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ABSTRACT

By using water as a reflectance standard, relative specular reflectance
spectra were measured for 38 materials including aqueous solutions of zinc
chloride, phosphoric acid, and nitric acid, and for diesel fuel, fog oil,
tetramethyl-tetraphenyl-trisiloxane, l-hexadecanol, l-octadecanol,
l-eicosanol, rutile, plexiglas, limestone, and natural waters., Spectral
values of the complex refractive indicles, suitable for Mie-scattering
computations, were camputed by use of Kramers-Kronig techniques. The
spectra were further analyzed in terms of fundamental intra- and inter-

molecular vibraticnal modes.

Transmittance spectra of powders pressed in KBr pellets were also

measured. Powders were montmorillcnite, colemanite, kernite, kaolin,
lampblack, activated charcoal, wood charcoal, and aluminum,

An Investigation of the optical properties of graphite was also
completed. Values for the complex refractive index of graphite were
obtained throughout the 10_3-106 ev spectral region,

Values of all complex refractive indicies were supplied to the

Aerosol/Cbscuration Sclence Group, Aberdeen Proving Ground, Md.
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i £ Statement of Research Problem

Research conducted during the term of this Grant was measurement of
Infrared reflectance or transmittance spectra of selected condensed materials,
computational analysis of the measured spectra to obtaln spectral values
of the complex refractive index N(v) = n(v) + ik(v) of those materlals,
and further analysis of the spectra in terms of fundamental intra- and

inter-molecular vibraticnal modes.

IT. Summary of Most Important Results

The most significant accomplishments of this project are determinations
of spectral values of N(v) of bulk natural and artificial aerosol/cbscurant
materials, and providing these values of N(v) to scientists within the
aersol/cbscuration program at the Aberdeen Proving Ground, Md. We
measured and sent, to the Aberdeen Proving Ground spectral values of N(v)
for each of the thirty-eight solids and liquids listed in Table I, Most
of the materdials listed in Table I were chosen for investigatiocn by
Mr. Hugh Carlon, CSL, Aberdeen Proving Ground, who was the technical monitor
for this research program.

Current knowledge of the manner in which electromagnetic radlaticn
propagates through aerosols/obscurants is based primarily on Mie-scattering
camputations. Such computations are only possible when there 1s prior

| ! knowledge of N(v) for the aerosol/obscurant, The spectral values of N(v)
. obtained during the term of this Grant are now routinely used for Mie-
scattering camputations by sclentists at many U.S. Army Laboratories and
by many DOD contractors. Tabulated values of N(v) for these materials

can be obtalned from the Aercsol/Cbscuration Science Cffice, DRDAR-CLB-PS,

n

Aberceen Proving Ground, Md. 21010; or by consulting publicaticns asscclated

with this Grant.
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TABLE I. Bulk materials investigated during the term of
Grant DAAG29-76-C~0185,
Material Sample Spectral Obtained
Concentraticn Range n + ik ‘
H.SI—’O.~L 2,}(},;2)0;&0,50,65,75,85%, 2=33 mm Yes
Cold 85% sample.

ZnCl, 20,30,40,50,65,75% 2=33 um Yes 1
Tog 011 100% 2-33 um Ves A
Diesel Fuel 100% 2-33 um Yes
DC-704 Silicen

01l 100% 2-33 um Yes
Plexiglas 100% 2=-33 um Yes
HNO3 0.5,1,2,4,8,15.7T M 2-33 mm Yes
1-hexadecanol 100% 2-33 um Yes
l-cctadecanol 100% 2-33 um Yes
1-elcosanol 100% 2=33 um Yes
Futlle Natural sample 2=33 um Yes
Limestone* Natural sample v2=33 um Yes
Water# purified & deionized  L2-, 64 um Yes
Natural Waters* | six samples 2=-20 um Yes
Craphite#* crystalline (E1C) l.2uxlo'6 2

*
Denctes materials investigated for which only prartial support
was provided by DAAG29-T76-G-0185,




Table II contains a listing of powdered materials pressed in KBr
pellets for which infrared transmittance spectra were measured during
the latter months of the Grant. Determination of spectral values of
N(v) for the powdered materials was not completed during the term of

this Grant, but is continuing during a follow-on Contract,

w
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TABLE II. Powdered samples pressed in KBr pellets for which transmittance
spectra were obtained during the latter months of Grant
DAAG 29=-76-G-0185. Determination of spectral values of nt+ik
has not been completed for these materials,

Material Concentration Spectral Range
Montmorillonite 1, 0.1, 0.01% 2=40 um
l Colemanite Ty Ol 0017 2-L0 um
‘ Kernite 1, 0.1, 0.01% 2-40 ym
‘ Kaolin 1, 0.1, 0.01% 2=35 um
Lampblack 0.002% 2-35 um
Activated Charcoal 0.002% 2-35 um
‘ Wood Charcoal 0.02% =35 um
Aluminum 2% 2-6 um
Kaolin 2% 2-6 um
Montmorillonite 2% 2-6 um
Colemanite 2% 2-6 um
Illite 2% 2-6 um
! Kernite 2% 2-6 um
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ITI. Publicaticns and Presentaticns

A. Publications

1
BN

5.

M, R. Querry and I. L, Tyler, "Reflectance and corplex
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of nitric acid", J. Chem. Phys. 72, (in press),

J. B, Ross, I. L, Tyler, and M, R. Querry, "A microcomputer-
based interface to expand the capsbilities of a desktop
programmable calculator," J. Phys, E: Scl, Instrum, 12,
266-267 (1979),

M. R. Querry, P, G. Cary, R, C, Waring, "Split-pulse laser
methed for measuring attenuation coefficients of trans-
parent liquids: application to delonized filltered water

in the visible region," Appl. Opt, 17, 3587-3592 (1978).

M. R, Querry, G, Osborme, K. Lies, R, Jordon, & R, M.
Coveney, "Complex refractive index of limestone in the
visible and infrared," Appl., Opt, 17, 353-356 (1978).

I. L. Tyler, G, Taylor, and M, R, Querry, "Thin-Wedge-shared
cell for highly absorbent liquids," Appl. Opt, 17, 960-

963 (1978).
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M. R. Querry, W. E, Holland, R, C, Waring, L. M, Earls
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index in the infrared for saline envirormental waters,"
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Roy D. Holt, "The optical properties of crystalline graphite",
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and persons who participated in the project but were not paid from grant

funds are listed In Teble III,
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TABIE III. Persomnel Employed

on the Project,

Name

Postion

Degrees Received

Marvin R. Querry, Ph.D,

K. Bilagi
J« B. Ross, Ph.D.

M. D, Querry, M.S.

Principal Investigator
Investigator

Research Associate
Research Associate

Student Assistant

none
none
none
nene

B.S, Physics

Consultant (digital electronics) none

Consultant (1llustrations)

nore

Tom Baird Student Assistant B,S. Engineering

P: G. Cary Unpaid Participant M,S, Physics

R. Holt Unpald Participant M.S, Physics
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V. Report of Research

Research conducted during the term of the Grant, for purposes of this
report, is divided into three parts: Investigations of Infrared Reflectance
which are presented in Section V,A., Investigaticns of Infrared Transmittance

ich are presented in Section V.B., and Other Investigations which are
presented in Section V. D

g Investigations of Infrared Reflectance

Here, in Section V,A., we present the investigations of
those materials listed in Table I,

3o Experimental Methods

A block dizgram of the reflectometer and data acquisi-
tion system is shown in Fig, 1. Radlant flux from a glower
. G was chopped at C and was then focussed by an f/5 optical
system, consisting of plane mirror M1 and spherical mirror
ME’ on the surface of the sample S, The angle of incidence
8 was 6.2 degrees for the central ray from M, incident on
the surface of S. Radiant flux reflected from S was imaged
by an identical optical system (M3 and Mu) on the entrance
slit of a Perkin-Elmer Ebert double-pass grating monochromator,
The entrance slits were manually adjusted to assure spectral
resolution v/Av of 100 or better, After passage through the
monochromator, the radiant flux was optilcally flltered to
remove higher diffraction orders, and was then focussed on =z
thermopile detector equipped with a CsI window. The slgnal
frem the detector was synchroncusly processed by a Princeteon
Appllied Research (PAR) Model 124 lock~in amplifier, The
analog output signal from the Model 124 was applied to the

input of a PAR Model 260 analog-to-digital converter (ACC)
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EBERT
MONOCHROMATOR

1

LOCK-IN . SCAN
AMPLIFIER 0C ||conTROL

INTERFACE
CASSETTE HP 9820
TAPE PLOTTER
UNIT CALCULATOR
5
IBM 5 DECWRITER
370/168 5 = TERMINAL

Flgure 1. A block diagram of the reflectcmeter-
spectrophotometer and data acquisition

system,
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_ ‘ which both digitized the signal and inserted an index
corresponding to the spectral position of the monochromator.

In order to facilitate data acquisition and analysis
the system described above was interfaced to a Hewlett-
Packard (HP) Model 9820A programmable calculator equipped
with an HP 98624 plotter and an HP11223A magnetic cassette
tepe unit. This entire system was then interfacedlg/
through a decwriter I~36 TSO terminal to an IBM 370/168
computer which was used for the subsequent Kramers-Kronig
analysis of the data.

During this Investigation we measured relative specular
reflectance R(v) = R(v)S/F(v)w, where s denctes the sample
ard w denotes the water standard. Prilor to use the water
standard w was purified, deionized, and filtered through
a 0.2 ym Millipore fillter, Agueocus solutions were prepared
using purified water and reagent grade chemicals., The
aqueous solutions and purified water were placed in separate
cetri dishes which served as sample holders, Each dish was
£11led to precisely the same level as determlned by use of
a cathetometer. The levels of all samples were monitored
routinely during data collection and purified water was

added to the samples as needed t£o compensate for evaporaticn,

i ' Each sample was also stirred thoroughly at the beginning
{ of a spectral scan to assure isotropic homogeneity.
Data were acguired at 200 equally spaced wavelength vcsitions
in each of the wavelength regions 2-3, 3~4, U-6, 6-8, 8-10,
10-15, 15~20, 20-30, and 30-40 um, For scme samples, individual

relative reflectance measurements were made at 30.15, 32.2,
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\ 34.0, and 37.1 um, where atmospheric absorption was a
minimum, rather than throughout the 30-40 um regicn.
Procedures were slightly different for handling the
solid samples, The solid samples were placed one-at-a-time
L on a small three-legged stand within the reflectometer,
The top surface of the water standard and the polished
surface of the solid sample were placed at the same height
by adjusting the legs of the stand while viewing the surface
edge through a cathetometer, Additicnally, the team from
a He-Ne laser was reflected from the level surface of the
water standard to a fiducial mark on the ceiling of the
laboratory. The legs of the stand were further adjusted to
bring the laser beam to the same fiduclal mark when the
water was replaced by a solid sample., The latter leveling
adjustments were made so that the height of the solid surface
was also at the proper position, Reflectance spectra
were then acquired for the sollds at the same wavelength
positions as for the liquids,
All spectra were obtained with the samples at about 2700,

except for one cold sample of 85% phosphoric acid which was

of about -10°C. The reflectance spectra R(v) were converted
i ; from wavelength to wave number and then plotted elther by

\ the HP98624, a Tektronix graphics terminal, or by a calcomp
plotter interfaced to the IBM 370/168, The standard

deviations, based on three independent measurements, were

] generally + 0,005 R(v) but increased to about + 0,01 R(v)

|

-,v A TN R
' ™

e =




in relatively narrow spectral regions where atmospheric
water vapor and carbon dioxide were strongly abscorbing,

2 Aqueous Sclutions of ZnCl»

a. Objectives

The two principal objectives for this investigation
were: (1) to measure central frequencles, half-widths,
and band strengths of intra- and inter-molecular infrared
active vibraticnal modes of liquld water in aqueous
solutions of ZnClz; and (2) to obtain, for aqueous
solutions of ZnCl2, spectral values of the ccmplex re-
fractive index N(v)s = n(v)s + ik(v)s which are suitable
for ccmputing basic Mle scattering parameters, These
two objectives were accomplished as follows, First,
the near-normal incldence relatlve reflectance spectra

R(v) = R(v)/R(v), 1n the 270-5000 em™L

spectral region
were measured for 20,3, 29.4, 40,2, 50, 65, and 75 per
cent solutions by welght of ZnCl, in water, In moles/liter
the concentrations of the three solutions are 1,77 M,
2.8 M, 4,19 M, 5.75 M, 8,82 M, and 11,65 M, respectively,
Subscripts s and w refer to the aqueous solutions and
to pure water, respectively., Spectra R(v) were analyzed
by use cf a subtactive Kramers-Kronig algorithm tc obtain
¢ spectral values for A¢(v) the differences in phase shifts
for electrcmagnetic waves of frequency v reflected from
the surface of the ZnCl, solutions and from the surface of

the water which was the reflectance standard, Spectral

values of N(v)s for the InCl, solutions were then computed
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by use of an algorithm~ that uses R(v), 4¢(v), 2
measured value for the angle of incidence 6, and known

2/

values~ of N(v)w. The influence of ZnCl, cn the Iintra-
and inter-molecular vibrational modes of liquid water
was determined by critical examination of R(v) and

k(v)s throughout the spectral region investigated.
Background Information for Discussion of Zn012 Solutions,

A knowledge of the optical properties of aqueous
solutions of ZnCl2 is of both theoretical and practical
Importance. From the practical point of view, clouds
composed of dreplets of such solutions are occasionally
present in localized geographical regions within the
earth's atmosphere. Analytical prediction of the scatter-
ing parameters for radiation passing through such clouds
relies primarily cn Mie scattering thecry, This theory
requires prior knowledge of the spectral values of the
complex refractive index N(v)s = nlv}ls #* ik(v)s of the
materials comprising the aerosol,

The theoretical importance of aqueous Zn012 solutions
lies in a long-standing interest in the complicated
structural properties of liqulid water and in the forma-
tion of autocomplexes of the Zn2+ metal ion, The present
knowledge of the structure of liquld water and of agueous
ZnCl2 solutions 1s reviewed here, wlth emrhasls on those
properties that provide greater understanding of the
accurate measurements of iInfrared reflectance spectra

described hereinafter,
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Several intra- and inter-molecular vibrational
bands are clues to the structure of the liguid. For
instance, the Infrared reflectance spectrum ?(v)w fo
liquld water, and Kramers-Kronlg analysis of that spectrum,
provide spectral values of the phase shift ¢(v)w of
electrcmagnetic waves reflected from the liquid surface,
Then by use of an appropriate algorithm spectral values
of N(v)w for liquld water are calculated from ¢(v)w and
R(v)w. The spectrum thus obtained for the extinction
ccefficient k(v)w of water is particularly useful in
further investigations of inter- and intra-molecular
vibratliconal modes, For example, one obtains the frequency
Vmax at which k(v)w is a maximm for infrared active

vibrational bands, the spectral width ' (full width at

half maximm) of vibraticnal bands, and the band strength

S, == k) , (1)

°o band
where o, 1s the molecular density (molecules/cmE), and
where the integral is evaluated over the full spectral
width of a vibrational band.
The infrared transmittance spectrum of liquid
water provides spectral values for the Lambert abscrption

coefficient a(v) ws Whlch is related to k{v),,

n
~—

a(\))w = L&n’vk(v)w . (

Differentiation of a(v)w with respect to v shows, that

for the same vibrational band, the maximum fcr a(v)w
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occurs at a higher frequency v than the maximm for
k(v),» Thus in the sclentific llterature there are
slight, but implicit, disagreements as to the central

frequency L cf some vibraticnal bands because same

investigators work entirely with a(v)w and others work
entirely with k(v) . Neting this implicit difference

in obtailning central frequencies Vo of vibrational

bands, we relate to k(v)w the subsequent discussions of
central band frequencies Vi half widths I'y, and band

strengths Sb‘

In the vapor state the H20 monomer possesses sz

symmetry and has three fundamental vibrational modes:

vl(Al) syrmetrical O-H stretch at 3656 cm'l,

l, and

v3(Bl) antisymmetric O-H stretch at 3756 em™L,

V2(Al) O-H-0 bending motion at 1594 cm~

It 1s very doubtful that the H2O monomer, per se, exists
in the liquid state. Hydrogen-bonded temporal clusters
of several H2O molecules, however, are believed to exlst
in liquid water. An Infrared spectrum of liguid water
therefore 1s interpreted in terms of bands associated
with the iIntra-molecular vibrations of H2o molecules,
and in terms of inter-molecular lattice vibrations of
the clusters. For example, the infrared spectrum of
1iquid water at 27°C possesses a band, designated as
Vo that 1s asscciated with the O=-H=-O bending motion.
Tﬁe v, band has a central frequency v_,. of 1640 cmfl,

a half width I of 110 cmfl, and a band strength S of
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(4.5 + 0,8) x 10 cmz/molecule. The symmetric and
antisymmetric O-H stretching vibrations, designated
L) and V3s respectlvely, and the first overtone 2v2
which may be in Ferml resonance with one of the O-H
stretching vibrations, provide broad overlapping
bands in relatively close spectral proximity to one
another. The bands assoclated with V1s V3s and 2v2
are grouped together for purposes of analyzing the
infrared spectrum; together they provide a very broad
band with central frequency Ve of 3365 cmfl, a

half width T of 390 ecm T, and a combined band strength

el cmz/molecule.

S, of (3.65 + 0.08) x 10°
The structure of the temporal clusters of H20

molecules in liquid water is not fully understood at

3/

this time, However, one recent model= 1s useful

when interpreting the infrared spectrum of liquid

water. The model, regarded by 1ts authors as not

being definitive untll further experimental verification
is obtéined, consists of an HEO molecule hydrogen-
bonded with C2v symmetry in a temporal cluster of four
first and twelve seccnd nearest neighboring HEO
molecules. A normal cocrdinate and Monte Carlo analysis
\ : of this structure yieldéd six principal lattice
vibrational modes with a total of thirty different
vibraticnal species. According to the normal coordinate
analysis the six principal lattice vibrations occur at
ca, 75, 165, 219, 450, 550, and 722 em T, In the

infrared spectrum of liquid water, assuming that the
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seventeen molecule cluster with CE* symmetry has

i
significant valldity, the lattice vibraticnal modes
near 450, 550, and 722 em™t provide bread overlapping
bands that collectlvely give a brcader band designated
as the librational band Vr o From infrared spectra
obtained for liquid water at 27OC the parameters for the

v band are v __ = 580 e, T = 500 om™t

2l

, and Sb =
(7.2 % 1.5) % 107 em°/ molecule, Similar parameters
for the other three principal lattice vibraticns have
not been measured because infrared reflectance and
transmittance spectra of water are difficult to obtain
in the region below 300 em™ 2,

Of particular relevance to the investigation cf
ZnCl2 solutions was the fact that the nature of water
molecules In the llquid state could also be investigated
through effects that monatomic and polyatomic ions
have on the intra- and inter-molecular vlibrations of the
temporal clusters. The lons are sources of electric
fields that interact wilth the electric dipole moments
of neighboring water mclecules within the hydrogen-
bonded temporal clusters. In infrared reflectance
spectra R(v)s of aqueous solutions, and in associated
spectra N(v)s, the averaged effects of such interactions
are observed as (1) shifts in the central frequencies
- of the various intra- and inter-molecular vibraticnal
bands, and (2) as changes in Sb the infrared band strength

associated with each vibrational band. Investigations of
47/

these effects are described in sewveral previous ticles,
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D E, Irishé/ previously reviewed the physical
and chemical properties of fused salts and electrolyte
solutions of ZnClg. Raman spectra were the primary
basis for deducing the chemical properties, but several
references to infrared studles were also included.
Based on the review by Irish, and the pertinent publica-
tionsgzlg/ referred to therein, we note that agueous
solutions of Zn012 contain the polyatocmic constitulents
ZnC1’, 2nCl,, ZnCly”, ZnCl”, and Zn(E0)s"' in addition
to hydrated speciles of scme of these autoccmplexes.,
The diatomic ion ZnCl+ has a vibrational frequency of
ca. 305 dﬂ'l and cccurs in solutions of less than 4M
concentration. The linear molecule ZnClz, which occurs
in solutions of greater than 4M concentration, has three
fundamental vibraticnal modes: (1) the v, In-Cl
symmetric stretch at ca. 305 cmfl, (2) the v, C1-Zn-Cl

1

bending mode at ca, 101 em —, and (3) the v4 Zn-Cl anti-

symmetric stretch at ca, 505 et

« The vy mode is

Raman active and the v, and V3 mocdes are infrared active,
No evidence from Raman or infrared studies exists to
either prove or disprove the existence of ZnCl3- in
aqueous soluticns of ZnCl,. The anion ZnClu_a-, which
exists in solutions of less than 10 M concentraticn,
possesses the nine fundamental vibrational modes
characteristic of tetrahedral molecules: Vl(Al> at

278 ot

= -1 = - -1
4 vz(;) at ca, 100 cm —, vq(fz) at ca, 280 em -,
-~
and v,(F,) at ca. 122 em ~, 11 modes are Raman actlve,

but only the V?(FZ) and vu(ﬁz) triply degenerate modes

e T —— S U~
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< " =
are infrared active, The octahedral cation Zn(£20)é s
which exists in solutions of less than 13 M concentration,
possesses three Raman active vibraticnal specles A, ,
E., and T
g’ 2g

vibraticnal specles. Irish observed a Raman band at

and two triply degenerate Tlu infrared active

ca. 390 em™* which was assigned to the Alg species,
Infrared active modes attributed to Zn(HEO)é+ were
observed in ZnSOu-7H20 by use of the KBr disk methocd by
Nakagawa'and Shimanouchi.g/ They assigned an OH2
wagging vibration to a band at 541 cm T, a In-O stretch-
ing vibraticn to a band at 364 cnfl; and an OH2 rocking
vibration that was caleulated to occur at 620 cm — wes
not observed possibly because of overlap with the band
due to the VA(FE) mode of soﬁ‘. In aqueous solutions
of greater than 10 M concentration a polynuclear
aggregate of Znl lu tetrahedra, comparable to that of
crystalline ZnClz, was observed by Irish to possess
Raman actlve vibraticnal modes at ca, 90, 230, 335,
and 280 em™l. Evidence of the water structure also
persists in Raman spectra for Zn012 solutions up to
about 10 M concentration.

‘ i ¢. R(v) and N(v) Spectra for 2nCl, Solutions

The measured relative reflectance spectra R(v)
for the 1.77, 2.8, and 4,19 M ZnCl, solutions are pre-
sented in Figs. 2 and 3, and R(v) for the 5.75, 8.82,

and 11.65 M ZnCl. solutions are presented in Figs, 8
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Figure 2, Near-normal incidence relative specular reflectance
R(v) = F’.(v)S/R(v)w in the spectral region from 270 to
2500 em T for 20.3, 29,4, and 40,2 percent aqueous
solutions contalning ZnClz. Nominal values of 20, 20,
and 40 percent are listed in the key for the various

spectra.
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Figure 2, Near-normal incidence relative specular reflectance

R(v) = R(v)s/ﬂ(v)w in the spectral region from

2500 to 5000 em — for 20.3, 29,4, and 40,2 percent

aqueous solutlons containing Z1Cly., Neminal values

~

of 20,

2 | et 39y 4 1r &
30, and 40 percent are listed in the key lor

the various spectra.
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Figure 4. Index of refracticn n(v)s in the spectral region
‘ from 270 to 2500 cm — for 20,3, 23.4, and 40.2

percent aqueous solutions contalning ZnCl,.
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and 9. The R(v) spectra were phase~-shift analyzed by

use of the Kramers-Kroniz relation

B0(%,) = Prin. (hg/m) £ Un[ROD)/ (5391,
(3)

where A¢(Ao) is the difference in phase shift for
electromagnetic waves of wavelength Xo reflected from
the surfaces of the sample and the water, The poftions
of the integral in Eq. (3), beyond the region in which
data were acqulred, were evaluated analytically by
assuming constant relative reflectance R(A) = R(Amin)
in the region 0<A<A . and R(A) = R(A__ ) in the regicn
A, :

Spectral values of N(A) were then obtained for each
solution by use of the results from the Kramers-Kronig
analysis as input to a previously published algorithm,
Values of N(A) are presented in Figs, 4-7 for the 10,
20, and 30% ZnCl, solutions, and in Figs, 10-13 for
the 50, 65, and 75% ZnCl, solutions,

Discussion of Spectra of ZnCl2 Solutions

Significant hydrolysis of 2n2+ does not occur in
agueous solutionslgllg/ of ZnClg. Thus the infrared
bands of Zn(E,0)§" at 620, 541, and 364 em™ provide
only weak contributions to the spectra shown in Figs,
2=132.

Raman intensity studles by Irish et 2;_;9/ indicate
that below U M concentration that ZnCl' and ZnCli- are

predeminate, and that concentrations of ZnCl, are

T o i
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insignificant, unCl is present in concentrations of
about 1.3, 0.4, and 0, M in the 1.77, 2.8, and 4.19 M
ZnCl, solutions, respectively, ZnClE' is present in
concentraticrs of about 0.3, 0,8, and 1,6 M in the
1.77, 2.8, and 4,19 M ZnCl, solutions, respectively.
In the 4,19 M aquecus ZnCl, solution the ZnCl,
molecule, per se, is present at about 0,1 M concentra-
tion. In the infrared spectra obtained for the 1,77,
2.8, and 4,19 M solutions in the region from 270 to

3

5000 cm — we expect, in addition to bands due to the

water structure, broad infrared active bands at 305 cm.'1

due to ZnC1T, at 280 em™! due to the v3(F,) mode of

ZnC1§™, and in the 4.19 M solution wesk contributions

i

at 505 cm — due to the v3 antisymmetric stretch of

et and C1” will effect the

ZnClZ. Additionally, ions Zn

positions and strengths of infrared bands due to the

water structure,

The Raman intensity studies by Irish et al 10/

also indicate that, for concentraticns above 4 M, the

species Zn°", ZnCl,, and ZnClj~ are predominate, 2nCl,

is present in respective concentrations of about Q.4 and

! 3 1.9 M in the 5.75 and 8,82 M 2ZnCl, solutions, The
concentration of ZnCl, for the 11.65 M solution is not

i known but probably exceeds 2M, ZnCli— is present in
concentrations of about 2.2, 2,7, and 3.7 M in the

5.75, 8.82, and 11,65 M solutions, respectively. Thus,
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in the infrared spectra for the 5,75, 8.82, and 11.65 M

solutions we expect, in addition to bands due to water,
)

mode of ZnCli- and at 505 am™+ due to the vy anti-

o+

broad infrared bands at 280 cm * due to the v3(?2
symmetric stretch of ZnCl2. Additionally, the Zn
ions will effect the positions and strengths of the
infrared bands due to water,

The relative reflectance spectra shown in Figs,
2, 3, 8, and 9 possess three general spectral features

of the same type. For example, the feature extending

i 1.

from 270 to ca. 1350 em — and centered at ca. 800 cm .
This feature 1s characterized by a decrease in the
megnitude of the relative reflectance in the region from

2!

270 to about 720 cm —, an increase in relative reflectance

1

in the region from about 720 to about 900 cm —, and

then a decrease in relative reflectance in the region
from about 900 to about 1350 em Y, The two other
similarly shaped spectral features are centered at ca.
1680 and 3500 em L, These features are due primarily
to different water content of the aqueous solutions,
Note also that the relative reflectance of liguid
water would be 1.0 throughout the spectrum,

\ The three spectral features are characterized in
the spectra n(v)s ¥s, v shown in Figs. 4, 5, 10, and 11

as regions of ancmalous dispersion, and as peaks 1n the

Spectra k(v)s vsS. v shown in Flgs, 6, 7, 12, and 13,
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In applying the Kramers-Kronig analysis to the
relative reflectance spectra R(v) we assumed that in the

- ]
wave-number region from 0 to 270 em ~ that R(v) =

R(270 cmfl). This is a samewhat poor assumption because

e there are other infrared active vibraticnal modes cf

polyatomic constituents of Zn and Cl beyond 270 cm -,
Additionally, the full influence of the ZnCl' band at

- — -
305 cm — and the ZnClﬁ band at 280 cm 1 extend to wave

numbers below 270 cm_l, the beginmning of the relative

reflectance spectra collected in these experiments.

Also, the 505 em L

band of ZnCl2 occurs in the spectral

region of the strOng v, band of water. Therefore, it

is virtually impossible to extract any information about
ZnCl+, InCl,, and ZnClﬁ' from these spectra except that

the rapid increase in relative reflectance in the region

=1 .

from 600 to 270 cm s undoubtably due in part to

infrared activity of these three polyatomic constituents,
Reflectance spectra in the regicn below 270 cm'l,
j obtained by Fourier Transform techniques and then
Joined with the spectra reported in this paper, can
provide additional knowledge of the iInfrared parameters
| of 7nc1t and ZnClﬁ' in these solutions, The increase in
1 5

relative reflectance from about 700 cm — to 270 em — is

also due to the v, band of liquid water shifting to lower

o

wave numbers as the 7n 12 concentration increases.,

The assumption that R(v) = R(270 cm'l) throughout

influence on values computed for n(v). and k(v). for

& VL

-l
l the spectral region from 0 to 270 em — will have small
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greater than about 500 cm L.

The spectra k(v)s vs, v shown in Figs, 6, 7, 12,

and 13 provide parameters k(v) Iy and S

max? “max?

listed in Table IV for the infrared bands Vs Voo

and the combined contributicns of v,, v,, and 2v

|

2
of liquid water. Referring to Table IV we note for the

infrared band comprising intra-molecular vibrations
V1, v3, and 2v2 that as the ZnCl2 concentration increases,

Vons shifts to higher frequencies, T increases, k(v)max

decreases, and Sb decreases and then either increases
or remains about the same, Similarly, as the ZnCl,
concentration increases, we note for the infrared band

comprising intra-molecular vibraticn Vs that L.

shifts to lower frequencies, T decreases, k(v>wax

increases, and Sb increases, We also note from Fig. 6
that the contribution of the Vs band to k(v) is super-

imposed with a general absorption which decreases slowly

from 1000 to 2400 am™t. This general absorpticn is due

b to temporal water clusters and 1s possibly due in part

2+

to water molecules coordinated with Zn® ions. The

general DHsorption also contributes to the values tabulated
L P A 2

Ea for k(v), ., for the v, band, Fer the v, band com-

prising inter-molecular vibrations, as the ZnCl, con-
centration increases, Vinex shifts to lcwer frequencies,

I remains about the same, k(v) decreases, and Sb

max

——k

-
§o]

increases. Two values of S are tabulated for the v
b
band in each solutlon; the lcwer value in Table IV denctes

deletion of the general absorption which was manually

— p—
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extended into the spectral region spanned by the

v band, and the higher value includes the contribution
from this general absorption. The integration indicated
in Eq. (1) was made manually in each case by use of a

= planimeter. The limits on the integrals were from 2600

it

to 4000 cm ~ for the Vs V3, and 2v, band, from 1280 to

1810 em™" for the v, band, and from v__ to 1140 cm
for the v band, Parameters T and Sb for the v, band
were obtained by considering only the high-frequency
side of the band and then multiplylng the results by 2
before entry in Table IV, The increase in Sb measured
for the 23 band of 1liguild water shown in Table IV 1s
probably due to infrared activity of Zn(H,0)  at 620
and 541 em™t in all three solutions, and also to

L 4n the 4.19 M

infrared activity of ZnCl, at 505 cm”
solution.

Parameters I' and S were not measured for the v,
water band in the 5.75, 8.82, and 11,7 M solutions,
S because of significant contributions of unknown magnitude

due to bands associated with ZnCl, and ZnClE‘.

— n— AT NS -~
s '

e e = e X :
oIy R T R
SS— ¢ 2

| —




Agquecus Solutions of H3POy

a.

Objectives
The principal objectives for this investigation
were: (1) to obtain, for aqueous solutions of HBPOH,
spectral values of N(v) = n(v) + ik(v) which were suitable
for computing Mie-scattering parameters, and (2) to measure
central frequencles, half-widths, and band strengths
of inter- and intra-molecular infrared-active vibrational
modes of liquid water, HgPOy, and molecular products of
due to dissociation of HsPCy in agueous solution. The
methods used to accompllish these objectives were the
same as those described in Section V.A.2.a. Nine
phosphoric acid samples were investigated: 5, 10, 20, 40,
50, 65, 75 solutions, an 85% solution at 25°C, and an
85% solution at about -10°C. In terms of molar concentra=-
tlons the H3POy solutions were 0,52, 1.07, 2.27, 5.12,
6.81, 9.78, 12,08, and 14,65M, respectively.
Background Information for Discussion of H3Pou Solutions
Knowledge of the optical properties of agueous
solutions of H3P0u 1s of both practical and basic
importance., From the practical point of view, clouds,
which are ultimately composed of H3Pou, are produced
in the earth's atmosphere by combusticn of white, yellow,
or red phosphorus., Computation of radiation transport
through such clouds relies primarily on Mle-scattering

theory, which requlres pricr knowledge of N(v) of the

cloud's constitulents,
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The basic importance of aguecus HBPOH soluticns
lies in an iInterest in the hydrogen bended structure of
ligquild water and the stoichiometry of acld soclutions.
Present knowledge of the structure of liquld water, as
it applies to this investigaticn, was reviewed in
Section V.A.2.b. The known structure and stoichiometry
of aqueous solutions of H3P0u are reviewed here, with
emphasis on those properties providing greater under-
standing of the accurate measurements of infrared
reflectance spectra described hereinafter,

20/

Preston and Adams— Investigated Raman spectra

of agueous solutions of H3Pou ranging in concentrati

from 0.005 M to 15.6 M, They found that the Raman spectra

could be reascnably accounted for by liquid water, un-
dissoclated H3POy, and the anion HoPOy « The degree of
dissociation, according to their investigations,
falls from about 0.5 at 0,01 M concentration to 0,1 in
the 1-2 M range of concentrations, and remains at about
0.1 up to concentrations of 15.7 M, Based on a molecular
model of H3Pou of the fbrnxOPX3, where X designates O-H,
possessing C3v symmetry, Preston and Adams assigned the
followlng bands:

v1(4Aq) 885 em™t PXB symmetric stretch

vs (A7) Lag cm PX, deformation

VE(A1> 1165 cm'l PO stretch

v (E) 1007 om PX, asymetric stretch
vg(E) 500 cm™ PX, deformaticn

9
vg(E) 370 em ~ P¥5  bend.




These bands would also be Infrared active,
The OPX3 molecular model, however, dces not provide
for O=H vibraticns. The reduced representation of

molecular H3 with 03 point group symmetry is

P [ = 5A, + A, + 6E,
The A1 specles are: O-H stretch, P-0O stretch, P-03
stretch, PO3 deformation, P-O-H inplane bend, and P-O-H
out-of-plane bend. The A2 species 1s a P-0-H out-of-
rlane bend, And, the doubly degenerate E specles are:
C-H stretch, P-O3 stretch, PO3 deformation, P-O-H inplane
bend, and P-O-H out-of-plane bend. The Al and E species
are infrared and Raman active, and the A2 species is
inactive, In the absence of previous normal cocrdinate
analysis of H3Pob, we are currently undertaking a normal
ccordinate analysis to better assign the bands of H3P0u.

The structure of the anion HEPOM- is not clearly under-
stood 1n aqueous solutlons, and the possibility of
hydrogen bonding mekes it doubtful that the anion, per se,
p exists in the solutions. However, as with the I—INO3

solutions which are discussed in Section V,A.4,, the

infrared spectra of H3P0u willl also be characterized

1t 4 by bands due to H,PO,”. The anion H,PO,~ cannot possess
| symmetry greater than C2v’ for which the reduced
representaticn 1is

= 6Al + 2A2 + usl + 385 .
The Al’ Bw, and B2 speciles are infrared active, IT
the symmetry is Cn, rather than C”v’ then the reduced

representation is

W R
-‘c 4/°‘ e MWW..M,___-_W
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= 8A + TB;
and the A and B species are infrared active,
Chapman and Thirlwellg;/ previously investigated
the infrared and Raman spectra of orthophosphates and

assigned the following bands for HQPOu':

2800-3000 cm O-H stretch
2380 em™t 0-H stretch
830 am™* Combination band
1230 em™t P-O-F in-plane deformation
1076 et PO3 stretch
G88 em™t PO3 stretch
862 cmt P-O-H stretch
520~ 590 cm * OPO bending
455 cm™ OPO bending,

R(v) and N(v) Spectra of H3P0u Solutions,

The measured relative reflectance spectra R(v) in
the spectral region from 0-2,500 et for 5, 10, 20, and
40 per cent solutions of H3PQ4 are presented in Fig, 14,
The R(v) spectra for these four relatively weak agueous
solutions varied little from a value of R(v) = 1.0 through-
out the 2,500-5,000 em™t region, and therefore are not
presented graphically in this report., The R(v) spectra
for 50, 65, 75, and 85 per cent aqueous solutions of
HgPOu are presented in Figs. 19 and 20, and the R(v)
spectra for the 85 per cent sclution at 25°¢ and -10°C
are presented in Figs, 25 and 26.

The relative reflectance spectrum of each sclution

was analyzed by use of the Kramers-Kronig techniques
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Figure 14, Near-normal incidence relative specular reflectance
R(v) in the 300-2,500 em™t spectral range for
b 5, 10, 20, and 40 percent aqueous soluticns of
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Figure 15. Index of refraction n(v) in the 300-2,500 em™+
spectral range for 5, 10, 20, and 40 percent

aqueous solutions of H POa.

3




1.5

2500 3000 3500 4000 4500 5000

WAVE NUMBER (cm-!)

Figure 16. Index of refraction n(v) in the 2,500-5,000 cm ~
spectral range fer 5, 10, 20, and 40 percent

aqueous solutions of H,,POQ.
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Figure 17. Extinction coefficient k(v) in the 300-2,5C0
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percent aqueous solutions of H, PO,
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Figure 18. Extinction coefficient k(v) in the 2,500-5,000
cm - spectral range for 5, 10, 20, and 40
percent agueous solutions of HQPOM.
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Flgure 20. Near-normal incidence relative specular reflectance
R(v) 1in the 2,500-5,000 em™1 spectral range for
50, 65, 75, and 85 percent aqueous solutions of

HoPO,,
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Figure 21. Index of refracticn n(v) in the 300-2,500 cm +

spectral range for 50, 65, 75, and 85 percent

aqueous solutlons of HQPOQ.
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Figure 22. Index of refraction n(v) in the 2,500-5,000 cm™L

spectral range for 5C, 65, 75, and 85 percent

aqueous solutions of HQPOM.
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Figure 23, Extinction coefficlent k(v) in the 300-2,500 cm —
spectral range for 50, 65, 75, and 85 percent

aqueous sclutions of H3Pou.

S TS vy, RGP ! B

o
3




n
o

06

| —'85%
| 0.4 T
----- -65%

=

2500 3000 3500 4000 4500 5000
WAVE NUMBER (cm-!)

-
Figure 2U4. Extinction coefficilent k(v) in the 2,500-5,000 cm -
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described in Section V.A.2,c, to obtain N(v) = n(v) + ik(v)
for each solution, Spectral values cf N(v) for the 5,
10, 20, and 40 per cent solutions of ngou are pre-
sented graphically in Figs. 15-18, for the 50, 65, 75,
and 85 per cent soluticns of H3POM in Figs. 21-24, and
for the 85 per cent solution of HyPOy at 25°C and -10°C
in Flgs. 27-30,
d. Discussion of Spectra of HSPOu Solutions

The degree of dissocilation 1is greater for H3POa
soluticns of less than about 1 M concentration. Thus,
infrared active bands due to HZPOA— should be relatively
more prominent in the 5 and 10% soluticns, One of the
strongest bands for HZPOM' occurs at 1074 em L, A
small shoulder band at this position was cbserved in the
5, 10, and 20% solutions; for example, examine the k(v)
spectra in Fig. 17, The 107% cm ' band is not at all
apparent in the solutions of greater concentration, even-
though in the 85% solution approximately 8,5% of the
solution should be HQPOu'. Therefore, we interpreted
the spectra of the H3Pou solutions on the basis of infrared
active bands of H3Pou and water, The central freguencies
v(cmfl) and tentative assignments for the infrared active

bands of H3POQ solutions are presented in Table V,
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Table V,

- -1
Central frequencies v(em ~) of

infrared active vibraticnal bands

and tentative band assignments for H:POu solutions,

v(em~1) for infrared bands of H3POy Soluticns

Molecule | Assignment 5% 102 [20%2 |40z [50% |[65% |75%  |85%
H>0 Vy5 V352V, 3,384 |3,384 |3,384 3,378 (3,372 (3,364 {3,355 (3,344
H,PO, (E)O-H stretch 2,908 12,854 |2,840 |2,8L0
H,PO), (A])O-H stretch 2,358 12,298 |2,264 |2,290 {2,294
H,0 vy 1,642 {1,642 1,641 (1,641 {1,653 (1,653 {1,655 (1,655
H.PO, (A,)P-0 stretch 1,173 (1,169 1,151 |1,134 |1,134
H5PO, (E) PO5 asym. str 1,004 |1,006 (1,006 {1,006 {1,006 {1,006 {1,006
H4PO), (A))PO5 sym. str, 885 | 894 | 892 | 889

? 825 826 827
H.POy, (A%E)PO, deform, 502 | 492 | 491 | uBB | 4B
H4PO, (E)Poy bend 376 { 377 | 377 | 376
H0 v 587 586 541

}

7
T IR
. .5 - v »
s Sow—- ]

b, Aueous Solutions of HNO2

a. Objectives

The principal objectives for this investigaticn were:

(1) to obtain, for agueous solutions of HNO3, spectral values

of N(v)

n{v) + ik(v) which were suitable for cocmputing

Mie-scattering parameters, and (2) to measure centrzal frequen-

cles, half-widths, and band strengths of inter- and intra-

molecular infrared-active vibraticnal modes

of liquid water,

HNO,, and molecular products due to dlssociation of HNO3 in

aquecus solutilons.,

()

The methods whereby these objectlves

were accomplished where the same as those presented in Section

VA28

Six nitric acid samples were investigated: 0.5, 1,
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2, L, 8, and 15,7 M solutions at 27°C.

Spectral values on N(v) for aquecus solutions of
HNO, are important because this acld is a common zerosol
in the Earth's atmosphere.

The investigaticns as presented in this section were
recently accepted for publication in The Jourmal of
Chemlcal Physics.,

Background Information for Discussion of HN03 Soluticns,

Here we present measurements of relative infrared
reflectance spectra, computed values cf spectral complex
refractive index N(v) = n(v) + ik(v), central wave-
nurber positions of infrared vibrational bands, and measured

strengths
Sp = 2= Spana (V) dv )
Py an

of selected bands for 0,5, 1, 2, 4, 8, and 15,7 M
aqueous soluticns of nitric acid., In Eq. (4) Sb is the
band strength, o, is the mclecular density (mol./cm3), and
the integral is evaluated over the full width of the
band. There have been many previous investigations of
the infrared and Raman spectra of nitric acid. None of
the previous ilnvestigations, however, were of the reflectance
spectra, and none presented spectral values of N(v) for
1iguid nitrdic acid.

Investigations, prior to 1960, of the infrared and
Raman spectra of nitric acid were previcusly reviewed and
sumarized by Stern et g;.ga Scme structural features

of the HNO, molecule were not well known at that time
-
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The structure of nitric acid: r =

rp = 0.112 rm, ry = 0,1405 rm, ry =

e = 130° 13, 8y = 115° 55', Bp =

y = 102° 13' (frem Ref. (23)),

13
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0.121 nm,
0,0961 rnm,

3¢ 52,
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Figure 32, Degree of disscclaticn o« vs, molar concentration
M of aqueous solutions of nitric acid. The
dissociation of HNO, in water follows Eq. (5)
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in the text.
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and the molecule was therefore treated by scme investigz-

point
O = 1

group. Thus there were several discrepancies in assign-

tors as an O'N‘O2 planar system belonging to the C

ment of the fundamental vibrational bands of HNOQ‘

In 1965 McGraw et al,~< =3/

reported a normal coordinate
analysis of a planar nitric acid molecule belonging to
the C point group and possessing the structure shown
in Fig. 31, Such a molecule has nine fundamental vibra-
tional modes. Seven modes are in-plane A' species and
two modes are out-of-plane A" species, All modes are
active in the infrared and Raman spectra. McGraw et al,
compared the infrared absorption spectrum of nitric-acid
vapor with results from the normal coordinate analysis.
They made assignments of the nine fundamental bands and
of several overtone and combination bands, Their
assigrments of the fundamental bands for nitric-acid
vapor are valid yet today and are presented in the first,
second, and fourth colums of Table VI,

The assigrment of infrared and Raman vibrational
bands for agueous solutions of nitric acld is more difficult
for at least three reasons. One, the HNO3 monomer per
se probably does not exist in the hydrogen-bonded structure
of the ligquid. Two, the liquid structure is not completely
uncderstood. And three, because HNOE dissoclates in agqueous
soluticns. A graph of a the degree of disscclation of HNO,

. 2l 25 L
in aquecus solut;ons——l-—/

as a function of molar con=-
centration M is shown in Fig, 32, In aguecus solutions

the dissociation is
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Table VI, Previous band assignments for nitric-acid vapor and liquid,

Mode (Species) Vapor Liquid Assigrment

vl(A') 3550.0 3410 HO stretch

vZ(A') 1708.2 . 1675 NO2 antisym. stretch
v3(A') 1330, 7 1395 HON bend

vu(A') 132L4.9 1303 NO2 sym, stretch
vs(A') 878.6 926 NO, deformation
v6(A’) © 646,6 677 NO' stretch

v-(a") 579.0 612 ONC' bend

vS(A") 762.2 TiraE N02 rock

“Q(A") 455,8 L85 HO torsion

Table VII, DMolar concentration of nitric acid solutions, volume density
p in g/an3, numnber of water molecules per acld molecule Nw/Na
pricr to dissocciation, degree of dissociation a, and molar ccn=-
centration of HNO3, HO3", NO3=, and HO after dissociaticn in
the nitric acid solutions.

Solution P Nﬁ/Na o HNO3 HO3 HOB- H,0

0.5 M 1.015 109.3 0.99 0,005 M 0,405 M 0,495 M 54,16 M

1.0 1.032 53.9 0.97 0,03 0.97 0,97 52.85
2.0 1.065 26.1 0.95 0,10 1.90 1.90 50,27
4.0 1.130 12.2 0.85 0.59 3.4 3.41 45,3k
8.0 1.249 52 0,61 3,12 4,88 4,88 36,48
15.7 1.413 1.5 0.165 13.11 2.59 2.59 20,97




b -y

Ca

e + -
HNO3 + H,0 T HO' + NOg™, (5)

In pure liguid nitric acid (~ 24 M) dissociation
occurs by means of the autoionization process

(or ionic self-dehydration process)

-> 17 1 5
E(HNO3) ZHO +NO, + NO3 s (6)

thus accounting for the greater electrical ccrductivity
of the pure acid compared to that of agueous soluticns
of very high nitric-acid concentration, The molar
concentrations of ENO,, H3O+, NO,”, and H,0 after
dissociation in 0.5, 1, 2, 4, 8, and 15.7 M agueous
solutions of nitric acid are presented in Table VII,
The concentrations of products of the dissociation were
detenn.{ned by use of Eq. (5) and the dissociation curve
shown 1In Flg. 32.

Agqueous solutions of intermediate nitric-acid

concentration (8-20 M), however, have Ramanﬁi—zﬁ/ and

inf‘raredgéﬂ/ spectra closely similar to that of the
vapor., In the spectra of the liquids there are also
other vibraticnal bands cbserved which correspond to

the dissociation products and to the liquid water,
Previous assigmments, by McCGraw et al. ,33-/ of fundamental
vibrational bands based on Raman spectra of anhydrous

nitric acid (~ 24 M) and aqueous solutions containing 95%

(22.5 M) and 60% (13 M) nitric acid are shown in the first,

third, and fourth colums of Table VI,

R(v) and N(v) Spectra of HNO, Solutions,

Experimental methods for acaquisition of the near-




normal incidence relative infrared reflectance spectra
of the nitric-aclid solutions were similar to those
described in a previous paper.gg/ The relative
reflectance spectra thus obtained are presented in

Figs. 33 and 34, Relative spectral reflectance R(v)

is defined as R(v) = R(v)/R(v),, where R(v)g is the
spectral reflectance of the nitric-acid solution and
R(v)w is the spectral reflectance of deionized and
filtered water. Standard deviations based on three
independent measurements of R(v) were generally + 0,005 R(v)
but increased to about + 0,01 R(v) in spectral regions
where atmospheric water vapor and carbon dioxide are
strongly absorbing. The temperature of theswater and the
nitric-acid solutions was about 27°C.

The relative reflectance spectra were phase-shift
analyzed by use of Kramers-Kronig techniquesgglgg/ to
obtain spectral values of N(v) which are presented
graphically in Figs, 35-38, Uhcertainties\for N(v)
obtained by these methodséigg/ are typically as follows:
+ 0.01 n(v), + 0,02 k(v) for k(v) greater than 0.05,
increase to about + 0,2 k(v) fer k(v) = 0,01, and

become much larger for k(v) less than 0,01,

d. Discussion of Spectra of HNO3 Soluticns,
ﬁ@Egg. Temporal clusters composed of several
hydrogen=bonced HpO molecules constitute the structure
of liquid water, An infrared spectrum of liquid water
i1s therefore interpreted in terms c¢f bands assoclated
with intramolecular vibrations of HQO molecules and
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Flgure 33.

Near-normal incidence relative reflectance in
the spectral region 310 to 2,500 em™, for
0.5, 1, 2, 4, 8, and 15.7 M aquecus solutions

of nitric acid.
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Figure 34. Near-normal incldence relative specular reflectance
R(v) = R(v)s/R(v)w in the spectral region 2,500 to
5,000 am™+ for 0.5, 1, 2, 4, 8, and 15.7 M aqueous
i solution of nitric acid.
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Figure 35, Index of refraction n(v) in the spectral region
310 to 2,500 em ™t for 0.5, 1, 2, 4, 8, and 15.7 M
aquecus solutlons of nitric acid: n(v) is the
“ real part of N(v).
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Figure 36. Index of refraction n(v) in the spectral region
2,500 to 5,000 em ™ for 0.5, 1, 2, L, 8, and 15.7 M
aquecus solutions of nitric acid: n(v) is the real

part of N(v).
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Extinction coefficient k(v) in the spectral
region 310 to 2,500 em * for 0.5, 1, 2, L,

8 and 15.7 M aqueocus solution of nitric acid:

k(v) 1s the imaginary part of N(v).
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Extinction coefficient k(v) in the spectral region
2,500 to 5,000 em™* for 0.5, 1, 2, 4, 8, and 15.7 M
aqueous solutions of nitric acid: k(v) is the

imaginary part of N(v).
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intermolecular lattice vibrations of the clusters,
There are three intramolecular vibrations: the V1
symmetric and Vg antisymmetric O-H stretching moticns,
and the Vs 0-H-O bending motion, The v, band has a

central frequency of 1640 e ™, a half-width of 110 am™ 2,

22 cmz/molecule.

and a band strength of (4,5+0,8) x 107
The Vi and v3 stretching modes and the first overtone
2v2, which may be in Ferm! rescnance with v, or V3
produce broad overlapping bands. The Vis V3 and 2v2
bands are therefore grouped together in order to analyze
the infrared spectrum of liquid water. Together these
three bands form a broad ccmposite band of central
frequency Ve half-width ', and band strength Sb

as recorded in Table V&Ii. = )

The intermolecular vibraticnal modes are not well
known., However, one structural mocdel proposed by Bandekar
and Curnuttegg/ consists of a central HEO molecule
hydrogen bonded with sz point-group symmetry in a
temporal cluster of U first and 12 second nearest
neighboring H2O molecules, A normal coordinate and
Monte Carlo analysis of this structure,gg/ neglecting
the intramolecular motion and degeneracles yielded six
principal lattice vibraticnal modes with a total of 30
vibrational species. The principal lattice vibrations
were 75, 165, 219, U50, 550, and 722 em -. Spectra
obtalned during the present investigation include only

i

the 450, 550, and 720 cm — modes, These three principal

- — o r—— -
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Table VIII. Measurable parameters for intramolecular bands of selected

nitric-acid solutions: v

the half-width, k(v)max is the value of k(v) at Vpaxe and S

max

is the band strength.

is the central frequency, T is

b

Solution(M) Molecule Band v(cm‘l)max I(em1) k(v oy Sb<cm2/molecu1e>
15.7 HNO, vy (A) 1672+ 47+8 0,292  1.70+0.1lx1072%
15.7 HNO, vy(a') 142042 98+6 0,294 2,0 +0,1x107°%
15,7 HNO, v (A1) 13042 5045 0.546 4,7 +0,1x1072%
15.7 HNO, vg(a')  9hor2 LG+l 0,361 1.6 +0,1x10~1
15.7 HNO, ve(A') 6912 26+6 0,256  0,22+0,03x107>
15.7 HNOg vo(A')  63k#2 0,283 -

15.7 HNO, vg(a™)  T78+2 1542 0,259  0,14+0,0Lx10™1

15.7 HNO, 2u, 2633+20 e 04082 et

15.7 HNO, 2v, 2935420 R F g

15.7 NO5™ vo(hy)  820%3 35+10 0.198

15.1 o, vy(E) 73047 S s
0.5 NO,, vy(E) 135082 130+10 0,065 16.7+2,0x1072%
1.0 Nog” vo(E) 135082 157410  0.099  18,1#2,0x107°+
8.0 HO" vy(A))  1210+40 s
8.0 HO" w(E) 1742415 180420 0,148  4,0+0,5x107%%
0.0 HO  vy,vy,2v,  3395% 290+ 0,297  3.7+0,1x107%
0.0 H,0 v, 1640+ 110+ 0,137  0.U5+0,08x20" 2%
0.0 E 0 v 580+ 500+ 0,443  7,241,5x107%%

T ————— ] T
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modes provide unresolved broad overlapping bands that
are collectively referred to as the libratiocnal band
vy - Parameters for the v band are noted in Table
VEEE,

Nitric-Acid Solutions. The molar concentrations of

molecular constitulents HNO,, H i OQ', and H,0

3
for the nitric-acid solutions are listed in Table VII,
In the spectra for the 0,5, 1, 2, and 4 M solutions we
primarily observed, in Figs, 33-38, spectral features
due to liquid water, In Figs., 33 and 34 liquld water
by definition has a relative reflectance R(v) = 1.0
throughout the spectral range. The bands are easily
seen in the spectra shown in Figs. 37 and 38, There
were also secondary spectral features due to the
strongest intramolecular vibrational modes of NO3' and
HO'

The NOB_ ion is planar with D3h point-group
symmetry, and thus possesses three infrared active
vibrational mode vg(AE), v3(E), and Vu(E> at sbout
820, 1350, and 730 cm l, respectively, The strongest
vibrational modes is vB(E) which is doubly degenerate.

The v,(E) mode is quite evident in the spectra for the

0.5, 1, 2, and 4 M solutions, Although the v(E) mode

<

is doubly degenerate it appears in the present spectra

as a doublet., Coordination of NO, with H,0 molecules

-

1s probably responsible for removing the degeneracy.

Dva
Parameters Vimax?

I'y and § measured for the v,(E) mode




AD=AOT6 502 MISSOURI UNIV-KANSAS CITY DEPT OF PHYSICS F/e 20/8
MOLECULAR AND CRYSTALLINE ELECTROMAGNETIC PROPERTIES OF SELECTE==ETC(U)
AUS 79 M R GUERRY DAAS29=76=g=188

. ARO=13739,9=08X

UNCLASSIFIED




-
(@)

of NO3' in the 0,5 and 1 M solutions are listed in

Table VIII. The v,(4,) and vy(E) modes of No3' are

quite weak. They were not cbservable in previous infrared
reflectance spectrag/ of 0.5 M solutions of NaNO3.

The v2(A2) and v,(E) modes, however, were observed

during the present investigation in the spectra for

the 8 and 15.7 M solutions, e.g., see Fig, 38 for

very weak bands at 820 and 730 cm T,

The H3O+ ion is pyramidal with Co, Doint-group
symmetry, and thus possesses four infrared active
intramolecular vibrational modes v,(4;), v5(A),
v3(E), and v, (E). The vl(Al) and v3(E) bands are very
broad and extend from about 2650 to 3380 cm *. They
were not observed specifically in the present spectra
for the nitric acid solutions because the V1s V3s and
2v2 modes for H20 occur in the same spectral region.

The v2(Al) bend of H3O+ occurs at a central frequency
v, = 1210440 em™’ in the spectrum for the 8 M solution,
and 1s best observed as a low-frequency shoulder on

the vy (A') band of HNO, which is discussed in the

3
following paragraph. The presence of the v2(Al) band

is also notable in the spectra for all the other solutions,
e.g. see Fig. 38. The doubly degenerate vy (E) band of
H3O+ occurs as a shoulder on the high frequency side

cf the v, band of Hzo. Parameters . I, and Sb for

the v(4)) and v,(E) bands of H0' are listed in Table VIII,
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The structure of the HNO3 molecule was dlscussed
in Section V.A.4.b., Intramolecular vibraticnal bands
assoclated with HNO3 were particularly evident in the
spectra for the 8 and 15.7 M solutions, Of the nine
intramclecular bands only the v,(A') and vg(A") bands
were not clearly identified, Both of these bands occur
in spectral regions where liquid water also has bands,

21

The v7(A') band at central frequency v =634+ 2 cm

max
was the weakest band of HNO3 that was observed, The

v7(A') bard, however, was not resolved to the extent

that its band strength could be measured, Parameters
A 'y, and Sb for the six other bands were measured

and appear in Table VIII,

The band strengths Sb were determined from graphs such
as those in Fig, 38 by manual decomposition of overlapping
bands when necessary, by subtracting the continuum
absorption, and by use of a manual planimeter, The
strength of the VM(E) band of H3O+ was determined by
planimetering only the high-frequency half of the band
and multiplying the result by a factor of 2. The strength

of the vg(A') band of HNO. was determined by planimetering

3
the combined areal contribution of the “2(A') bard of

&
HNOB, the v, band cf H,0, and the VM(E) band of H3O <

+
The band strengths due to Vo of Hzo and vy

at thelr appropriate molecular density were then subtracted

(E) of HBO

from the measurement of the comblned band strength. The
resultant band strength for v,(A') of HNO, was

Sp = (1.70+0.14) x 10°° om® frolecule,
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5. Organic ILiquids and Solids

i, Objectives
Clouds ccmposed of water droplets, which are
stabalized against evapcration by surface coatings
L of long-chain alcchols, clouds ccmposed of oil droplets,
and clouds composed of small acrylic particles are of
practical iInterest as obscurants in the infrared
spectral region. Radiation transport through such
clouds can be computed by use of classical or modified
Mie-scattering theory. The spectral refractive index
N(v) = n(v) + 1ik(v), and a particle-size distribution,
of the cloud's constlitulents are required to begin
such computations. Values of N(v) in the infrared
are avallable for water, but values of N(v) for oils,
alcohols, and an acrylic were not previously available,
The objective of the investigaticn reported in this
3 section was to obtain the near-normal incidence relative
reflectance spectra R(v) and values cf N(v) for three
i olls, three solid alcchols, and polymethyl-methacrylate.
011ls selected for the investigation were commercial
diesel fuel, No. 100 pale oil (light fog oil), and
| ! tetramethyl-tetraphenyl-trisiloxane (TMIPTS). The TMIPTS
& 1s commercially available as DOW Corning Ne, 704 011,
| ? In addition to its use as an cbscurant, diesel fuel
was chosen because it 1s a common aserosol which is ore-
sent in the atmosphere due to lncomplete combustion in

internal-combusticn engines, No, 100 pale oil was chcsen

et -

because it 1s used by the Military as a screening-fog

s - e o e

®
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materlial, TMIPTS was chosen because we wished to extend,
into the infrared spectral region, scme previous investiga-

tionsiilig/

of 1ts optical properties in the ultraviolet
spectral region,

Long-chain alcohols selected for investigatiocn
were l-hexadecanol (palmityl), l-octadecanol (stearyl),
and l-eicosanol (arachidyl)., The melting temperatures of
these alcohols are 49, 58,5, and 65.5°C, respectively, Their
densities are 0.8176, 0,8124, and 0,8405, respectively, These
particular alcohols were of interest because of their
use in water-fog generating equipment, wherein they are
melted in water at about 95°C. Compressed alr bubbling
vigorously through the water-alcohol mixture in the generator
then produces steam-like clouds composed of alcohol-coated
water droplets. As the droplets cool in the atmosphere
the alcohol solidifiles, thus forming irregularly shaped
particles which, depending on the ambient temperature,
possesses a liquid water or ice core,

Polymethyl-methacrylate (PMMA) was chosen because it
is a readlly available commercial acrylic.,

Also, of basic interest was an interpretation of
the R(v) and N(v) spectra of these materials in terms of

Intramolecular vibrational modes.

Bac wnd Information for Discussion of Organics
f=)
Diesel fuel 1s composed of a host of different

hydrocarbons., Its primary constitulents, however, are

paraffins C H where n = 12-16, No, 100 pale oil has

n an+2?*

the consistency of a light lubricating oll and is

e ————
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probably composed primardily of paraffins where n = 15=20,
The long-chaln alcohols are closely related in their
chemical composition and structure to the paraffins,

Thelr chemical formulas are: l-hexadecanol CH,(CH,) CH,OH,

14
l1-octadecanol CH,(CH,) CH,OH, and l-eicosancl
T2 16 2

Ch3(CH2)180H20H.

In 1963 Snyder and Schachtschneider published two

2

papers§=/ on vibrational analysis of the n-~paraffins.
A synopsls of thelr results appears in Table IX,
Paraffins CnH2n+2 with n odd possess C2V point group
symmetry and those wlth n even possess C2h point group
symmetry. Infrared actlive specles of C2V are Al, Bl’ and

B2 and of C,,. are Au and Bu‘ The assymimetric and

2h
symetric stretching modes of CH2, and CH3 to a lesser

extent, in the 2,920-2,849 cm + region, and the HCH

3l

angular-bending modes of CH, and CH, in the 1,376-1,473 cm

3
reglion were of primary interest in this investigation
of diesel fuel, fog oll, and the alcohols.

PMMA 1s the first (k = 1) in the chemlcal series of
polymethacrylates [CHzc(CH3)(OO2 Cy H2k+l)]n‘ The point
group symmetry of PMMA varies with structure which can
be either isotactilc, syndiotactic, or atactic, Additionally,
the structure can vary from one form tc . GSher in a
particular PMMA sample. The infrared spectra and structure

W
of PMMA remains as an open research topic,=;/

and assign-
ments of vibraticnal specles for infrared bands of PMMA
could nct be made during thls investigation. However,

most of the infrared bands of PMMA are characteristic of




variocus chemical groups shown in the preceding chemical

formula.

Table IX. Infrared active vibraticnal modes, species, and frequencies of
n-paraffins compiled from the normal coordinate analysis reported

in Ref. (33).

Vibrational mode Species#* Frequency of Frequenc
n-odd n-even Renge (am~1)
CH3 asym. C-H stretch A1,By 2967
CH, asym. C-H stretch 82 Au 2912-2929
CH3 sym. C-H stretch Al’Bl Bu 2884
CH2 sym. C-H stretch Al’Bl " 2849-2861
CH, out-of-plane
2HCH bend B, A 1465
u
CH3 in-plane <HCH bend Al,Bl B, 1446-1473
CH2 <ECH bend Al,Bl Bu 1446-1473
CH3 sym. <HCH bend Al,Bl By 1376
CH, wagging A),8; B, 1174-1411
C-C stretch Al’Bl Bu 885-1132
2 R
”E3 rocking Al’Bl Bu 895
<C-C-C bend Al’Bl Bu 0-535
‘ CH2 twist-rock B, Au 1175-1310
q —
3 CH, reck-twlst 82 Au 719-1060
i CHB—CH2 torsicn 32 Au 0-153
,HE-CHQ torsion 82 Ax 25=-1L0

¥Paraffins Crfisys wWith n odd beleng to the C,, polnt group and those
= s AT O =
i with n even belong tc the C2h point group., Infrared active specles of

C va A = =} i | - Palle)
Coy 2re Aq, Bl’ B35 and of C2h are Au and B, All specles of Co,, 2re

Raman active, but only species Ag and Bg of Cop are Raman active,

(e

R e O
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The chemical formula for TPTMIS is (CH3)<C6HE)331332’
and the infrared spectrum of thils liquid 1s characterized
by bands due to the methyl (CH3) groups, the phenyl
(C6H5) groups, Si-(CHS) linkages, 51 = (C6H5) linkages,
S1-0, and many structural modes. At least 35 infrared
active bands were observed for this material. A helpful

review of Infrared bands due to these chemical groups

is provided by References (25) and (36).

c. R(v) and N(v) Spectra for Diesel Fuel, Fog 0il, and
TMIPTS.
The measured near-normal incidence relative reflectance
spectra for dlesel fuel, fog oil, and TMTPIS(DC-704) in

1 ang 2,500-5,000 em™t

the spectral regions 300-2,500 cm
are presented in Figs, 39 and 40, respectively. The
relative reflectance spectrum of each material was
analyzed by use of the Kramers-Krcnilg techniques described
in Section V.A,2.c. to obtain N(v) = n(v) + ik(v) for

each material. Spectral values of N(v) for dlesel fuel,

fog oil, and TMI'PIS are presented graphically in Figs. 41-44,

d. Discussion of Spectra for Diesel Fuel, Fog 0il, and TMIPTS.
In the relative reflectance spectra, the spectral
: . features near 3,600 cm"1 and 1,6L0 cm'l are due primarily
to liquid water which was the reflectance standard. Liquid
water also has the Infrared active intermolecular
ibrational band of half-width 500 cm™© centered at 580 cm™.
The cther features in the R(v) spectra correspond to
; infrared actlve bands of the dlesel fuel, fog cil, or

TMIPTS. The spectral features due

t

o water do not aprear
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o ST a S Ry~ g T P - i
e e g =W ,@AMM B e N T B




R SNy o
. 4%

(@]

8.0

o

7.0 - - = Diesel Fuel 4

6.0

~—— Fog Oil .

P
e -

5.0

i DC'704 -

40

(0] 500 1000 1500 2000 2500
WAVE NUMBER (cm-!)

Figure 39, Near-normal incidence relative specular reflectance
-1 :
R(v) in the 300-2,500 cm -~ spectral regicn for DC-704

(IMI'PTS), fog oil, and diesel fuel.
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Figure 40, Near-normal incidence relative specular reflectance

R(v) 1in the 2,500-5,C00 cm'l spectral region for
P
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Figure 43, Extinction coefficient k(v) in the 300-2,500 am
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spectral region for DC-704 (TMIPTS), fog oil, and
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in the N(v) spectra, However, the N(v) spectra
should bte uniformly smoothed through the 2,300-3,800
cmfl spectral region where the strong abscrption due
to atmospheric water vapor rendered these data less
reliable than in adjoining spectral regions,

The spectra for dlesel fuel and fog oil were quite
similar as one would expect from pricr knowledge cof their
chemical composition., The Infrared active intramolecular
bands cbserved in the spectra for diesel fuel and fog
oil are listed in Table ¥X. The molecular vibrations
corresponding to these bands are listed in colum 3 of
Table X, and were obtained by consulting Table IX, The

bands are all relatively weak,

Table X. Infrared active intramolecular bands observed in the spectra

for Diesel Fuel and Fog Cil,

Diesel Fuel Fog 0i1 Vibration
2,920 em™t 2,924 emt CH, asymmetric stretch
1 2,857 2,857 CH, symmetric stretch
1,455 1,455 CH, HCH ¥ bend
1,375 1,376 CHy, HCH 3 bend
| § 900-1,000 900-1,000 C-C stretch
‘ | 570 550 C-C-C < bend
365 395 C-C=C < bend

4
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[ ' There atre at least 35 infrared active bands in the
spectra for TMIPTS, A posiltive identification of all
[ the bands was not possible without a normal ccordinate
analysis of TMIPS. However, we did assign the more
& cbvious bands by use of References (35) and (36).
Our assignments were tabulated and appear in Table XI.
We have not determined the half-widths and strengths
of the infrared bands of these materials, but we will

| during the follow-on-contract period,

Table XI. Infrared active intramolecular vibrational bands cbserved in
\ the spectrum of tetramethyl~tetraphenyl-trisiloxane.

v(em™) v(em™)

J 3,056(W) Phenyl C-H stretch 1,082(M) Si-0-Si str, or phenyl in plane deform.
3,012(W) Phenyl C-H stretch 1,041(Vs) Si-0-Si
2,956(W) CH3 Asym. stretch 1,024(Vs) Si-0-Si or phenyl in plane deform.
2,899(W) CH, sym. stretch 1,000(W) Phenyl ring breathing (Star of David)
2,853(W) 915(M)  CHy rocking
1,961(VW) Comb, or overtone 8Lo(s) (CH3)—Si—(CH3)
1,877(W) Comb. or overtone 791(Vs) (CH3)-Si-(CH3)

1,585(W) Phenyl skeletal stretch 774(Vs) (CH3)—Si-(CH3)

1,402(W) Phenyl skeletal stretch 723(Vs) Phenyl out of plane bend

1,427(M)  Phenyl skeletal stretch 693(Vs) Phenyl out of plane skeletal band
1,409(W)  Asym. CH, deformation 663(M) Si—(C6H5)

| 1,375(VW) Sym. Ch3 deformation 595(M)  Si-0-Si
{ ‘ 1,323(VW) 570(M) Si-0-S1
1,301(VW) 468(Vs) Si-(C6H5)

1,256(S) Si--Ch3 & Si—(CHB) St 434(vs) (CH3)-Si-(C6H5)
1,187(W) Phenyl in plane dgfonn. 37L4(M) Si-(0-(CH,)]
1,156(VW) Phenyl in plane deform. 351(M) (CH3)-81—306§5)2
1,115(VS) Si—CSH5 stretch

2

Vs = very strong, S = strong, M = medlum, W = weak, VW = very weak
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and l-eiconsanol (arachidyl).

~ v = o ——r—

.

“*=ﬁ§§?*’lzaa;g- ——
e o S MM%W»,IW*-?




s e i
i
|
|

| 8.0 | I
| 70 i Arachidyl —
L A
' 2
| 6.0 === Stearyl
Eig
\ 80 " — | § Palmityl —
R 40
| .
20 |
1.0
0.0
r 2500 3000 3500 4000 4500 SO00
WAVE NUMBER (cm-)
| i Figure 46. Near-normal incidence relative specular reflectance

R(v) in the 2,500-5,000 cm ™~ spectral region for
1-hexadecanol (palmityl), l-octadecanol (stearyl),

and l-elcosanol (arachidyl).
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Figure 47. Index of refraction n(v) in the 300-2,500 cm."l

spectral region for l-hexadecanol (palmityl),

l-cctadecanol (stearyl), and l-eicosancl (arachidyl).
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Figure 48. Index of refraction n(v) in the 2,500-5,000 cm>

spectral region for l-hexadecanol (palmityl), l-octadecanol

(stearyl), and l-elcosanol (arachidyl),
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AL

ent k(v) in the 300-2,500 cm™+

spectral region for l-hexadecanol (palmityl),

1-octadecanol (stearyl), and l-eicosancl (arachidyl)
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Figure 50, Extinction coefficient k(v) in the 2,500-5,000 em™
spectral region for l-hexadecanol (palmityl),

1~octadecanocl (stearyl), and l-eicosanol (arachidyl).
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e, R(v) and N(v) Spectra of for Solid Alcohols,

The measured near-normal incidence relative
reflectance spectra R(v) for l-hexadexcanol (palmity),
l-octadecancl (stearyl), and l-eicosanol (arachidyl)
in the 300-3,500 and 2,500-5,000 cm—l regions are
presented in Figs, 45 and 46, The R(v) spectrum of
each alcchol was analyzed by use of Kramers—Kronig
techniques to obtain N(v) = n(v) + ik(v) of each material,
Spectral values of N(v) for these alcohols are presented

graphically in Figs, 47-50,

f. Discussion of Spectra for Solid Alcohols.

In their structure and chemlcal composition these
alcohols are very closely related to the n-paraffins, in
that one hydrogen atom of the n-paraffin is replaced by
an C-H member. The spectra of the alcchols thus include
many features that are simllar to the spectra of the

| n-paraffins. The strongest bands observed in these
spectra are listed in Table XTI, The number of vibrational
modes for these alcohol molecules is 9 n, where n = 15,
18, and 20, Thus some of the bands listed in Table XII
are actually an envelope of several closely spaced
bands.,

Although the point group symmetry of the alcohols
is nct the same as that of the corresponding n-even (CZh)
n-paraffin, the bands in the alcohols can be assigned

by using References (33) as a gulde.
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Table ¥IL Wave-number positions and assignments for the strongest infrared

bands observed in the spectra of the alcohols,

1-hexadecanol l-octadecanol l-eicosancl Vibrational
(Palmityl) (stearyl) (Arachidyl) Assignment
3,228 cm™> 3,228 om ™t 3,228 em + O0-H stretch
2,920 2,920 2,920 CH2 asym, stretch
2,853 2,853 2,853 CH, sym, stretch
1,464 1,464 1,464 -CH,~ deformation
1,061 1,063 1,060 C=C stretch
1,039 1,038 1,034 C-C stretch
801 801 800 CH, rocking-twisting
718 719 718 CH, rocking-twisting
572 578 576 C-C-C structural mode
g. R(v) and N(v) spectra for Polymethyl-methacrylate
(M),

The measured near-normal incidence relative reflectance
spectrum for PMMA in the spectral regions 300-2,500 ot
and 2,500-5,000 em™> are presented in Figs. 51(a) and
51(b), respectively, The relative reflectance spectrum
was analyzed by use of the Kramers-Kronig techniques
described in Section V,A.2.c, to obtain N(v) = n(v) + ik(v)
for this material. Spectral values of N(v) are presented
graphically in Figs. 52(a), 52(b), 53(a), and 53(b),
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h. Discussion of Spectra for PMMA,

The chemical formula for PMMA is

— —

B

|
o
L |
=0
|
0
|
o

n

The most prominent infrared active bands cbserved in

the spectrum of PMMA, and thelr assignments, are listed
in Table XIII. There are weaker overtone and combination
bands which are not listed in Table XIII, The bands at

3,591 and 3,552 amt

, are believed to be due to a
surface layer of water taken on by the PMMA, No attempt

was made to dry the PMMA in order to confirm this

assumption.
|
| N
;
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Table YIIL Wave-number positions and assigrments for infrared bands

observed in PMMA.

v(em™1) Assignment
3,591 (VW) H,0 asym. stretch
5552 (VW) h’?O sym. stretch
2,994 (W) CH, % CH3 asym. stretch
2,949(W) CH2 % CH3 sym. stretch
1,730(s) =0 stretch
1,479(M) O-CH3
1,443(M) C--CH3 asym, deformatiocn
1,385(W) C—CH3 sym. deformation
1,267(M) C-0-C
1,239(M) C~0-C
1,198(s) C~0-C
1,147(s) C~0-C
1,062(W) C~C~-C stretch
g85(M) CH3 rock or twist
ce6(M) CH3 rock or twist
917(W) ?
8Lo(M) %
833(W) ?
810(wW) ?
750(M) CH3 rock or twist
632(M) ?
586(M) C-CH3 wagging
L7e(W) C—CHB deform. + C=0 deform, + C-CH3 wag,
359(M) C—O-CH3 deform, + C—CH3 deform,




6. Natural Rutile

a. Objectives
Clouds composed of dust particles constitute

naturally occuring obscurants, Radiaticn transport
- through such clouds is of current interest. Thus,
during this Grent pericd we began an investigation
of the optical properties of natural minerals, The
objective of thls investigation, which continues during
a follow-on contract, 1s to measure the near-normal
incidence relative reflectance spectra R(v) of selected
natural minerals, and to compute values of N(v) by use
of Kramers-Kronig techniques. Natural Rutile (Tioz) was

one of the minerals selected for investigation.

b. Background Information for Discussion of Rutile,

The iInfrared reflectance spectra of Rutile, which 1s
an optically uniaxial crystal, has been the subject of
several prior investigations, The more significant
of these investigaticns can be found in References (37)
and (38), During those previous investigations Rutile

crystals were cut and pollished with faces both parallel
37/

and perpendicular to the C-axls, In one instance=~

|| the polished crystals were etched in concentrated
H3Pou to remove an anomalous surface layer. In the
other case the crystals were annealed several hours at
1700 K to regenerate the surface after polishing,

During our investigatlion a Rutlle crystal was cut

perpendicular to the C-axis and polished, The crystal

was not etched or annealed, because the unetched or

>
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4 o
' non-annealed surface mcst likely corresponds to Rutile
' in its natural environment, Previous investigations of
39/

Corundum== demonstrated a decrease in reflectance in
the spectral regicn of phonon modes for unetched or
- nonannealed crystals in comparison to the reflectance
of crystals which were etched or annealed. The reflectance
of the unetched crystals can diminish to 50% of that
for the etched crystals in the spectral vicinity of
the lattice phonons, This 1s precisely the effect we
observed in our reflectance spectrum for Rutile when
ccmpared to the reflectance spectra in References (37)
and (38),

The allowable infrared actlve phonon modes for
Rutile are A2u + 3Eu. Additionally, there is a Raman
active Alg mode. The Eu(TO) modes occur at ca, 189,

382, and 508 am t

L

« The A2u(TO) mode occurs at ca, 172

em — and the A2u(LO) mode at ca., 796 cm'l

1

« The Alg
mode occurs in the 500-600 cm — region., The E , modes

r E | are observed when the incident electrcomagnetic radiaticn
is pclarized perpendicular to the c-axis, and the A2u
mode when the radiaticn 1s polarized parallel to the

i c-axis.

¢, R(v) and N(v) Spectra for Rutile,
| The measured near-normal incldence relatlve reflectance
spectrum R(v) for natural Rutile in the 300-5,000 cm —

spectral region 1is presented in Fig, 54, The relative

reflectance spectrum was analyzed by use of the
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Kramers-Kreonlg techniques described in Section V,A.2.c.

to obtain N(v) for this material. Spectral values of

N(v) are presented graphically in Figs. 55 and 56.
These spectra are for the incldent electromagnetic

radiation polarized perpendicular to the C-axis of

the Rutile sample, The sample was not etched or

annealed after 1t was polished.

Discussion of Spectra of Rutile,

These spectra show to of the strong doubly degenerate
E, modes at 503 and 400 cmfl. The features are
best observed in Fig, 56, Additicnally, there is a
secondary band at 594 em™L which has previcusly been
attributed to the A1g mode. Although the Alg mode Is
not infrared active in a pure Rutile crystal, it is
observed in the infrared spectrum of natural crystals
due to the presence of impurities, The Alg mode could
also be due, 1n part, to the lack of etching or annealing
of the polished surface, There 1s also another weak
unidentified mode at 670 cm L.

When the Kremers-Kronig analysis was applied to
R(v) for Rutile, small negative values of k(v) were
obtained in the spectral regions (v % 80 cmfl) where
this material 1s a weak abscrber. In plotting the
graph of k(v) in Fig, 56 the negative values were

\

supressed thus causing the unusual appearance of the

-

-k
k(v) spectrum in the region v R 800 cm -,

e
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At the time these data were acquired we did not
possess an adequate polarizer and therefore could not
obtain the spectrum of the AZu mocde, We now have a
polarizer and will continue this investigation during

the follow-on contract,

Limestone

Objectives
The advent of remcte sensing by use of optical
instruments mounted in ground staticns, alreraft, and
satellites, and an interest in the thermal budget of
the planets, has produced an increasing interest in
spectral values of the complex refractive index
N(x) = n(1) + ik(}) of materials cormmonly found on
terrestial and other planetary sﬁrfaces. The present
Investigation was undertaken to obtain spectral values
of N(A)2 for limestone which consists primarily of
randomly oriented microcrystals of calcite, Other
constituents of limestone are randemly oriented micro-
crystals of dolemite and crganic fossll material,
Limestone 1s relatively abundant in the terrestial
environment, but would be on other planetary surfaces
only if biological conditions as we know them on earth
once existed on those planets.
In the present investigation spectral values

IJ(A)2 are obtained in the following manner, First the

near-normal incidence relative reflectance R(1) = R(A)Q/R(A)w

of limestone &, with water w as the reflectance standard,
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was measured throughout the 0.2-32,8-um wavelength

region., Second, a Kramers-ironig phase-shift dispersion

1.4
analysisiLJQ/ of R(1A) provided a spectrum 4A4(A) which

is the difference in rhase change for electromagnetic
waves of wavelength A reflected from the limestcne
and from the water standard. An algerithmasd that
uses R(1), 4¢(1), the measured angle of incidence 3,
and known spectral values for the ccmplex refractive
index N(A)W of water then provided spectral values

of N(A)Z. Additionally, a classical Lorentz dis-
persion analysis of the absolute reflectance spectrum
R(A)l of limestone yielded spectral values of the
complex dielectric functicn E(A)z from which N(a)
were readily obtained,

The optical propertles of natural minerals and
rocks have been investigated by several other scientists,
Aronson and Strongﬂi/ obtained Lorentz parameters in
the infrared for muscovite mica, anorthosite, diopsidic
pyroxenite, almandite-pyrcpe, garnet, and soda lim
glass. Pollack 92_22:52/ cbtained Lorentz parameters
for obsidian, basaltic glass, basalt, and andesite,
Spitzer and Kleinmanﬂi/ obtained Lorents parameters

i , for the Infrared lattice bands of quartz., Holland
| gg_ggsgg/ measured iInfrared reflectance spectra in the

f\

O

2-50-ym wavelength region and computed N()) ty use
Kramers-Kronilg techniques for quartz, calcite, dolomite,
fluorite, galena, sphalerite, brucite, magnetite,

goethite, and he tite, Analysils of the optical

®
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properties of minerals and rocks in the visible

and infrared are also provided by Refs. (U45)-(48),

b, Preparation of Samples,

Three samples of the Bethany Falls limestone,
a prominent member of the Swcpe formation,—= 49/ were
collected from the approximate center of Section
7-R32W-T49N in northeast Kansas City, Mo, All samples
were prepared by standard polishlng technigues, Follow-
ing a final buffing with 0,1 ym Linde B, the samples
were examined for scratches and pits by use of a
Vickers metalore microscope. The three polished lime-
stone samples were slightly marred by pits and cracks
due to the presence of natural vugs and joints, Modal
analyses were performed by point counting in order to
assess the impact of the plts and cracks on subsequent

reflectance spectra. Modal analyses revealed 2,96 to

7.89 areal percent cavities with a mean areal percent

of 4,60, Consequently, the reflectance spectra
described hereilnafter were increased by a factor of
1.04 tc compensate for reduced specular reflectance |
due to the presence of pits and cracks, although

‘ | ‘ this may be a function of wavelength and not a constant,

\ The Bethany-Falls samples consisted of dense

Sl A B s e

fine-grained buff to gray mottled limestone. Calcite
, constituted greater than 99.7% of the samples, the
remainder was sparse pyrite, Because the Bethany

l Falls limestone commonly contained dolcmite in abundance,
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this mineral was specifically searched for, However,

results from both stalned thin sections and x-ray

diffraction disclosed no dolomite,

[ Texturally the sarples were 21l very similar,
typically containing 5-20 um irregular interlocking
grains and no readily aprarent preferred orientatiocn.
Scome grains were as small as two microns and others
were rare and wldely dispersed clots of exceptionzlly
large 40-200 um grains which appeared to be fossil
fragments., A minor, but ublgquitous, dusting of two
um diameter pyrite grains was also present, Analysis
of polished sections disclosed from 0,14 to C,2

percent pyrite.

¢c. R() and N(A) Spectra for Limestone.

In the present investigation we measured relative
reflectance R(A) = R(A)Q/R(k)w, where £ and w denote
limestone and water, respectively, Data were écquired
in the following order: Z-W-L-W-L-W-L-W-Z, where
Z indicates a spectral scan made when the beam of
radiant flux was blocked Just in front of the infrared
source, W indicates a spectral scan made with the water
standard w in the sample position, and each L indicates
a sequence of three scans, one for each of the three

‘ limestoné samples, After data were acquired throughout
the 0,2-32.8 um spectral region the relative reflectance
of the limestone sanmples was calculated as follows,
First, the average of the two spectral scans Z was

substracted point by point from the other thirteen
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spectral scans denoted by W and L, Second, the
three spectral scans dencted by ezch L were averzged
and ratioced to the average of the spectral scans W
made just before and after spectral scans L, This
procedure provided three relative reflectance spectra,
one for each of the three groups of three spectral
scans L, which were then averaged to provide a com-
posite spectrum and standard cdeviations, The composite
spectrum was then multiplied by 1,04 as indicated in
the preceding Section, The absolute reflectance
R(1), of the limestone was provided by R(2), = R(2) R(A)_,
where R(X)w was computed by use of the Fresnel equations
and known valuesg/ for N(A)w, and R(X) designates the
composite relative reflectance spectrum, The absolute
reflectance spectrum R(A)2 of limestone is shown in
Figs. 57 and 58, The standard deviaticns were
+ 0.06 R(A)Q in the spectral region beyond 25 um, and
reduced to about + 0,01 R(X)2 in the spectral region
from 0.2 to 20 um,

Evlidence of birefringence was not observed as
the limeStone samples were rotated while placed in
the reflectometer; thus we treat limestcne as a2
hemogeneous 1sotroplc material,

Spectral values of the complex refractive index
N(k)Q were obtained by use of the Kramers-Kronig
algorithm described in Refs, (1) and (40), Values for

N(A), are presented in grephical form in Figs, 59 and 60,
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Filgure 57. Near-ncrmal incidence absolute reflectance R(v) in

the 0.2-17 um spectral region for Bethany Falls

Limestone.
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Figure 58. Near-normal incidence absolute reflectance R(v)
in the 17-32.8 um spectral region for Bethany

Falls Limestone.
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Figure 59.

Complex refractive index N(v) + ik(}d)

in the 0.2-17 um spectral region for

Bethany Falls Limestone,
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Figure 60. Complex refractive index N(A) + ik(}) in the

17-32,8 um spectral region for Bethany Falls

Limestone.
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Evaluaticn of the Kramers-Kronig dispersicn relation
requires an integration of R()A) over the entire electro-
magnetic spectrum, Our data, however, extended only
from 0,2 to 32.8 um, Thus we made the approximations
that R(A) = R(0.2 wm) throughout the 0 < A < 0,2-um
region, and R(1) = R(32.8 um) throughout the 32,8 < A < =—um
region, The latter assumption is open to serious
Inquiry because calcite, the primary ccnstituent of
limestone, possess other infrzred active lattice bands
at wavelengths greater than 32,8 um,

Spectral values of N(A)2 were also obtained by
use of classical Iorentz dispersion theory, According
to the Lorentz thecry the complex dielectric function

e(v) at wavenurber v = yL s given by

2 2 2
Lo v, T[(v; "=y )+Hiy v v]

e(v) = et = -

s 2 2
J (VJZ—V2) o+ (Yjvjv)

where e, 1s the high frequency dlelectric constant,

pJ is the strength of the jth infrared active band,

1 is the central wave-number position of the

=,\—
L J
Jth infrared active band, and Y; is a damping coefficient,
Lorentz parameters determined for limestone apprear in
Table XII., The relation between TI(A)2 and e(x)l is

e(x), = n(x)£¢ : (2)

from which the real and imaginary parts of H(A)? = n(>\)‘l+ik(.\)'Z

can be determined,




Table XIV. Classical dispersion theory parameters

for carbonate

minerals: Limestone, Calcite, and Dolomite,
A (um) v, (cm™1) P Y
J J J J

1 6.59 1517.5 0,005 0,020

2 6.83 1464,1 0.119 0,031

3 7.045 1419.4 0.245 0,025

4 11.47 871.8 0.052 0,011

5 14.11 708.7 0.010 0.0075

6 27.43 364,6 0,013 0,050

7 33.80 295.9 1,220 0.050

8 36.30 275.5 1.020 0,092

€, = 2.38, Limestone

1 7,11 1406.5 0.634 0.0055

2 14.11 708.7 0,0183 0,00L6

3 28.95 345.4 0.034 0.069

4 34.50 289.9 2.5 0,042

€o = 3.00, Calcite (E;C)

1 6.80 1470,6 0.025 0.010

2 6.94 1440,9 0,650 0,004

3 13,82 723.6 0.030 0,012

4 14,22 703,2 0,0275 0,007

5 25.00 400.0 0,009 0,010

6 27.00 370, 4 0.075 0,025
‘ ‘i 28.10 3559 2,220 0,04l
{ e, = 3.50, Dolomite (E;C)
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A comparison of values for N(A)2 obtained by
Kramers-Kronig techniques arnd by use of the Lorentz
theory showed reascnaeble agreement in the spectral
region from 0,2 to about 25 um and increasingly poor
agreement as wavelength increased beyond 25 um, Both
the real n(A)2 and imaginary k(x)2 parts of I-I(A)2 were
higher in the 25 - 32.8 um region for the Lorentz theory
than for the Kramers-Kronig technigues. This difference
in N(A)2 beyond 25 um is attributed to the assurption
that R(1) = R(32,8 um) for the Kramers-Kronig technique
in the spectral region 32,8 < A < @ um, The values of
N(A)£ in the region beyond 25 um as computed from the
Lorentz theory are therefore preferred over these
obtained from the Kramers-Kronig technlque,

The regions of anamalous dispersion shown in the
spectrum for n(A)Q, and strong absorption showh in
the spectrum of k(k)z, centered at wavelengths 7.00,
11.4, and 14,05 in Figs. 59 and 60 are characteristic
of the ordinary and extra-crdinary rays in birefringent
calcite (CaCO3).

Natural Waters

2.

;adﬁ,;x"gghAAHH;EEsm;p‘ﬁ‘EﬁEﬂ:ﬂﬁ=kﬁuﬁﬁﬁ;ﬁaﬁhﬂﬂFhQ‘I‘D*I'”‘*—"ﬂk

Objectives

The complex refractive index 1s dencted by N = n + 1k,

where italics denote a complex number, n is the index of
refraction, k is the extinction coefficient, and i

represents the square root of minus one. A quantitative

S——
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knowledge of spectral values of N for natural waters

1s presently of consilderable interest to many scientists,
Such knowledge has application to: (1) computer
simulations of the transport cf electromagnetic radiation
through hydrosols, aerosols, and maritime fogs,

(2) theoretical investigations of the energy and hydro-
logical balance of the earth's lakes, oceans, and

atmosphere, (3) remotely sensing the chemical quality of

50/ 51/

and (4) solar-energy develcpment,=<
L4528/

environmental waters,==
We previously reported measurements of the relative
reflectance spectra in the 2-20-um wavelength region of
the infrared for individual aqueous solutlons prepared
with distilled water in the lzboratory. The solutions

contained NaCl, H,S0,, K,S0,, NHH,PO,, NaNO,, or NaHCO

3
Kramers-Kronlg phase-shift dispersion analysis of the

3!

reflectance spectra for those solutions provided spectral
values for N, We observed that monatomic ions such as
Na+, Cl1™, and K perturbed the Intra- and inter-molecular
bonds of the liquid-water substances so that corresponding
wavelength positions of infrared active fundamental
vibrational and librational (lattice vibrational) modes
were moderately shifted to shorter and longer wavelengths,

respectively, We also explicitly identified twenty-one

)
-

infrared active vibraticnal modes associated with SO, -,

L - -

4 - - _
NH,", HSOy", H0", H,PO,”, NO5~, HOO5™, or H,0, The

4
half width T', central spectral positicn of each mocde A,

mode (band) strength S Sps and maximum value of k were

»

1028
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tabulated for each of the twenty-one modes, These

parameters are presented collectively for the first

time in Table XV Band strengths were evaluated by
use of
=a7l g Ak, dv (1)
So1 = &7 Jpang Ky D

where ay (mole/liter) was the molecular density of the

ith constituent in the solution, Aki was the part of k

ue to a fundamental vibraticnal mcde of the ith con-
stituent, and v = A"L with T as the wave number (e
and XA the wavelength (cm), The integrals were evaluated
over the spectral region of an infrared active band bty
planimetering appropriate areas on large graphs of Ak
vs. V. In Table yy relative band étrengths RS, were
compiled based on the arbitrary cholce RSb = 1,00 for
the ccmbined vl(Al)vB(Bl) modes of H,0; the absolute
band strength of these combined modes was Sy = 2.196
(cm mole/1iter) T, v1(4,) denotes the symmetric OH
stretch of the H,0 monomer and “3(81) denotes the anti-
symmetric CH stretching mode.

The investigations reported here had three objectives:
(1) to measure the relative reflectance spectra in the
infrared for saline natural waters containing both
monatomic and polyatomic ions, (2) to compute and tabulate
spectral values cf N for these samples, and (3) to
compare the relative reflectance spectra for the natural
waters with reflectance spectra fcr aqueous solutions

containing a single inorganic salt, Natural saline westers

T W v — -
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—
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selected for investigaticn were obtained from the San
Francisco Bay, Pacific Ocean, Atlantic Ocean, Great
Salt Lake (Utah), Dead Sea (Isrzel), and an effluent
pit adjacent to a phosphate mine in the Alafia river

L region of Central Florlda. All samples, except the one
from the Atlantic Ocean, were supplied by members or
associates of the U,S. Geologlcal Survey, EROS Program
Office. Chemical and spectrographic analyses of the
samples performed by chemists at USGS laboratories, and
by Neev and Emergyéi/ for the Dead-Sea sample, zare

presented in Table XVI,

b. R(X) Spectra for Natural Waters,

The procedure for measuring the relative reflectance
spectra of the natural water samples was identical to
that used during our investigations of Nacl in water.ig/
Relative reflectance R, 1s defined as R, = R+s/R+w’ where
the + subscript denotes radiant flux linearly polarized
with the electric-{ield vector rerpendicular to the

plane of incidence, and R+S and R, = denote absolute

“w

specular reflectance of the natural water sample and the

distilled water, respectively., Relative reflectance

spectra throughcut the 2-20-um regicn for the six water

19)

samples investigated are shown in Figs, 61-63, The angle
of incidence was 6 = 70,03°+0,23°. Each spectrum shown
in Figs. 61-63 represents smoothed data obtained in the

following manner, Averages <R,> of three measurements of

R+ were determined at consecutive 0,05-um interwvals

W R e e
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WAVE NUMBER (cm™) x103
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Figure 61. Measured relative reflectance spectra in the 2-20-um
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(SOOO-SOO-cm'l) spectral region for surface water samples
from San Francisco Bay, Atlantic Ocean, and Pacific Ocean.
The angle of incidence was 70.03019.230. Distilled water
was the standard reflector; its relative reflectance is

1.0 at all wavelengths. The radiant flux was linearly

polarized with the electric-field vector perpendicular to
the plane of incidence, Standard deviaticﬁs are stated

in the text.

- e




I 135
WAVE NUMBER (cm-!) x103
R
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Figure 62, Measured relative reflectance spectra in the 2=20=ym
(SOOO—SOO—cmfl) spectral reglon for surface water
samples from the Great Salt Lake (Utah) and the Dead
| Sea (Israel). The angle of incidence was 70.03°ip.23°.
Distilled water was the standard reflector; its relative
reflectance 1s 1.0 at all wavelengths, The radiant
, flux was linearly polarized with the electric-field
‘ .
i vector perpendicular to the plane of incidence,
Standard deviaticns are stated in the text,
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Figure 63. Measured relative reflectance in the 2-20-um (SOOO-SCO—cm‘l)

spectral region for a surface water sample from an

effluent pit of a phosphate mine in the Alafia River

Basin of Central Florida. The angle of incidence was

70.03040.23°, Distilled water was the standard reflector;

its relative reflectance is 1,0 at all wavelengths, The

radiant flux was linearly polarized with the electric-field
i vector perpendlcular to the plane of incidence, Standard

deviations are stated in the text,
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throughout the 2-20-um regicn, The standard deviation

for <R,> was about tp.OOS <R,>: In narrow spectral regions
centered about the central positicns of the fundamental
infrared bands of atmospheric water vapor at 2.75 and

6.09 um, and atmospheric CO, at 4.3 and 14,7 um, the
standard deviaticns increased to about +0,025 <R >,

Our confidence in the data was then increased significantly
by a critical examinaticn and manual smoothing of a
point-by-point plot of <R+> vs, wavelength A,

The spectral resolution A/AX was from 125 to 200
throughout the 2-20-um region; AX represents the spectral
slitwidth of the monochromator, Care was taken to keep
the air-sample interface clean and free of standing waves,

The temperature of the samples was about 300K°.

c. N(X) Spectra for Natural Waters
Spectral values of gs for the natural water samples,
designated here by the subscript s, were calculated by
use of a Kramers-Kronlg (KK) algerithm applied to the
relative reflectance spectra (Hale et, al. 1973, Querry

et. al. 1974). KK analysis cf a relative reflectance

spectrum provides A¢+ = ¢ the difference in

+w s
phase shifts 0, for a menochromatic electromagnetic wave
reflected from s the air-sample and w the air-water
interfaces;

A T 9,n[<P.(A)+>]

I -

o) ko - A

:1]0

A¢(AO)+=Prin.
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Figure 64, Index of refraction n, in the 2-20-um (5000-500-cm L)
region, for distilled water and for the six surface
water samples. The algorithm consisting of Egs. (2)-
} (12) was used to compute n from the measured relative

reflectance spectrum for each surface water sample.
The uncertainty is about +0.0ln, Data from Hale and

' : Querry (1973) was used to plot n for water.
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Figure 65. Extinction ccefficlent k, in the 2-20-um (5000~50C-cm )
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region, for distllled water and for the six surface

water sarmples. The algorithm consisting of Egs, (2)-

(12) was used to ccmpute k from the measured relative
reflectance spectrum for each water sample, The uncertainties
are about +0.02k for k greater than 0,045, increase to

about #0.15k for k = 0.01, and beccme much larger for k

less than 0.01. Data from Hale and Querry (1273) was

used to plot k for water,




Prin. denotes the Cauchy principal value of the integral,
The smoothed reflectance spectra shown in Figs., 61-62
were used to ccmpute values for A¢(AO) . Use of
+

ve

e

Eq, (2) requires a quantitative knowledge of the relat
reflectance spectrum <R(x)+> for all A, Measurements,
however, were made only in the 2-20-uym region. Because
<R(A)+> was the-rvelative reflectance of two aqueous
substances, rather tﬁan_the absolute reflectance, only a
small negligible error in A¢(AO)+ was introduced by
assuning for each spectrum that <R(1),> was equal to

<R(2 wm),> and <R(20 wm) > throughout the A < 2 um and

A < 20 um regions, respectlvely,

The refractive index ﬂs SR, ikS of the saline
water samples were then determined by use of the algorithm
from Querry gg.gg,,;/ and by use of Nw =n, + ikw for
dlstilled water as tebulated by Hale and Querry,2 The
angle of incidence was 6 = 70.030. The uncertainties
were abcut tp.Olns, about jp.OEkS for ks greater than

0.045, increasing to about 0.15kg for k, = 0,01, and

S
became much larger for ks less than 0.0l1. Graphiczl
presentations of ng and kg vs. A appear in Figs, 64 and

65, respectively,

de Discussion of R()\) Spectra for Natural Waters
The relative reflectance spectra for the six natural
water samples are ccompared here with absolute and relative
reflectance spectra previously obtained in our laboratory

for individual 1, 3, or SM aqueous scluticns of NaCl
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Figure 66. Measured relative reflectance (lower panel) and calculated

absoclute reflectance (upper panel) spectra in the 2-20-um
region for aqueous solutions of 1, 3, and 5M NaCl content.
The angle of incidence was 70.03019.230. Distilled water
was the standard reflector; its relative reflectance is
1.0 at all wavelengths. The radiant flux was linearly
polarized with the electric-field vector perpendicular
to the plane of incldence. The uncertainty in the relative
reflectance 1s about +0.008 <R,>, Reproduced by permission

of M. R. Querry et. al., J, Opt. Soc, Am, 62, 849-855,

197,




0.5 M AQUEOUS SOLUTIONS
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Figure 67. Measured relative reflectance (lower panel) and calculated

absolute reflectance spectra (upper panel) in the 2-20-um
regicn for individual 0.5M aqueous sclutions containing
NaNO3, NHquPOu’ or KESOQ. The angle of incldence was
70.03019.230. Distilled water was the standard reflector;
its relative reflectance is 1,0 at all wavelengths. The
radiant flux was linearly polarized with the electric-
field vector perpendicular to the plane of incidence., The
uncertainty in the relative reflectance was about +0,008 <R >

+
before the data were smoothed,
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and for individual 0.5M aqueous sclutions of NaNO,,

KOSOM, or NHuH2POu. Reflectance spectra for these

e+

aqueous solutions appear in Figs, 66 and 67. First,

! we very briefly review silient characteristics of those
reflectance spectra of the solutions that contain an
individual chemical compound.,

(1) Indlvidual Agqueous Solutions
(a) Liquid Water
The HQO monomer has three fundamental
Infrared active vibraticnal modes which are

evident at different spectral pecsiticns:

vl(Al). . « symmetric OH stretch. .., 3.10 um,
vz(Al). . « breathing motion. . . 6.10 um, and

“3(Al)‘ . . antisymmetric OH stretch. . . 2.90 um,
Liquid water also possesses infrared active

lattice vibrations which are known as librations,
One librational mcde is due to hindered oscllla-
tions of an entire H,0 moncmer that is instan-
taneously hydrogen bonded in a tetrahedral cage
of its four nearest neighbors.ﬁﬂléé/ This
librational mode is designated 23 and 1is

{ | spectrally centered at 17,2 um. Other llbrational

modes are centered at wavelengths greater than

20 wm,

Parameters f{or the oscillatory modes of

water comprise the first three lines of Table

i XV, In Figs., 66 and 67 the interaction of

electromagnetic radiation with the vibrational

- —apea—
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’ and librational modes of water cause the
respective decrease and increase in sbsolute
reflectance cn the short and long wavelength
sides of the central spectral pcsition for each
mede. We previocusly tabulated the spectral
complex refractive index of waterg/ at about
208%,

(b) Sodium Chloride in Water

Sodium chloride goes into solution as
monatomic ions Na' and C17, There are no
molecular vibraticnal modes for the monatomic
lons. As NaCl content af an agueous solution
is increased, however, the central positions of
scme infrared active modes of HEO shift slightly
to other wavelength positions. Querry et. g;;g/
observed the following wavelength shifts:

-0,009 ym, , , combined v,v 3M NaCl,

30
-0,026 ym. . , combined A 5M NaCl,
+0,145 ym/M. . , libration Vo o o 1, 3, 5M NaCl,
Shifting of the central wavelength pcsitions of
the oscillatory modes of HZO and ligquld water

was the principal cause of the structure obserwved

| in the relative reflectance spectra of 1, 3,

'

and 5M NaCl solutions shown in Fiz. 66, One

mole of NaCl contains 22,99¢ of Na and 35.45g

L
i I
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(d)

Potassium Sulfate in Water

Potassium sulfate goes into aqueous solu-
tion as mcnatomlc K+ and polyatcmic SOza. The
sulfate iocn has infrared active v3(F2) and
VJ(FQ) modes centerd at 9,05 and 6,20 um,
respectively, We note from Table XV that the
infrared strength of the vo(F,) mode of SO3°
is about 11.76 times greater than that of the
vu(FZ) mode, In the relative reflectance spectrum
shown in Fig, 67 for 0,5M K2SOM in water, the
predcminant feature 1s the effect of the strong
v3(F2) band in the 8-12 um region. The much
weaker vu(F2) bgnd is barely evident in the
14,0<19 ym region, In the absolute reflectance
spectrum the v3(F2) mode of SOZ2 causes the
respective increase and decrease in reflectance
on the short and long wavelength sides of this
mode's central position, One mole of Kgsou
contains 78.2g of K and 96.1g of SOy
Armonium Phosphate (Moncbasic) in Water

NHquPOu goes into aqueous solution as
polyatomic flons NH,  and H,POy. The ammonium
ion has infrared active uE(Fz) and vu(F2) modes
centered at 3,15 and 6.90 um, respectively,

\

Again the v7(F2, mocde has greater infrared band

strength than the v, (F,) mode (see colum seven,

-~
<

Table XV). The effect of the vQ(FE) moce of HN)

-~ Padar 8 i 1 P
is difflcult to see in spectra of

queous
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solutions because it is an NH-oscillation occurr-
ing at nearly the same spectral positicn as the
combined V1V3 moces of Hzo. The effect of the
Vu<F2> mode of NHZ appears at about 6.90 um as
a small dip and then increases in both the re-
lative and absolute reflectance spectra shown
in Fig. 67 for a 0.5M solution of NHMHZPO,.

HQPOZ possesses four infrared active
vibraticnal medes of moderate band strength.,
They are listed in Table XV sas vl(Al), v3(Al),
v3(B), v3(B). The effects of these vibrational
modes are easily identified when their spectral
positicn listed in Table XV are compared with the
absclute and relative reflectance spectra in
Fig., 67. One mole of NH)H,PQ, contains 18g of
NH) and 97g of H,PO)
Sodium Nitrate in Water

Sodium nitrate dissolves in water as Naf
and NOE. The nitrate ion possesses a vB(E)
mocde centered at 7.4 um, The effect of the
v3(E) mode appears as a respective decrease and
then Increase in absolute and relative reflectance
on the short and long wavelength sldes of the
central position at 7.4 um. This effect is
easily seen in the spectra shown in Fig, 67 fcr

o

0.5M NaNO,. One mole of NaNC, contains 22,

\O

G 0

Na and 62g of NO..

L]
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Natural Saline Waters
The foregoing discussicn of the reflectance
spectra of agueous solutions containing a single
chemical compound, together with the mclecular
parameters in Table XV , and the chemical analyses
shown 1n Tabhle XVI for the natural waters, make the
analysis of the reflectance spectra for the natural
waters a relatively simple task,
(a) San Francisco Bay, Pacific Ocean, Atlantic Ccean
The water samples from the San Francisco
Bay and the Pacific Ocean contained monatomic
tons cat?, g™, wat, &*, and 17 and polyatomic

ions HCO. and 5052, The concentration of

3
monatomic ions was equivalent to about 0,45M
for the San Francisco Bay sample, and about
0.53M for the Pacific-Ocean sample, The con-
centration of polyatomic ions was about 0,002M

for HCO.™ and about 0,025M for SO0;°. We believe,

3
although 1t was not measured, that the Atlantic-
Ocean sample had a similar chemical composition,

The relative reflectance spectra are shown
in Fig, 61 for these three water samples. The
spectra exhibit all the spectral characteristics
or relative reflectance spectra for aguecus
solutions containing monatcmic ions, e.g. the
spectra for 1, 3, and 5M NaCl soluticns shown
in Fig, 66, At 2.75 um is a prominent peak

due to shifting of the combined v,v, modes of
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. H,O when the mcnatomlc ions are present in the

sample, In the 8=l1l-um intervals the relative
reflectance of these three samples increases,
then decreases in the 11-12um interval, and then
begins to generally increase again beyond 12 um;
this is caused in part by the monatomic ions
shifting the V1, modes of liquid water to
greater wavelengths, The effect of the v3(F2)
mode of SOZ2 at 9.05 um was also partially
responsible for the increased reflectance in the
8-11-ym interval of the relative reflectance
spectra for these three samples, The effect of
the HCO3— ion is not discernable in these
spectra,
(b) Great Salt Lake (Utah)

The water sample from the Great Salt Lake

contained monatomic ions Ca+2, Mg+2, Na+, K+,

and C1~ and pelyatomic ions HCO,~ and sou‘2.

3
The totél concentration of monatomic positive
and negative icns was about 2,65M, The concentra-
tion of HOO, was 0,008M; and for 50,2 was
0« L2505

The relative reflectance spectrum for this
sample is shown in Fig., 62, The spectrum con-
tains the prominent peak at 2.75 um due a shifting
to shorter wavelengths of the combined vlv3 modes
of H,0, In the 8=-1l-um interval the relative

reflectance lncreases, then decreases in the

11-12.5=ym interval, and then generally increases
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again beyond 12,6um; this is caused in part by
the 29 mode of liquid water being shifted to
greater wavelengths in this sample, The effect
of the v3(F2) mode of SOL,"2 centered at 2.05 um
is particularly evident in the 8-1l1-um interval
when the relative reflectance spectrum for this

sample 1s compared to that for K5SQushown in

3
is just beginning to appear at 6,10 um in the

Fig. 67, The effect of the v, mode of HCO

spectrum for this sample. Also, the combined

effect of ”3“4 at 7.3 um for H CO3 is barely
discerable in the spectrum,
Dead Sea (Isreal)

Chemical composition for the sample from the
Dead Sea was obtained from the publication by
Neev and Emery,gi/ because spectrographic techniques,
exclusively, were utilized at the USGS
Laboratory to analyze thls samrle; see Table XIV,
The sample, therefore, probably contained
monatomic ions Ca+2, Mg+2, N2, K, c17, Br,
plus relatively small amounts of metals, The
concentration of monatomic lons in such a water
sample 1s equivalent to about 5,60M each for
total negative ions and for total positive icns,

HCOS, content was probably about 0,003M, and

5072 content about 0,006,

®
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The relative reflectance spectrum for this
sample 1s shown in Fig. 62. The spectrum
possesses only those features characteristic of
a solution containing mcnatomic ions. There is
a great simllarity in the spectrum for this sample
and the relative reflectance spectrum shown in

Fig., 66 for a 5M NaCl solution. The effects cof

3
discernable in the spectrum for the sample frcm

vibrational modes for HCO, and SOE2 are not

the Dead Sea.
(d) Phosphate Effluent Pit (Central Florida)

This water sample contained monatomic ions

2 2

cat?, met, wat, k', 017, and F. The relative
reflectance spectrum shown in Fig, 3 for this
sample has the sharp peak at 2,75 um which is
due to shifting of the combined vlv3 modes of
H2O. The presence of the smaller F~ icn causes
the combined ViVa mocdes of H20 to shift to
longer wavelengths,éé/ whereas C1~ causes a
shift to shorter wavelengths,

This water sample also contained polyatomic
ions SOZ2 in relatively small concentrations

and contained Pc;3

and H?Po’.; in much larger
concentrations, The POH3 ion has infrared active
modes v3(F2) at about 10 um and vy(F,) at 13,4 um,
The v?(?z) mode 1s stronger in infrared activity

: far

than the v (F,) mode, H,PO, has the four infrared

active modes listed in Teble XV, and has additional
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infrared active modes vu(Al), Vu(Bl)’ and

“u(Bg) which were not observed in the spectrum
of NHquP’Du shown in Fig, 67, The prominent peak
in the £-12 um interval of the reflectance
spectrum shown in Fig. 63 1s caused by the

v5(F,) mode of PO}° and the vy(4)), vy(A)),
v3(B,), v3(By) modes of H,PO)

In the relative reflectance spectrum, as
shown in Fig, 63 for this sample, there is a
small peak in the 12-1lU4-um interval, The small
peak 1s tentatively attribtued to a vibrational
mode of SiO2, which also appears as a strong band

in the sbsorption spectra of natural silicates

such as a-quartz, Chert, and Opal.éZ/




B. Investigations of Infrared Transmittance of Powdered Materials,
2 Objectives

As previously stated in Section V,A.b.,, the ccmplex
refractive index N(v) of natural minerals is a current
interest to scme sclentists. To obtaln adequate specular
reflectance measurements, however, requires a crystal sample
of approximate minimum dimensions of 1 cm. Many natural
minerals, particularly the clays, do not occur as large
homogeneous crystals that can be cut and polished, <Samples of
such materials must, therefore, be investigate in a powdered
form,

The objectives of this investigation are: (1) to
measure either a reflectance or transmittance spectrum of
the powdered material, and (2) to obtain spectral values of

N(v) from the measured spectrum,

2. Background Information for Discussion of Powdered Materials
The acquisition and analysis of optilcal reflectance or
transmittance spectra of polished single crystals is relatively
simple when compared to acquisition and analysis of optical

spectra for powders which are composed of small amorphous

or crystalline particles, Although group-theory analysis

remains a valid means for predicting the optical activity

of molecular vibrations or phonons in small amorphcus or
crystalline particles, the acquisition of aprropriate optical
Spectra and its subsequent analysls is complicated by diffraction,
Interference and total intermal reflectance effects which are
characteristic of the particle-size distribution, particle

shape, random or preferred orientaticn of uniaxial or blaxial
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crystals, and the relative spatial distribution of the
particles within the powdered material, The Kramers-Kronig
aralysis is a valld means for analyzing specular reflectance
spectra and fractional transmittance spectra, but is not validly
applied to diffuse reflectance spectra which is typical

of powders. Dispersion-theory analysis 1s a valid means for
determining N(v) of the powders provided there exists an
adequate theory for computing the measured optical properties
of the powders. A wholly statisfactory methed of acquisiticn
and analysis of cptical spectra must account for all of these
things. Currently no such wholly satisfactory method exists,
but several methods are now practiced with varying degrees

of success in research laboratories.

One method, developed by Ebersol§§/ and his colleagues,
requires simultaneous measurements of the particle-size dis-
tribution and of scattering and attenuation of laser radiation
by ariborne particulates which continucusly flow through a
test chamber, The particle-size distribution 1s measured by
use of a Knol<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>