexachlorobenzene)
and oligochaete species (Tubifex tubifex) reported by other studies also included in the set (Table
H-2). No bias was observed in the estimates of any of the eight chemical classes in particular.
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Figure 7-2  Estimated versus observed BCFs for organic compounds (Table H-6). Estimations
made using a partitioning—based BCF model (Eg. (7-3)) with the KLiipida pp—LFER
from: (A) this work (Eqg. (7-11)), and (B) Kuo and Di Toro 3 (Eq. (7-5)). Legend:
Chemical class with corresponding count; PAH: polycyclic aromatic hydrocarbon.
RMSE: Root mean square error of estimation (log estimated - log observed BCF).
The solid line indicates the best agreement (unity), dashed lines are spaced at 1 log
unit from unity.

Obtaining a RMSE for the prediction with Eq. (7-5) (RMSE = 0.677) that is larger than
that using Eq. (7-11) (RMSE = 0.499) is expected since unlike the KLiipia pp—LFER built in this
work, the KLipia pp—LFER by Kuo and Di Toro 3*32 is not fitted to the data. Figure 7-2B is an
independent prediction of the observed oligochaete BCFs. The fact that a reasonable uncertainty
in the estimation of oligochaete BCFs is obtained using a Kipia pp—LFER not specific to worms
suggests that the solvation properties of worm lipid and lipid from other organisms such as fish
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are indeed similar. Therefore, it appears that the resulting concentration in the oligochaete is
mostly chemical-specific, rather than species—specific.

The contribution of the three worm components (lipid, protein, and water) to the
estimated BCFs varied among chemical classes, as shown in Figure 7-3, a comparison of the
fraction contributed to the BCFs by each worm component. Considerable differences were also
found within the MCs (NQ; RDX; 2,4-DNAN) and MLCs (3,5-DN-0-TAME; 2-A-4-NAN; 2-M-
5-NPYNE; 4-NAN) and thus they are not grouped together in Figure 7-3. The contributions were
more uniform within the other chemical classes; therefore, the values in Figure 7-3 are the
average for each of these classes.
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Figure 7-3  Contribution of worm components (lipid, protein and internal water) to the fitted
BCF (Eq. (7-3)) for MCs, MLCs, and other chemical classes in the oligochaete
dataset presented in Figure 7-1. Estimation of partitioning to lipid component made
using KLipia pp—LFER from this work (Eq. (7-11)), and to protein component using
Keprotein pp—LFER from Kuo and Di Toro 3032 (Eq. (7-6)). Numbers in parenthesis
are the corresponding count. Abbreviations are defined in Table H-2.

Lipid rose to be the dominant phase for chlorinated phenols, pesticides, PAHSs,
organochlorines, chlorinated PAHSs, and vinyl halides (Figure 7-3), while water contributed the
most to the oligochaete BCFs for all MCs and MLCs with the exception of 4-NAN. Protein
resulted to be the phase with no dominant contributions to the BCFs for all chemicals classes
including MCs and MLCs (Figure 7-3). A reason is that despite the high content of this phase in
oligochaetes (approximately 10%wwt, Table H-4), the energy required for cavity formation in
protein is considerably larger in comparison to that needed in lipid. This is indicated by the wide
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positive difference for v in Table 7-3 (3.49), a comparison of the solvent parameters between
lipid (KLipia pp—LFER from this work) and protein. In addition to v, a large difference was also
found for the dipolarity/polarizability solvent descriptor, s, (Table 7-3), but in this case the
discrepancy favors the protein phase (-2.04).

Table 7-3  Comparison of the competitiveness for solutes between lipid and protein, calculated
as the difference between the solvent parameters in the KLipid 0btained in this work
and Kprotein pp—LFER obtained by Kuo and Di Toro 323 Eq. (7-11) and Eq. (7-6),
respectively.

Solvent Phase Difference
parameter Lipid  Protein
e 043 074 -0.31
s 241 -0.37 -2.04
a 079  -0.13 -0.66
b 211 -1.37 -0.74
v 455  1.06 3.49

The effect of these contrasting solvation capabilities on the resulting Kvipia and Kerotein,
and ultimately on the estimated oligochaete BCF, for this set of organic compounds is examined
more in depth in Figure 7-4. Figure 7-4 pairs the effect of the solvation capabilities with the
complementary response from the compounds studied, i.e., a solvent—solute product (xX), which
when added together result in the lipid—water and protein—water partition coefficients (Eq. (7-4)).
Most of the xX values for the protein phase are near 0 and none are above 3 (Figure 7-4). This
illustrates the very low effectiveness of protein to solvate these organic compounds, especially
relative to lipid for which some xX values reach approximately 8. The dipolarity/polarizability
interactions that show favorability for partition to protein based only on the solvent parameter s
(Table 7-3), contrast with the results for the sS product. The sS values for protein are all <0
(Figure 7-4), and while they are not as negative as those for lipid they contribute to the low
competitiveness of protein for solutes relative water. The effect from the dispersion interactions
(eE) and the donation and acceptance of hydrogen bonds (a4 and bB) to either the KLipid 0Or the
Krrotein are small with values between -1.80 and 2.61 (Figure 7-4), which is a very narrow range
relative to that covered by the sS and vV terms (-6.3 to 8.3).

Overall, the dominant contribution to the oligochaete BCFs for these compounds is that
from the lipid phase. The major role in the partitioning between lipid and water is played by the
cavity formation (vV) and dipolarity/polarizability (sS) interactions which are -6.3 < s§ < -1.2
and 3.0 < vV < 8.3, respectively (Figure 7-4). These sS and vV terms counteract each other and
hence the appropriate term to examine differences across chemical classes is sS + vV (Figure
7-4). Chemical classes of a less polar nature and requiring more energy for cavity formation due
to their larger molecular volumes, such as PAHs and organochlorines, have in larger values sS +
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vV (Figure 7-4), and thus show the most substantial contributions from the lipid phase to the
estimated oligochaete BCF (Figure 7-4).

In contrast, compounds that have smaller molecular volumes and are of a more polar
nature, such as most of the MCs and MLCs, have in smaller sS + vV values (Figure 7-4), and
thus show the most substantial contributions from the water phase to the estimated oligochaete
BCF (Figure 7-3). These results add to the importance of chemical-specificity and molecular
interactions on the bioconcentration of nonionic organic compounds in oligochaetes.
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Figure 7-4  Contribution from solute-solvent products (xX, Eq. (7-4)) to the estimated log KLipid
(EQ. (7-11)) and log Kerotein (EQ. (7-6)) for MCs, MLCs, and other chemical classes
in the oligochaete BCF dataset presented in Figure 7-1.

7.3.2 Prediction of Concentrations in Oligochaete Worms Observed in Independent
Uptake Assays
Predictions of concentrations in oligochaete worms for MCs using the BCF model are
shown in Figure 7-5 (Tables H-11 and H-12). The final equation used to predict the worm
concentration is Eq. (7-12) in Table 7-4, which contains the equations used ordered in the
sequence to generate a prediction. In Eq. (7-12), the C;,_,, and f,c were obtained directly from

the source of the uptake assay (Table H-8), worm values for f,iia, ferotein, fwater, @Nd fawe
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were from the literature (Table H-9), and Kiyiniar Kiprotein: and K, were estimated using the pp-

LFERs in Eq. (7-5) (or Eq. (7-11)), Eq. (7-6), and Eq. (7-7), respectively. A worked example on
how to proceed with the calculations to make a prediction is shown in Table H-10.

Table 7-4  Sequence of equations for the prediction of concentrations in oligochaetes exposed
to MCs, or MLCs, in soil.

A partitioning—based oligochaete worms bioconcentration model®:

fWater ) CiSm'l Solids
fdwt fOC Kioc

(7-12)

CiWorm = (fLiPid KiLipid + fProtein KiProtein Pwat
ater

Var. Equation #

Ki,. log Koc =0.670 + 1.075E — 0.277S — 0.3634 — 1.697B + 1.468V (7-7)

Cio o

C C: — _‘Soil Solids 7-8
w w KiochC ( )

Kiypia 108 Kiipia = 0.84 + 0.77E — 1.10S — 0.47A — 3.52B + 3.37V (7-5)

Kivpia 108 Kiipia =0.751 + 0.431E — 2.409S — 0.787A — 2.106B + 4553V (7-11)

Kip. oroin 108 Kprotein = — 0.88 + 0.74E — 0.375 — 0.134 — 1.37B + 1.06V (7-6)
fwater Ci

CiWorm CiWorm = (fLipid KiLipid + fProtein Kiprotein ﬂ) — (7'9)
Pwater fdwt

®Var.: Variables; i: MC, or MLC, of interest; C;, : concentration of i in the worm (mg

kgawt); fripia A fprotein: Wet weight worm fraction of lipid and protein, respectively
(Kgipid Kguwt worm™ and Kgprotein Kgwwt worm™, wwit: wet weight); K;,, ., and Ky, lipid—
water and protein—water partition coefficients of i, respectively (Lwater KQlipia™* and Lwater
KQprotein™); fiwaeer @Nd faue: WOrm mass fraction of water and dry weight, respectively
(kgwater Kguwt worm™ and Kgawt Kguwt worm™); pwacer: density of water (Kgwater Lwater®);
Cigoirsonias. CONCENtration of compound i in the soil solids (Mg kgawtsaii™); foc: dry weight
fraction of organic carbon in the soil (kgoc kgawtsoii™); K;,.: organic carbon-water
partition coefficient of i (Lwater kKgoc™); E, S, A, B, and V: QCAP for i (Table H-9); C;,,, :
dissolved concentration of i in the interstitial water (IW) (mg L)

Concentrations exceeding the aqueous solubility in the soil interstitial water were
obtained when predicting the dissolved concentration from the reported soil concentrations for
RDX and HMX (Table H-1), as shown in Figure 7-5. Often very large concentrations, up to
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10000 mg kgawt®, of a compound of interest are applied to the soil at the beginning of uptake
assays in order to compensate for the losses of the parent compound due to
transformation/degradation processes and/or to overcome analytical limitations in the detection
of compounds with low aqueous solubilities 3-°. However, these large concentrations result in
both sorbed and pure compound in the soil. In order to predict the concentration in the worm for
these cases, it was assumed that the dissolved concentration was at the solubility of the
compound and not at the predicted concentration based on a measured soil concentration. This is
the reason that the predicted worm concentration is constant for RDX and HMX in Figure 7-5.
Also, because the prediction was based on an assumed concentration (solubility of the
compound) these data were not included in the calculation of the RMSE for the models.

The RMSEs for the model using either Kiipia pp—LFER (Eq. (7-11) or Eq. (7-5)) were
RMSE = 0.396 (Figure 7-5A) and RMSE = 0.523 (Figure 7-5B), which parallels the result
obtained for the estimations of BCFs from experiments with measured concentrations in the
interstitial water (RMSE = 0.499 and RMSE = 0.677 in Figure 7-2). The reason for the
difference is that the model in panel (A) uses the KLipia pp—LFER fitted to the BCF oligochaete
data, whereas the model in panel (B) uses the Kiipida pp—LFER by Kuo and Di Toro 3232, which
was calibrated to a set of partitioning data from various lipid sources.

The BCF model (Eq. (7-12)) was able to predict oligochaete concentrations for a small
but chemically heterogeneous MCs dataset including nitramines (e.g., RDX, abbreviations for
MCs are defined in Table H-1) and nitroaromatics (e.g., TNT) as well as new insensitive MCs
(e.g., 2,4-DNAN) %°. These MCs have diverse molecular structures and functional groups that
interact to a different degree with the lipid and protein phases making the prediction of the
concentration in the worm components challenging. While the differences among MCs are
considerably smaller than those relative to other chemical classes, the BCF model employs pp—
LFERs that are sensitive to these variations via the solute Abraham parameters. For example,
RDX, TNT, and 2,4-DNAN are described by different values for their ability to undergo
hydrogen bonding donation (A4: 0.528, 0.302, 0.187, respectively; Table H-9), and RDX and
TNT have distinctive values for the extent of their interactions through dispersion forces (E:
1.020 and 1.660, respectively; Table H-9).
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Figure 7-5 Predicted versus observed concentrations of MCs in oligochaetes from independent
studies. Predictions made using a partitioning—based model (Eqg. (7-12)) with the
KLipid pp—LFER from (A) this work (Eq. (7-11)) or (B) Kuo and Di Toro % (Eq.
(7-5)). Unfilled symbols represent predictions made with concentrations in the
interstitial water at aqueous solubility. RMSE: Root mean square error (log
predicted - log observed concentration in worm), excluding predictions at agqueous
solubility. The solid line indicates the best agreement (unity), dashed lines are
spaced at 1 log unit from unity.

The results shown in Figure 7-5 are for the prediction of data that were not part of the
calibration of either BCF model. In this way, Figure 7-5 serves as a validation for the underlying
assumptions of the BCF model (Eq. (7-12)), those are, (1) the uptake from soil is mainly from
passive diffusion, and (2) the worm components playing a major role in the bioconcentration of
MCs are lipid, protein, and water.
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7.4 Conclusions

Oligochaete worms bioconcentration factors can be estimated based on the partitioning to
three main worm components: lipid, protein, and internal water. The individual contribution of
the components to the bioconcentration was dependent on the chemical compound. Compounds
that interact mostly through dispersive forces embedded in the cavity formation (vV) and
dispersion (eE) terms, such as PAHs and organochlorines, showed a large preference for worm
lipid. Compounds that are of a more polar nature interacting predominantly through
polarizability (sS) and hydrogen bonding (aA and bB), such as RDX and NQ, concentrated
mostly in the worm internal water. The uncertainties for the estimation of the oligochaete BCFs
were low using either a lipid—water pp—LFER trained exclusively with oligochaete data (RMSE
=0.499; Eq. (7-11)) or one trained with data from various sources of lipids including fish fat/oil
(RMSE = 0.677; Eq. (7-5)). No bias was observed in the model estimates as a function of the
oligochaete being a terrestrial or aquatic species, suggesting partitioning to the lipid phase has
little dependence on the organism species, something which would be expected for a chemical-
dominated process. In this way, the abundant amount of lipid—water partitioning data available
for organisms like fish can be used to make a baseline estimation of the BCFs for oligochaetes
for which limited data exists.

Concentrations in oligochaete worms exposed to MCs in soil during independent uptake
assays were estimated based only on the partitioning between soil organic carbon and interstitial
water, and between water and worm components. Using this modeling frame, observed values
were predicted within £ 0.396 log units (or £ 0.523, depending on the KLipia pp—LFER used for
the lipid contribution). This indicates that the concentration available for worm uptake can be
predicted from partitioning between soil interstitial water organic carbon, and that partitioning to
worm components can estimate the extent of the bioconcentration to be expected.

These results demonstrate the ability of the BCF model to make reasonable estimates
without relying on experimental measurements and using only molecular structure to compute
the required model parameters. This is particularly useful when data for a specific organism are
scarce, predictions need to be made for large libraries of compounds, and/or environmental risk
needs to be assessed for compounds in the development stage.
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Appendix H

SUPPLEMENTARY INFORMATION FOR: PREDICTING OLIGOCHAETE WORMS-
SOIL BIOCONCENTRATION OF MUNITIONS COMPOUNDS FROM MOLECULAR

STRUCTURE

CONTENTS:

Munitions Compounds (MCs) and Munitions—Like Compounds (MLCs)

Table H-1

Selected characteristics and physicochemical properties of the MCs
and MLCs.

Oligochaete Worms bioconcentration factors (BCFs)

Table H-2

Table H-3

Table H-4

Table H-5

Table H-6

Table H-7

Oligochaete worms bioconcentration factors (BCFs) dataset.

Worm mass fraction of dry weight (f,,,), fraction of lipid (f,;p:a),
and fraction of protein (fp,orein) Obtained from the literature.

WOrm fiipiar feroteins fawe: @Nd fyyqeer Used for the calculation of
oligochaete BCFs.

Quantum Chemically estimated Abraham Parameters (QCAP) and
adjusted QCAP from Liang 3! used for the calculation of oligochaete
BCFs.

Calculated oligochaete BCFs.

Statistics for the comparison of the lipid phase descriptors between
the two Kipia pp—LFERS evaluated.

Estimation of Concentrations in Oligochaete Worms Observed in Independent Uptake

Assays
Table H-8

Table H-9

Table H-10

Table H-11

Data from independent uptake assays with oligochaetes exposed to
MCs in soil.

Values for fiipia: feroteins fawe: @A fyarer,» QCAP, and adjusted
QCAP ! used for the prediction of the concentrations in
oligochaetes.

Worked example for prediction of a MC concentration in an
oligochaete.

Predicted values for soil organic carbon-water partition coefficient
(Koc), concentration in interstitial water, and concentration in
oligochaetes using the KLipia pp—LFER from this work.
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Table H-12  Predicted values for K, ., concentration in interstitial water, and
concentration in oligochaetes using the Kiipia pp—LFER obtained by
Kuo and Di Toro 3033,
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Munitions Compounds (MCs) and Munitions-Like Compounds (MLCs)

Table H-1  Selected characteristics and physicochemical properties of the MCs and MLCs included in the oligochaete worms lipid—
water pp—LFER and the model validation.

Aqueous
age b
Class Compound? casy#  Molecular Structure Solubility®  jog Kow?
Weight 4
mg L
H,C _
0 0
|\/|C Iil;\\
. .
. S 2 4-DNAN 119-27-7  198.14 155 1.58°
Nitroaromatics
//N;
B
\E’/
RDX 121-82-4  222.12 Y 60 0.87
'J\N*/N‘-\/N\N*/O
l 8
MCs: . /i\\ .
Nitramines HMX 2691-41-0 296.16 O>N_—N\ JN_N\’{O 5 0.16
.
NHE
N:<
NQ 556-88-7 104.07 o N{ " 4400 -0.89
N :

302



2-A-4-NAN 99-59-2 168.15 115 1.47

2-M-5-NPYNE 5446-92-4 154.13 14061 1.55

MLCs

4-NAN 100-17-4 153.14 590 2.03

HEC\_
5
i r‘.IH2
_/N:‘.Q
o} o}
Sy
e
E/N:\‘c
o} r‘.IHE
CH,
3,5-DN-o-TAME  148-01-6 225.16 1000 0.19¢
S i7"
| |
o} o}
H,C._
(o]
_/Nf‘::_
o} o]

42,4-DNAN: 2,4-dinitroanisole; RDX: hexahydro-1,3,5-trinitro-1,3,5-triazine; HMX: octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine; NQ: nitroguanidine; 2-A-4-NAN: 2-amino-4-nitroanisole; 2-M-5-NPYNE:
2-methoxy-5-nitropyridine; 3,5-DN-0-TAME: 3,5-dinitro-o-toluamide; 4-NAN: 4-nitroanisole.

b Experimental data from EPI Suite database *°

¢ Experimental value from Hawari et al. 4°

d Estimate from EPI Suite % in absence of an experimental value
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Oligochaete Worms Bioconcentration Factors (BCFs)

Table H-2  Oligochaete worms bioconcentration factors (BCFs) dataset.

a Chemical log  Exposure . Aquatic Obs.
Compound CAS # class? Kow®  medium Worm species or log BCF" Source
terrestrial
NQ 556-88-7 MC -0.89 Soil E. andrei terra -0.211 0
3,5-DN-0-TAME 148-01-6 MLC 0.19¢ Sand E. andrei terra 0.778 4
RDX 121-82-4 MC 0.87 Soil E. andrei terra 0.740 29
RDX 121-82-4 MC 0.87 Soil E. andrei terra 0.602 29
RDX 121-82-4 MC 0.87 Soil E. andrei terra 0.663 29
RDX 121-82-4 MC 0.87 Soil E. andrei terra 0.699 29
RDX 121-82-4 MC 0.87 Soil E. andrei terra 0.633 29
RDX 121-82-4 MC 0.87 Soil E. andrei terra 0.748 29
RDX 121-82-4 MC 0.87 Soil E. andrei terra 0.740 29
RDX 121-82-4 MC 0.87  Water E. andrei terra 1.114 29
RDX 121-82-4 MC 0.87  Water L. variegatus aqua 0.380 28
2-A-4-NAN 99-59-2 MLC 1.47 Soil E. andrei terra -0.087 0
2-M-5-NPYNE 5446-92-4 MLC 1.55 Sand E. andrei terra 1.041 4
2,4-DNAN 119-27-7 MC 1.58° Soil E. andrei terra 1.185 0
4-NAN 100-17-4 MLC 2.03 Sand E. andrei terra 1.672 4
simazine 122-34-9 pesticide 2.18 Water L. terrestris terra 2.161 15
3-chlorophenol 108-43-0 cL-phenol 2.5 Water E. fetida terra 0.845 16
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3-chlorophenol
3-chlorophenol
3-chlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
1,2,3-TCB

y-HCH

v-HCH

a-HCH

fluorene

fluorene

fluorene
1,3,5-TCB
anthracene
anthracene
anthracene
anthracene
anthracene
phenanthrene
1,2,3,4-TCB
1,2,3,4-TCB
HCBT

108-43-0
108-43-0
108-43-0
95-77-2
95-77-2
95-77-2
95-77-2
87-61-6
58-89-9
58-89-9
319-84-6
86-73-7
86-73-7
86-73-7
108-70-3
120-12-7
120-12-7
120-12-7
120-12-7
120-12-7
85-01-8
634-66-2
634-66-2
87-68-3

cL-phenol
cL-phenol
cL-phenol
cL-phenol
cL-phenol
cL-phenol
cL-phenol
org-chlorine
pesticide
pesticide
pesticide
PAH
PAH
PAH
org-chlorine
PAH
PAH
PAH
PAH
PAH
PAH
org-chlorine
org-chlorine
vinyl halide

2.5
2.5
2.5
3.33
3.33
3.33
3.33
4.05
414
4.14
4.14
4.18
4.18
4.18
4.19
4.45
4.45
4.45
4.45
4.45
4.46
4.6
4.6
4.78

Water
Water
Water
Water
Water
Water
Water
Water
Sediment
Water
Sediment
Water
Water
Water
Water
Water
Water
Water
Water
Water
Sediment
Water
Sediment
Sediment
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E. fetida
L. rubellus
L. rubellus

E. fetida

E. fetida
L. rubellus
L. rubellus
E. andrei
T. tubifex
L. terrestris
T. tubifex

L. variegatus
L. variegatus
L. variegatus
E. andrei
L. variegatus
L. variegatus
L. variegatus
L. variegatus
L. variegatus
T. tubifex?

E. andrei
T. tubifex
T. tubifex

terra
terra
terra
terra
terra
terra
terra
terra
aqua
terra
aqua
aqua
aqua
aqua
terra
aqua
aqua
aqua
aqua
aqua
aqua
terra
aqua
aqua

1.230
2.009
2.090
1.431
1.380
1.301
1.613
3.103
3.279
3.380
2.674
2.519
2.580
2.690
2.824
3.134
3.107
3.146
3.143
3.152
4.263
3.748
5.797
4.462

16
16
16
16
16
16
16
18
27
42
27
43
43
43
18
43
43
43
43
43

44,45
18

44,45

27



pyrene
pyrene
pyrene
pyrene
pyrene
fluoranthene
fluoranthene
PChB

PChB

PChB

2,3,4,5,6-PCT

HCB

HCB

HCB

HCB

HCB
1,2,3,4-TCN
B[a]A
chrysene

129-00-0
129-00-0
129-00-0
129-00-0
129-00-0
206-44-0
206-44-0
608-93-5
608-93-5
608-93-5
877-11-2
118-74-1
118-74-1
118-74-1
118-74-1
118-74-1

20020-02-4

56-55-3
218-01-9

PAH
PAH
PAH
PAH
PAH
PAH
PAH
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
cL-PAH
PAH
PAH

4.88
4.88
4.88
4.88
4.88
5.16
5.16
5.17
5.17
5.17
5.62
5.73
5.73
5.73
5.73
5.73
5.75
5.76
5.81

Water
Water
Water
Water
Water
Water
Sediment
Sediment
Water
Sediment
Sediment
Sediment
Water
Water
Water
Sediment
Sediment
Sediment
Sediment
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L. variegatus
L. variegatus
L. variegatus
L. variegatus
L. variegatus

M. rubroniveus

T. tubifex
T. tubifex
E. andrei
T. tubifex
T. tubifex
T. tubifex
E. andrei
E. andrei
L. terrestris
T. tubifex
T. tubifex
T. tubifex
T. tubifex

aqua
aqua
aqua
aqua
aqua
aqua
aqua
aqua
terra
aqua
aqua
aqua
terra
terra
terra
aqua
aqua
aqua
aqua

3.299
3.303
3.279
3.176
3.079
4.037
4.953
4.279
4.096
5.972
4.447
4.380
4.506
4.614
4.290
6.408
4.322
5.828
5.658

43
43
43
43
43
43
44,45
27
18
44,45
27
27
18
18
15
44,45
27
44,45

44,45



21,2,3-TCB: 1,2,3-trichlorobenzene; y-HCH: y-hexachlorocyclohexane; a-HCH: a-hexachlorocyclohexane; 1,3,5-TCB:
1,3,5-trichlorobenzene; 1,2,3,4-TCB: 1,2,3,4-tetrachlorobenzene; HCBT: hexachlorobutadiene; PChB: pentachlorobenzene;
2,3,4,5,6-PCT: 2,3,4,5,6-pentachlorotoluene; HCB: hexachlorobenzene; 1,2,3,4-TCN: 1,2,3,4-tetrachloronaphthalene;
B[a]A: benzo[a]anthracene. For all other abbreviations see Table H-1 in Appendix H

b cL-phenol: chlorinated phenol; org-chlorine: organochlorine; PAH: polycyclic aromatic hydrocarbon; cL-PAH:
chlorinated PAH

¢ Experimental data from EPI Suite database *°

d Estimate from EPI Suite % in absence of an experimental value

¢ Experimental value from Hawari et al. %°

" E. andrei: Eisenia andrei; L. variegatus: Lumbriculus variegatus; L. terrestris: Lumbricus terrestris; E. fetida: Eisenia
fetida; L. rubellus: Lumbricus rubellus; T. tubifex: Tubifex tubifex; M. rubroniveus: Monopylephorus rubroniveus

9 More than 90% of the culture used in the studies reported in Kraaij et al. ** and Kraaij et al. *° consisted of the species
Limnodrilus hoffmeisteri and Tubifex tubifex (both family Tubificidae)

h Observed log BCF (L kgawtt). Values from Lord et al. *® are Kvipia, and were transformed using the corresponding mass
fraction of lipid from Table H-4 in Appendix H. Values from Kraaij et al. ** and Kraaij et al. *> were calculated using the
concentration in the worm lipid in Kraaij et al. ** and the concentration in the pore water (untreated sediment) reported in
Kraaij et al. °; biota-to-sediment accumulation factor (BSAF) and the concentration in the sediment for the 2 days aging
time (“contact time” in source) treatment reported in Kraaij et al. ** were used to obtain the concentration in the worm lipid
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Table H-3  Worm mass fraction of dry weight (fy,,.), fraction of lipid (fLipid)a and fraction of protein (fp,otein) Obtained from the

literature.
Aquatic fawe” fuipia fripia ferotein fprotein
Species? terr:srtrial kg Qlty.d kg Qlty. kg Qlty. kg Qlty. kg Qlty. Source

Kgwwt Kgwwt Kgdwtt Kgwwt Kgawt
E. andrei terra NA® NA  0.010 Msrd. 0.067 Calc. 18
E. andrei terra 0.15  Calc. NA NA NA NA 29
E. andrei terra NA NA  0.023 Msrd. 0.153 Calc. 46
E. andrei terra NA NA NA NA  0.142 Msrd. 41
E. andrei terra NA NA NA NA  0.105 Msrd. 41
E. andrei terra NA NA NA NA  0.121 Msrd. 41
E. fetida terra 0.157 Msrd. 0.019 Msrd. 0.120 Msrd. 0.110 Msrd. 0.702 Msrd. 47
L.terrestris terra NA NA 0.012 Msrd. 0.075 Calc. 48
L.terrestris terra 0.164 Msrd. 0.016 Msrd. 0.098 Msrd. 0.105 Msrd. 0.640 Msrd. 49
L. variegatus aqua 0.19 Msrd. 0.015 Calc. 0.080 Msrd. 50
L. variegatus aqua NA NA 0010 Msrd. 0.053 Calc. 51
L. variegatus aqua NA NA  0.011 Msrd. 0.055 Calc. 52
T. tubifex aqua 0.14 Msrd. 0.027 Msrd. 0.197  Msrd. 53
T. tubifex aqua 0.13 Msrd. 0.010 Msrd. 0.080 Msrd. 27
T. tubifex aqua NA NA  0.030 Msrd. 0.219 Calc. 4
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& Abbreviations defined in Table H-1 in Appendix H

® dwt: dry weight; wwt: wet or fresh weight

¢ Not available

d Quality of the values in the column immediately to the left. Calc.: values calculated with information either provided in the
source (e.g., ratio of BCF to BCFuipid for f;,,;4) or listed in this table. When f5,,. was unavailable from the source, calc. ;4
dwt values were obtained with the average f;,,. values listed in this table for the corresponding species. Msrd.: values measured
and reported explicitly in the source or elsewhere referred to by the source
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Table H-4  Worm mass fractions of lipid (fLipia), Protein (fprotein), dry weight (fg,,), and water (fiyq¢er) Used for the estimation of
oligochaete BCFs?.

Compound® |, Eie, Worm speces” (kgfﬁgmifm-l) st gy (kg ooy
NQ -0.211 E. andrei 0.017 0.108 0.150 0.850
3,5-DN-0-TAME 0.778 E. andrei 0.016 0.108 0.150 0.850
RDX 0.740 E. andrei 0.017 0.108 0.150 0.850
RDX 0.602 E. andrei 0.017 0.108 0.150 0.850
RDX 0.663 E. andrei 0.017 0.108 0.150 0.850
RDX 0.699 E. andrei 0.017 0.108 0.150 0.850
RDX 0.633 E. andrei 0.017 0.108 0.150 0.850
RDX 0.748 E. andrei 0.017 0.108 0.150 0.850
RDX 0.740 E. andrei 0.017 0.108 0.150 0.850
RDX 1.114 E. andrei 0.017 0.108 0.150 0.850
RDX 0.380 L. variegatus 0.012 0.108 0.190 0.810
2-A-4-NAN -0.087 E. andrei 0.017 0.108 0.150 0.850
2-M-5-NPYNE 1.041 E. andrei 0.018 0.108 0.150 0.850
2,4-DNAN 1.185 E. andrei 0.017 0.108 0.150 0.850
4-NAN 1.672 E. andrei 0.021 0.108 0.150 0.850
simazine 2.161 L. terrestris 0.014 0.105 0.164 0.836
3-chlorophenol 0.845 E. fetida 0.019 0.110 0.157 0.843
3-chlorophenol 1.230 E. fetida 0.019 0.110 0.157 0.843
3-chlorophenol 2.009 L. rubellus 0.018 0.108 0.157 0.843
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3-chlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
1,2,3-TCB

y-HCH

y-HCH

a-HCH

fluorene

fluorene

fluorene
1,3,5-TCB
anthracene
anthracene
anthracene
anthracene
anthracene
phenanthrene
1,2,3,4-TCB
1,2,3,4-TCB
HCBT

pyrene

pyrene

2.090
1.431
1.380
1.301
1.613
3.103
3.279
3.380
2.674
2.519
2.580
2.690
2.824
3.134
3.107
3.146
3.143
3.152
4.263
3.748
5.797
4.462
3.299
3.303

L. rubellus
E. fetida
E. fetida

L. rubellus

L. rubellus
E. andrei
T. tubifex

L. terrestris
T. tubifex

L. variegatus
L. variegatus
L. variegatus
E. andrei
L. variegatus
L. variegatus
L. variegatus
L. variegatus
L. variegatus

T. tubifex?
E. andrei
T. tubifex
T. tubifex

L. variegatus
L. variegatus

0.018
0.019
0.019
0.018
0.018
0.010
0.010
0.010
0.014
0.011
0.011
0.011
0.010
0.011
0.011
0.011
0.011
0.011
0.030
0.010
0.030
0.010
0.011
0.011
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0.108
0.110
0.110
0.108
0.108
0.108
0.108
0.108
0.105
0.108
0.108
0.108
0.108
0.108
0.108
0.108
0.108
0.108
0.108
0.108
0.108
0.108
0.108
0.108

0.157
0.157
0.157
0.157
0.157
0.150
0.130
0.130
0.164
0.190
0.190
0.190
0.150
0.190
0.190
0.190
0.190
0.190
0.135
0.150
0.135
0.130
0.190
0.190

0.843
0.843
0.843
0.843
0.843
0.850
0.870
0.870
0.836
0.810
0.810
0.810
0.850
0.810
0.810
0.810
0.810
0.810
0.865
0.850
0.865
0.870
0.810
0.810



pyrene 3.279 L. variegatus 0.011 0.108 0.190 0.810

pyrene 3.176 L. variegatus 0.011 0.108 0.190 0.810
pyrene 3.079 L. variegatus 0.011 0.108 0.190 0.810
fluoranthene 4.037 M. rubroniveus 0.017 0.108 0.153 0.847
fluoranthene 4.953 T. tubifex 0.030 0.108 0.135 0.865
PChB 4.279 T. tubifex 0.010 0.108 0.130 0.870
PChB 4.096 E. andrei 0.010 0.108 0.150 0.850
PChB 5.972 T. tubifex 0.030 0.108 0.135 0.865
2,3,4,5,6-PCT 4.447 T. tubifex 0.010 0.108 0.130 0.870
HCB 4.380 T. tubifex 0.010 0.108 0.130 0.870
HCB 4.506 E. andrei 0.010 0.108 0.150 0.850
HCB 4.614 E. andrei 0.010 0.108 0.150 0.850
HCB 4.290 L. terrestris 0.014 0.105 0.164 0.836
HCB 6.408 T. tubifex 0.030 0.108 0.135 0.865
1,2,3,4-TCN 4.322 T. tubifex 0.010 0.108 0.130 0.870
B[a]A 5.828 T. tubifex 0.030 0.108 0.135 0.865
chrysene 5.658 T. tubifex 0.030 0.108 0.135 0.865

2 Values obtained from the literature, sources in Table H-2 in Appendix H. Average of values for the
corresponding species were taken when not available in or elsewhere referred to by the source of the
oligochaete BCF (Table H-3). If the species was not listed in Table H-3, the average among the values for the
corresponding oligochaete type (i.e., terrestrial or aquatic) was taken

b\/alues and abbreviations described in Table H-1

¢ Calculated as: 1-f;,¢
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Table H-5 Quantum Chemically estimated Abraham Parameters (QCAP) and Adjusted QCAP @ from Liang 3! used for the
prediction of the oligochaete BCFs dataset’.

Chemical QCAP Adjusted QCAP
Compound® .
class E S A B vV E S A B v
NQ MC 0.840 1.025 1.310 0.558 0.652 0.679 1.001 0.851 0.777 0.683
3,5-DN-0-TAME MLC 1560 2.629 0.487 0.855 1.462 1314 2590 0.227 0.704 1.448
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
RDX MC 1.020 1.859 0.528 0.667 1.241 0.668 1.746 0.285 0.638 1.236
2-A-4-NAN MLC 1.730 1.430 0.548 0.666 1.133 1.223 1514 0.306 0.694 1.187
2-M-5-NPYNE MLC 1430 1.258 0.105 0.591 1.019 0.870 1.278 0.018 0.579 1.065
2,4-DNAN MC 1.660 1.704 0.187 0.785 1.231 1.144 1757 0.056 0.745 1.276
4-NAN MLC 1430 1.188 0.101 0.552 1.059 0.819 1.200 0.016 0.543 1.105
simazine pesticide  1.990 1.199 0.541 0.635 1.402 1.213 1.313 0.297 0.689 1.481
3-chlorophenol cL-phenol 1.370 0.972 0.937 0.139 0.866 0.923 0.945 0.581 0.177 0.885
3-chlorophenol cL-phenol 1.370 0.972 0.937 0.139 0.866 0.923 0.945 0581 0.177 0.885
3-chlorophenol cL-phenol 1.370 0.972 0.937 0.139 0.866 0.923 0.945 0581 0.177 0.885
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3-chlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
1,2,3-TCB

y-HCH

y-HCH

a-HCH

fluorene

fluorene

fluorene
1,3,5-TCB
anthracene
anthracene
anthracene
anthracene
anthracene
phenanthrene
1,2,3,4-TCB
1,2,3,4-TCB
HCBT

pyrene

pyrene

cL-phenol
cL-phenol
cL-phenol
cL-phenol
cL-phenol
org-chlorine
pesticide
pesticide
pesticide
PAH
PAH
PAH
org-chlorine
PAH
PAH
PAH
PAH
PAH
PAH
org-chlorine
org-chlorine
vinyl halide
PAH
PAH

1.370
1.530
1.530
1.530
1.530
1.690
1.700
1.700
1.700
2.590
2.590
2.590
1.750
1.993
1.993
1.993
1.993
1.993
3.020
1.900
1.90
1.770
2.600
2.600

0.972
0.945
0.945
0.945
0.945
0.718
1.347
1.370
1.347
1.164
1.164
1.164
0.731
1.340
1.340
1.340
1.340
1.340
1.258
0.689
0.69
0.517
1.517
1.517

0.937
1.041
1.041
1.041
1.041
0.101
0.341
0.361
0.341
0.082
0.082
0.082
0.133
0.000
0.000
0.000
0.000
0.000
0.111
0.110
0.11
0.072
0.000
0.000
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0.139
0.138
0.138
0.138
0.138
0.108
0.438
0.434
0.438
0.311
0.311
0.311
0.075
0.232
0.232
0.232
0.232
0.232
0.321
0.133
0.13
0.087
0.251
0.251

0.866
0.992
0.992
0.992
0.992
1.051
1.545
1.543
1.545
1.279
1.279
1.279
1.063
1.454
1.454
1.454
1.454
1.454
1.357
1.173
1.17
1.320
1.585
1.585

0.923
1.003
1.003
1.003
1.003
0.861
0.873
0.886
0.873
1.715
1.715
1.715
0.916
1.116
1.116
1.116
1.116
1.116
2.100
0.973
0.973
0.696
1.656
1.656

0.945
0.941
0.941
0.941
0.941
0.729
1.325
1.347
1.325
1.350
1.350
1.350
0.746
1.345
1.345
1.345
1.345
1.345
1.524
0.737
0.737
0.519
1.628
1.628

0.581
0.647
0.647
0.647
0.647
0.017
0.153
0.166
0.153
-0.020
-0.020
-0.020
0.036
-0.081
-0.081
-0.081
-0.081
-0.081
-0.009
0.019
0.019
-0.005
-0.095
-0.095

0.177
0.190
0.190
0.190
0.190
0.055
0.392
0.385
0.392
0.191
0.191
0.191
0.012
0.068
0.068
0.068
0.068
0.068
0.174
0.086
0.086
0.061
0.036
0.036

0.885
1.020
1.020
1.020
1.020
1.098
1.583
1.579
1.583
1.357
1.357
1.357
1.110
1.487
1.487
1.487
1.487
1.487
1.449
1.234
1.234
1.383
1.635
1.635



pyrene
pyrene
pyrene
fluoranthene
fluoranthene
PChB

PChB

PChB

2,3,4,5,6-PCT

HCB

HCB

HCB

HCB

HCB
1,2,3,4-TCN
B[a]A
chrysene

PAH
PAH
PAH
PAH
PAH
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
org-chlorine
cL-PAH
PAH
PAH

2.600
2.600
2.600
3.530
3.530
2.130
2.130
2.130
1.223
2.340
2.340
2.340
2.340
2.340
2.920
2.712
2.712

1.517
1.517
1.517
1.390
1.390
0.725
0.725
0.725
1.069
0.715
0.715
0.715
0.715
0.715
0.915
1.664
1.664

0.000
0.000
0.000
0.112
0.112
0.088
0.088
0.088
0.000
0.053
0.053
0.053
0.053
0.053
0.092
0.000
0.000

0.251
0.251
0.251
0.370
0.370
0.136
0.136
0.136
0.000
0.171
0.171
0.171
0.171
0.171
0.240
0.290
0.290

1.585
1.585
1.585
1.495
1.495
1.294
1.294
1.294
1.469
1.409
1.409
1.409
1.409
1.409
1.501
1.823
1.823

1.656
1.656
1.656
2.532
2.532
1.120
1.120
1.120
0.296
1.235
1.235
1.235
1.235
1.235
1.791
1.673
1.673

1.628
1.628
1.628
1.748
1.748
0.805
0.805
0.805
0.877
0.832
0.832
0.832
0.832
0.832
1.146
1.766
1.766

-0.095
-0.095
-0.095
-0.020
-0.020
-0.003
-0.003
-0.003
-0.071
-0.030
-0.030
-0.030
-0.030
-0.030
-0.017
-0.107
-0.107

0.036
0.036
0.036
0.191
0.191
0.071
0.071
0.071
-0.146
0.106
0.106
0.106
0.106
0.106
0.138
0.053
0.053

1.635
1.635
1.635
1.607
1.607
1.364
1.364
1.364
1.463
1.492
1.492
1.492
1.492
1.492
1.604
1.873
1.873

2 The solute descriptors used to apply the KLipia and Kprotein pp—LFERS by Kuo and Di Toro 3°3® were obtained with

the regression equations for the adjusted QCAP provided in Liang 3'. Adjusted QCAP are recommended over
QCAP to apply existing pp—LFERs that were built using solute descriptors either derived from calibration to

experimental measurements or estimated with functional group fragments contributions 3
b Dataset described in Table H-2 in Appendix H

© Values and abbreviations described in Table H-1
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Table H-6  Estimated oligochaete BCFs using the partition—based model (Eq. (7-3)) with Kiipia pp—LFER either from Kuo and Di
Toro %032 (Eq. (7-5)) or from this work (Eq. (7-11)), and Kprotein pp—LFER from Kuo and Di Toro **3 (Eq. (7-6))®.

Kuipig pp—-LFER from Kuo and KLipia pp—LFER from this work

Obs. Di Toro 3033
Compound® log BCF®  predicted S Fi
quare  Residuals® itted Square Residuals®
log BCF® error® log BCF¢  errord

NQ -0.211 0.759 9.41E-01 0.970 0.759 9.41E-01 0.970
3,5-DN-0-TAME 0.778 0.909 1.70E-02 0.130 0.781 1.06E-05 0.003
RDX 0.740 0.884 2.05E-02 0.143 0.794 2.84E-03 0.053
RDX 0.602 0.884 7.92E-02 0.281 0.794 3.67E-02 0.192
RDX 0.663 0.884 4.87E-02 0.221 0.794 1.71E-02 0.131
RDX 0.699 0.884 3.41E-02 0.185 0.794 8.97E-03 0.095
RDX 0.633 0.884 6.25E-02 0.250 0.794 2.57E-02 0.160
RDX 0.748 0.884 1.83E-02 0.135 0.794 2.07E-03 0.045
RDX 0.740 0.884 2.05E-02 0.143 0.794 2.84E-03 0.053
RDX 1.114 0.884 5.31E-02 -0.230 0.794 1.03E-01 -0.320
RDX 0.380 0.735 1.26E-01 0.354 0.664 8.06E-02 0.284
2-A-4-NAN -0.087 0.991 1.16E+00 1.078 0.938 1.05E+00 1.025
2-M-5-NPYNE 1.041 1.054 1.58E-04 0.013 1.057 2.33E-04 0.015
2,4-DNAN 1.185 0.954 5.30E-02 -0.230 0.881 9.23E-02 -0.304
4-NAN 1.672 1.277 1.56E-01 -0.395 1.366 9.35E-02 -0.306
simazine 2.161 1.741 1.76E-01 -0.420 2.293 1.74E-02 0.132
3-chlorophenol 0.845 1.731 7.84E-01 0.886 1.206 1.30E-01 0.361
3-chlorophenol 1.230 1.731 2.50E-01 0.500 1.206 5.83E-04 -0.024
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3-chlorophenol
3-chlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
3,4-dichlorophenol
1,2,3-TCB
y-HCH
y-HCH
a-HCH
fluorene
fluorene
fluorene
1,3,5-TCB
anthracene
anthracene
anthracene
anthracene
anthracene
phenanthrene
1,2,3,4-TCB
1,2,3,4-TCB
HCBT
pyrene

2.009
2.090
1.431
1.380
1.301
1.613
3.103
3.279
3.380
2.674
2.519
2.580
2.690
2.824
3.134
3.107
3.146
3.143
3.152
4.263
3.748
5.797
4.462
3.299

1.703
1.703
2.141
2.141
2112
2.112
3.030
2.829
2.820
2.877
3.332
3.332
3.332
3.233
3.772
3.772
3.772
3.772
3.772
4.398
3.453
3.968
4.139
4.495

9.32E-02
1.49E-01
5.04E-01
5.79E-01
6.58E-01
2.49E-01
5.34E-03
2.02E-01
3.14E-01
4.14E-02
6.61E-01
5.65E-01
4.12E-01
1.68E-01
4.08E-01
4.43E-01
3.92E-01
3.96E-01
3.85E-01
1.83E-02
8.69E-02
3.35E+00
1.05E-01
1.43E+00

317

-0.305
-0.387
0.710
0.761
0.811
0.499
-0.073
-0.449
-0.561
0.204
0.813
0.752
0.642
0.410
0.639
0.665
0.626
0.629
0.620
0.135
-0.295
-1.829
-0.324
1.197

1.187
1.187
1.683
1.683
1.656
1.656
3.055
2.975
2.903
3.024
2.916
2.916
2.916
3.152
3.262
3.262
3.262
3.262
3.262
3.776
3.709
4.224
4.925
3.647

6.75E-01
8.15E-01
6.34E-02
9.18E-02
1.26E-01
1.90E-03
2.32E-03
9.20E-02
2.28E-01
1.23E-01
1.58E-01
1.13E-01
5.10E-02
1.08E-01
1.65E-02
2.39E-02
1.34E-02
1.41E-02
1.20E-02
2.37E-01
1.57E-03
2.48E+00
2.14E-01
1.21E-01

-0.822
-0.903
0.252
0.303
0.355
0.044
-0.048
-0.303
-0.478
0.350
0.398
0.336
0.226
0.328
0.128
0.155
0.116
0.119
0.110
-0.487
-0.040
-1.574
0.462
0.349



pyrene
pyrene
pyrene
pyrene
fluoranthene
fluoranthene
PChB
PChB
PChB
2,3,45,6-PCT
HCB
HCB
HCB
HCB
HCB
1,2,3,4-TCN
B[a]A
chrysene

3.303
3.279
3.176
3.079
4.037
4.953
4.279
4.096
5.972
4.447
4.380
4.506
4.614
4.290
6.408
4.322
5.828
5.658

4.495
4.495
4.495
4.495
4.664
4.958
4.049
3.986
4.502
4.466
4.434
4.372
4.372
4.484
4.887
4771
5.699
5.699

1.42E+00
1.48E+00
1.74E+00
2.01E+00
3.93E-01
2.73E-05
5.30E-02
1.19E-02
2.16E+00
3.40E-04
2.87E-03
1.81E-02
5.88E-02
3.74E-02
2.31E+00
2.02E-01
1.66E-02
1.71E-03

1.192
1.217
1.319
1.416
0.627
0.005
-0.230
-0.109
-1.470
0.018
0.054
-0.134
-0.243
0.193
-1.521
0.449
-0.129
0.041

3.647
3.647
3.647
3.647
3.914
4.207
4.342
4.280
4.796
4.280
4.936
4.874
4.874
4.986
5.389
4.949
4.944
4.944

1.18E-01
1.36E-01
2.22E-01
3.23E-01
1.52E-02
5.56E-01
4.05E-03
3.41E-02
1.38E+00
2.80E-02
3.09E-01
1.35E-01
6.73E-02
4.84E-01
1.04E+00
3.93E-01
7.81E-01
5.09E-01

0.344
0.369
0.471
0.568
-0.123
-0.746
0.064
0.185
-1.176
-0.167
0.556
0.368
0.259
0.696
-1.019
0.627
-0.884
-0.714
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& Solute descriptors used for the Kiipia pp—LFER obtained in this work (Eq. (7-11)) were QCAP, while those
used for the Kripid and Kerotein pp—LFERS by Kuo and Di Toro 3, (Eq. (7-5)) and (Eq. (7-6)), respectively,
were adjusted QCAP. Both QCAP and adjusted QCAP were obtained from Liang 3! and are listed in Table
H-5 in Appendix H. Mass fractions used for each worm component are listed in Table H-4

b \/alues and abbreviations described in Table H-2

¢ Estimated log BCF (L kgawt™)

d Calculated as: [(Estimated log BCF) - (Observed log BCF)]?

¢ Calculated as: (Estimated log BCF) - (Observed log BCF)
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Table H-7  Statistics for the comparison of the lipid phase descriptors between the Kiipia pp—LFERSs from Kuo and Di Toro 3% (Eq.
(7-5)) and the KLipia pp—LFERSs from this work (Eq. (7-11))%

Lipid phase This work Standabrd _Kuo ar;(g N Standabrd 7-score o-value®

descriptor error Di Toro ** error
c 0.751 0.780 0.84 0.14 -0.113 0.912
e 0.431 0.189 0.77 0.10 -1.581 0.114
S -2.409 0.387 -1.1 0.19 -3.038 0.003
a -0.787 0.393 -0.47 0.22 -0.703 0.484
b -2.106 0.793 -3.52 0.20 1.730 0.084
v 4.553 0.673 3.37 0.13 1.726 0.084

2 Results from a z—-test with inhomogeneity of the error variances between the groups
b For the column to the left
¢ A p-value < 0.05 was accepted as significant
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Prediction of Concentrations in Oligochaete Worms Observed in Independent Uptake Assays

Table H-8 Data from independent uptake assays with oligochaetes exposed to MCs in soil.

Exposure  Concentration Concentration

time in worm? in soil foc®
Compound? Wo_rma Sail Source
species B B kg OC
days mg Kgawt mg Kgdwt Kgawt soir™
RDX E. andrei soil SSL® 7 17.341 0.660 0.012 38
RDX E. andrei soil SSL 7 63.584 10.600 0.012 38
RDX E. andrei soil SSL 7 287.090 102.000 0.012 38
RDX E. andrei soil SSL 7 426.590 967.000 0.012 38
RDX E. andrei soil SSL 7 579.961 2850.000 0.012 38
RDX E. andrei soil SSL 7 920.520 9427.000 0.012 38
RDX E. fetida aged soil 28 41.000 645.000 0.063 37
RDX E. fetida aged soil 28 1698.000 855.500 0.086 37
RDX E. fetida sandy loam 14 61.173 8.000 0.012 54
RDX E. fetida sandy loam 14 102.213 16.000 0.012 54
RDX E. fetida sandy loam 14 186.615 32.000 0.012 54
RDX E. fetida sandy loam 14 284.956 64.000 0.012 54
RDX E. fetida sandy loam 14 306.637 128.000 0.012 54
2,4-DNAN E. andrei spiked soil 14 57.143 8.909 0.010 55
2,4-DNAN E. andrei spiked soil 14 100.840 19.822 0.010 55
2,4-DNAN E. andrei spiked soil 14 152.941 27.840 0.010 55
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HMX E. andrei ammended soil 28 11.046 100.000 0.012 39

HMX E. andrei ammended soil 28 48.818 1000.000 0.012 39
HMX E. andrei ammended soil 28 501.106 10000.000 0.012 39
TNT® E. fetida sandy loam 14 5.190 6.000 0.012 54
TNT E. fetida sandy loam 14 12.111 12.000 0.012 54
TNT E.fetida  sandy loam 14 31.575 24.000 0.012 54
TNT E.fetida  sandy loam 14 98.616 48.000 0.012 54

& Abbreviations in Tables H-1 and H-3 in Appendix H.

b [U-*C]-TNT

¢ Sassafras sandy loam

d Values from Sarrazin et al. ® taken as the average value per treatment. Values from Gong et al. % taken as the
average of day 4 (“repeat”) and day 14. Values from Sunahara *° taken as the average of concentrations measured
after day 5

¢ Mass fraction of organic carbon in the soil. If only mass fraction of organic matter (f,,,) in the soil was reported,
a factor of 0.50 was used to convert f,,, to f,c
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Table H-9  Values for fiipias feroteins fawe: aNd fiyqrer,» QCAP, and adjusted QCAP 31 used for the prediction of the concentrations
in oligochaetes from the independent uptake assays dataset®.

QCAP Adjusted QCAP

Compound  Species  fripia frrotein fawt fwater

E S A B \Y E S A B \Y
RDX E.andrei 0.017 0.108 0.150 0.850 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.andrei 0.017 0.108 0.150 0.850 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.andrei 0.017 0.108 0.150 0.850 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.andrei 0.017 0.108 0.150 0.850 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.andrei 0.017 0.108 0.150 0.850 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.andrei 0.017 0.108 0.150 0.850 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.fetida 0.019 0.110 0.157 0.843 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.fetida 0.019 0.110 0.157 0.843 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.fetida 0.019 0.110 0.157 0.843 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.fetida 0.019 0.110 0.157 0.843 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.fetida 0.019 0.110 0.157 0.843 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.fetida 0.019 0.110 0.157 0.843 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
RDX E.fetida 0.019 0.110 0.157 0.843 1.020 1.859 0.528 0.668 1.241 0.668 1.747 0.285 0.639 1.236
2,4-DNAN E.andrei 0.017 0.108 0.150 0.850 1.660 1.704 0.187 0.785 1.231 1.144 1757 0.056 0.745 1.276
2,4-DNAN E.andrei 0.017 0.108 0.150 0.850 1.660 1.704 0.187 0.785 1.231 1.144 1757 0.056 0.745 1.276
2,4-DNAN E.andrei 0.017 0.108 0.150 0.850 1.660 1.704 0.187 0.785 1.231 1.144 1757 0.056 0.745 1.276
HMX E.andrei 0.017 0.108 0.150 0.850 1.160 2.450 0.635 1.050 1.631 0.825 2.357 0.335 1.026 1.629
HMX E.andrei 0.017 0.108 0.150 0.850 1.160 2.450 0.635 1.050 1.631 0.825 2.357 0.335 1.026 1.629
HMX E.andrei 0.017 0.108 0.150 0.850 1.160 2.450 0.635 1.050 1.631 0.825 2.357 0.335 1.026 1.629
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TNT
TNT
TNT
TNT

E. fetida
E. fetida
E. fetida
E. fetida

0.019
0.019
0.019
0.019

0.110
0.110
0.110
0.110

0.157
0.157
0.157
0.157

0.843
0.843
0.843
0.843

1.660
1.660
1.660
1.660

1.887
1.887
1.887
1.887

0.302
0.302
0.302
0.302

0.752
0.752
0.752
0.752

1.344
1.344
1.344
1.344

1.164
1.164
1.164
1.164

1.910
1.910
1.910
1.910

0.124
0.124
0.124
0.124

0.684
0.684
0.684
0.684

1.373
1.373
1.373
1.373

% Data presented in Table H-8 in Appendix H, including abbreviations. Values for f},,iq, fprotein: fwater» aNd faw, are expressed as kg kgwwt
L and their sources are in Table H-3; average of values for the corresponding species were taken when not available in or elsewhere referred
to by the source of the worm concentration. The solute descriptors used to apply the Kvipia and Kprotein pp—LFERS by Kuo and Di Toro 303
were obtained with the regression equations for the adjusted QCAP provided in Liang . Adjusted QCAP are recommended over QCAP to
apply existing pp—LFERs that were built using solute descriptors either derived from calibration to experimental measurements or estimated
with functional group fragments contributions 3.
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Table H-10 Worked example for the prediction of a MC (2,4-DNAN) concentration in an oligochaete worm (Eisenia andrei).

Input data

i: 2,4-DNAN
Oligochaete species: Eisenia andrei

2,4-DNAN Adjusted QCAP for prediction of K; . and K;

Protein”

Variable Value Units Source
E =1144 - 31
S =1.757 - *
A =0.056 - .
B =0.745 - 31
vV =1276 - 31
CiSoilSolids =8.909 Mg Kgawt soil ™ %5
foc =0.010 kgoc kgdwt soi™* Table H-8
2,4-DNAN QCAP for prediction of Kip ot
Variable Value Units Source
E =1660 - .
S =1.704 - *
A =0.187 - *
B =0.785 - .
vV =1231 - .
fripia =0.017 KQlipid KGwwt worm™ Table H-9
forotein =0.108 kgprotein Kgwwt vorm ™ Table H-9
fawe =0.150 Kgawt Kgwwt worm ™ Table H-9
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fWater =1- fdwt
=0.850 Kgwater Kgwwt worm Table H-9
Pwater = 1.000 Kgwater Lwater Assumed
Prediction
Variable Based on Eq. #
Ki - 1O(0.670+1.075E—0.277S—0.363A—1.697B+1.468V) (7_7)
ocC
- 1O(0.670+1.075*1.144-—0.277*1.757—0.363*0.056—1.697*0.745+1.4-68*1.276)
=100.508 Lwater kgOC_1
Cio . .
C' — _“Soil Solids _
hw Kigcfoc (7-8)
_ 8.909 mg kggwe *
100.508 Lyater kgoc ™ #0.010 kgoc kgawe ™
=8.864 mg L
< 155 mg L1 2,4-DNAN aqueous solubility Table H-1
Predicted C;,,, is < aqueous solubility; v" use C;,, for onward calculations
iLipid :10(0.751+0.431E—2.409S—0.787A—2.1063+4.553V) (7_11)
- 10(0.751+0.431*1.660—2.409*1.704—0.787*0.187—2.106*0.785+4.553*1.231)
= 14.746 Lwater kglipid_1
. - —0.88+0.74E—-0.375—-0.134A-1.37B+1.06V
lprotein — 10( ) (7'6)
- 10(—0.88+0.74*1.144-—0.37*1.757—0.13*0.056—1.37*0.745+1.06*1.276)
= 0.438 Lwater kgprotein_1
— fwater CiS il Solid.
iworm = (fupid Kiyipia t ferotein Kiprogein + ) 2SS (7-12)

Pwater’/ fawt foc KiOC
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= (0-017 kglipid kgwwt worm_1 * 14.746 Lwater kglipid_1 +

-1 -1
0.108 kgprotein kgwwt worm ¥ 0.438 Lwater kgprotein +
0.850 kgwater KGwwt Worm_l)*

-1
1 kgwater Lwater

8.909 mg kgdwt soil_1
(0.150 kGawt kGwwe worm  * 0.010 kgoc kGawe soir” ~ * 100.508 Lyyarer kgoc )

= 67.390 mg Kgawt™
vs. 51.143 mg kgawt* observed C; Table H-8

lworm
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Table H-11 Predicted values for soil organic carbon-water partition coefficient (K,), concentration in interstitial water, and
concentration in worm for MCs data from independent uptake studies using the partition—based model (Eq. (7-12)) with
KLipid pp—LFER from this work (Eq. (7-11)).

Obs. . Pred.  Pred. concentration in Pred. concentration in Pred. .
Compound? coinnca?g:?;zon log Koc? interstitial water interstitial water_corrected® coir:]cs\:g:?rt]:jon
mg Kgawt™ L kgt mg L* mg L* mg kgawt*
RDX 17.341 1.532 1.617 1.617 10.055
RDX 63.584 1.532 25.976 25.976 161.493
RDX 287.090 1.532 249.962 59.700 371.149
RDX 426.590 1.532 2369.739 59.700 371.149
RDX 579.961 1.532 6984.237 59.700 371.149
RDX 920.520 1.532 23101.897 59.700 371.149
RDX 41.000 1.532 303.241 59.700 355.351
RDX 1698.000 1.5632 291.180 59.700 355.351
RDX 61.173 1.532 20.457 20.457 121.767
RDX 102.213 1.532 40.915 40.915 243.535
RDX 186.615 1.532 81.829 59.700 355.351
RDX 284.956 1.532 163.658 59.700 355.351
RDX 306.637 1.532 327.316 59.700 355.351
2,4-DNAN 57.143 2.002 8.864 8.864 67.390
2,4-DNAN 100.840 2.002 19.722 19.722 149.942
2,4-DNAN 152.941 2.002 27.699 27.699 210.593
HMX 11.046 1.433 320.874 5.000 29.466
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HMX
HMX
TNT
TNT
TNT
TNT

48.818
501.106
5.190
12.111
31.575
98.616

1.433
1.433
2.203
2.203
2.203
2.203

3208.740
32087.399
3.272
6.544
13.089
26.178

5.000
5.000
3.272
6.544

13.089
26.178

29.466
29.466
25.457
50.913
101.826
203.652

& Dataset described in Table H-8 in Appendix H
b Prediction made using Koc pp—LFER model developed by Kipka and Di Toro ** Eq. (7-7) and adjusted

QCAP described in Table H-9

¢ Predicted concentrations in interstitial water that exceeded solubility limits were corrected to be at the

solubility of the compound listed in Table H-1

4 The KLipia pp—~LFER from this work (Eq. (7-11)) was used with the QCAP from Liang 3! in Table H-9
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Table H-12 Predicted values for soil organic carbon-water partition coefficient (K,), concentration in interstitial water, and
concentration in worm for MCs data from independent uptake studies using the partition—based model (Eg. (7-9)) with
KLipid pp—LFER obtained by Kuo and Di Toro %% (Eq. (7-5)).

Obs. . Pred. Pred. concentration in Pred. concentration in Pred. .
concentration concentration

Compound®  in worm? log Koc® interstitial water interstitial water_corrected® in worm
mg Kgawt™ L kgt mg L? mg L mg kgawt*
RDX 17.341 1.532 1.617 1.617 12.041
RDX 63.584 1.532 25.976 25.976 193.393
RDX 287.090 1.532 249.962 59.700 444.463
RDX 426.590 1.532 2369.739 59.700 444.463
RDX 579.961 1.532 6984.237 59.700 444.463
RDX 920.520 1.532 23101.897 59.700 444.463
RDX 41.000 1.532 303.241 59.700 435.585
RDX 1698.000 1.532 291.180 59.700 435.585
RDX 61.173 1.532 20.457 20.457 149.261
RDX 102.213 1.532 40.915 40.915 298.522
RDX 186.615 1.532 81.829 59.700 435.585
RDX 284.956 1.532 163.658 59.700 435.585
RDX 306.637 1.532 327.316 59.700 435.585
2,4-DNAN 57.143 2.002 8.864 8.864 76.970
2,4-DNAN 100.840 2.002 19.722 19.722 171.258
2,4-DNAN 152.941 2.002 27.699 27.699 240.531
HMX 11.046 1.433 320.874 5.000 30.796
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HMX 48.818 1.433 3208.740 5.000 30.796

HMX 501.106 1.433 32087.399 5.000 30.796
TNT 5.190 2.203 3.272 3.272 41.012
TNT 12.111 2.203 6.544 6.544 82.024
TNT 31.575 2.203 13.089 13.089 164.048
TNT 98.616 2.203 26.178 26.178 328.096

& Dataset described in Table H-8 in Appendix H

b Prediction made using Koc pp—LFER model developed by Kipka and Di Toro 34 Eq. (7-7) and adjusted
QCAP described in Table H-9

¢ Predicted concentrations in interstitial water that exceeded solubility limits were corrected to be at the
solubility of the compound, listed in Table H-1

4 The Kipia pp—~LFER by Kuo and Di Toro %32 (Eq. (7-5)) was used with the adjusted QCAP from Liang *! in
Table H-9
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Chapter 8

CONCLUSIONS AND IMPLICATIONS FOR FUTURE
RESEARCH/IMPLEMENTATION

A methodology has been developed using quantum chemical computations to estimate
Abraham solute parameters for two types of applications: for use with presently existing
Abraham models, or for use in building new Abraham models. In both cases the solute
parameters and have a smaller error than all other available estimation methods. This is the case
for non-munitions component and for munition components for which parameters were
experimentally determined for the comparisons in this project.

Bioaccumulation models for plants (grasses) and soil invertebrates (oligochaetes) that are
exposed from compounds in soils have been developed as well as a bioconcentration model for
fish exposed from compounds in water. The three models require partition coefficients for which
models have also been developed: partitioning between water and organism lipid, organism
protein, and plant cuticle, and a previously developed model for water-soil organic carbon. The
number of observations in the data sets are: oligochaetes (57), protein (69) grasses (191), lipids
(248), soil organic carbon (444) and fish (601).

The performance of the models is gauged using the root mean square error of the
residuals: the difference between logio modeled and logio observed of either partition coefficients
or concentration, which is equal to logio of the ratio: model/observed. It is approximately equal
to 0.40 for all the models, corresponding to approximately 80% of the residuals between 1/3 and
3 and approximately 90% of the residuals between 1/5 and 5.

The models can be used in a number of ways, in particular for the stated objective of the
SON: to assess the environmental impact of new munitions compounds. All that is required to
make estimates of the extent of bioaccumulation for grasses, oligochaetes and fish is the
molecular structure of the compound. In addition the physical chemical parameters: octanol-
water and air-water (Henry’s Law constant) partition coefficients and aqueous solubility can also
be estimated. Both the physical chemical and environmental partition coefficients are not as
accurate as experimental determinations. However they are sufficiently quantitative for a number
of tasks, for example to rank a sequence of proposed new munitions compounds to
bioaccumulate in organisms, or to establish that the risk is either low enough so that no further
experimental information is necessary, or, conversely that the risk is estimated to be high enough
so that further investigation is required if the compound is to move forward. This ability to
determine the potential extent of environmental risk for new munitions compounds is the most
immediate benefit from using the models developed in this project.

Future Research
A methodology for estimating Abraham Parameters for neutral munitions
compounds has been developed and successfully applied using previously developed pp-LFER
models for solvent-water distribution coefficients, particularly Kow, and Koc. New models for
soil-grasses and soil-oligochaetes have also been developed using sets of available data and new
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MC data developed in this project. This methodology can be extended so that charged
compounds can be modeled. A preliminary application to carboxylic cations and certain ionic
liquids has been made using a similar procedure to that developed in this project *. This
procedure could be applied to develop the necessary solvent parameters can be applied to
insensitive munitions that are charged, for example NTO as well as proposed charged insensitive
munitions that are currently being investigated. The development would require sets of
experimental data for solvent-water partition coefficients for charged MC and MC like
compounds that can be used to develop the solvent parameters. Data for these compounds for
partitioning to between water and soil organic carbon, soil grasses and soil oligochaetes would
also be required to develop the models. This would extend the range of applicability to a large set
of currently important classes of compounds being developed for new insensitive munitions.
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PRESENTATIONS AT CONFERENCES AND PUBLICATIONS GENERATED FROM
THIS PROJECT
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2017
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2016
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National Meeting, Philadelphia, PA, 21 — 25 August 2016.

2015
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