AD=A036 082  ARMY MATERIALS AND MECHANICS RESEARCH CENTER WATERTO-=ETC F/G 11/9
PROCEEDINGS OF THE TTCP=3 CRITICAL REVIEW: TECHNIQUES FOR THE C==ETCI(U)
JAN 77

UNCLASSIFIED AMMRC=MS=77=2







2
w

foi e SRR







‘ SIFIE
g SECURTY CLASMPICATION OF THIS PAGE (Men Date Entered)
& REPORT DOCUMENTATION PAGE BEFORE COMBLETING FORM __ |
& / Iz. GOVY ACCEISION NO] 3. RECIPIENT'S CATALOG NUMBER
/| 3 TYPE OF REPORT & PEMOD COVERED :
’ LFROCEEDINGS OF THE TTCP-3 CRITICAL BEVIEW; ? 4
f JECHNIQUES FOR THE IZATION OF :
:: POLYMERIC yTERIA h‘a .t_ tM Ar. NG ORG. REPORT NUMBER ¥
i “aGTwoncey Materials lnd Mechanics Research ONTRACY OR GRANT NUMBER(S) |
Center, 6-8 July 76 at Watertown, Masy
L mas 2735, ‘,
‘ i mmm NAME AND ADDRESS T FROCRAN ELENENT PROJECT. TASK ‘ ;
¥ Army Materials and Mechanics Research Center / 2
Watertown, Massachusetts 02172
DRXMR-R
, 11. CONTROLLING OFFICE NAME AND ADDRESS ; -
U. S. Army Materiel Development and Readipes “‘18“—77
2 Command, Alexandria, Virginia 22333 . 389 :
) [TT MONITORING AGENCY NAME 8 ADORESS(/! dilferent from Controlling Office) | 15. SECURITY CLASS. (of thie report) :
Unclassified
3 TS, DECL ASSIFICATION/DOWNGRADING
SCHEDULE
76 DISTRIBUTION STATENENT (of ihis Report)
Approved for public release; distribution unlimited.
A 17. DISTRIBUTION STATEMENT (of the sbatract entered in Block 20, If dilferent from Repert) _ 1
T f%.-
? 1. SUPPLEMENTARY NOTES T 2 M
1
-~ IL1* ;
19. KEY WORDS (Continue on reverse side il necessary and identily by block number) # -‘ :‘
Spectroscopy Dielectric properties ‘
% : Chemical analysis Polymers §
¥ e Thermal analysis Composite materials ;
Chromatography z
, '”t ABSTRACT (Continue on reverse side Il necessary and identily by block number) RN §
(SEE REVERSE SIDE) 5
. N
DD ,"on'>s W73  eoimion oF 1 wov 68 1s oesoLETE " 0 UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Date Enivesd)

sachiabiiaii L sl

daats, Bk % o



Block No. 20
ABSTRACT

Proceedings of the "TTCP-3 Critical Review; Techniques for the
Characterization of Polymeric Materials" sponsored by The Technical
Co-operation Program Sub Group P Technical Panel 3 (Organic Materials)
(TTCP-3); held at the Army Materials and Mechanics Research Center,
Watertown, Massachusetts, 6-8 July 1976. a

E"hc objective of this Review is to evaluate the potential of new
and/or improved techniques and combinations thereof in the prediction
of field life of polymeric and composite materials in military hardware.

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

T ———S_, NIREE ™ QYT TR T ST




Opening Remarks - Dr. G. R. Thomas, AMMRC. . . . . . . . . . « ¢« ¢« ¢ « « &

Materials Advisory Board Report on Characterization - F. W. Billmeyer,
Rensselaer Polytechnic Institute, Troy, New York . . . . . . . « . « « . .

L]

First Annual Chemical Characterization and Analysis Conference -

February 24 and 25, 1976 - C. A. May, Lockheed Missiles and Space Company.
2 Report on Air Force Sponsored Meeting, March 1976 - D. Ulrich, AFSOR . .

SESSION I: SPECTROSCOPIC METHODS. . . . . . . . . & v 4 4 v v o v o o o &

Chairman: W. W. Wright
Royal Aircraft Establishment, United Kingdom

Modern Vibrational Spectroscopic Techniques for the Characterization of
Polymers - P. C. Painter and J. L. Koenig, Case Western Reserve University

Characterisation of Styrene-Butadiene Copolymers - A. V. Cunliffe and
R. J. Pace, Explosives Research and Developnent Establishment, Waltham
Abbey, Essex, England. . . . . . . . . . . . Pyt P el e R (Rl

The Uses of Infrared Spectroscopy for the Characterization of Polymeric
Materials - D. M. Wiles, National Research Council of Canada . . . . . . .

Fourier Transform Infrared Spectroscopy as a Method for Studying
Weathering of Glass-Fiter Epoxy Composites - J. F. Sprouse, AMMRC. . . . .

Neutron Radiographic Techniques for Inspection of Polymeric Materials -
D. H. Petersen and W. E. Dance, Vought Corp. Advanced Technology Center,
INCOTPOTALOD o o o it - oo anio o el el e b st g g tagie e i L R S R L

The Application of ESCA to Studies of Structure Bonding and Reactivity
of Polymers - D. T. Clark, University of Durham. . . . . . . . . . . . . .

Carbon-13 Fourier .Transform NMR Techniques in Polymer Characterization
Dr. W. B. Moniz, Naval Research Laboratory . . . . . . . . . ¢« ¢« ¢ ¢ ¢ « &

Stress Mass Spectrometry of Polymeric and Composite Materials -
C. J. Wolf and M. A. Grayson, McDonnell Douglas Research Laboratories. . .

Application of Chemiluminescence to the Characterization of Polymeric
Materials - R. A. Nathan, G. D. Mendenhall, and J. A. Hassell,
Battelle Columbus Laboratories . . . . . . . . . . . v v v v v v 0 o v o

The Early Stages of Actinic Deterioration - D. M. Wiles, National
Roseareh- COMNCIL O COBNUE s00 5 v v s v @ v a whe i b g Gt v e %

11

25

35

43

55

67

99

117

123




SESSION II: SEPARATION TECHNIQUES . . . . . . . ¢ « + v ¢ o o o o o o o 4 e T

Chairman: C. Bersch
Naval Air Systems Command, U.S. Navy

Review of Separation Techniques for Polymers - G. L. Hagnauer, AMMRC

High Performance Liquid Chromatography - G. Fallick and J. Cazes,

Waters Associates, Incorporated. . . . . . .

Analysis of Polymer Materials by Liquid Chromatography and Infrared
Spectroscopy - S. C. Pattacini and J. J. Stoveken, Perkin-Elmer Corporation. . .

Effect of Ester Impurities in PMR-Polyimide Resin - R. W. Lauver,

NASA Lewis Research Center . . . . . . . . 4

Thin Layer Chromatography - C. A. May, Lockheed Missiles and Space Company . . .

Use of Separation Methods for Quality Assurance of Polyneric Materials -
C. D'Oyly-Watkins, MQAD, Woolwich, England . . . . . . . ais

SESSION III: THERMAL AND THERMAL MECHANICAL METHOD

Chairman: H. Schwartz
Air Force Materials Laboratory, USAF

.....

----------------

« e s s e .

Applications of Combined Pyrolysis-Gas Chromatography-Mass Spectrometry
to the Analysis and Evaluation of Polymeric Materials - C. Merritt, Jr.,

U.S. Army Natick RGD Command . . . . . « ¢ « v ¢ ¢ ¢ o & « o o &

Applications of Thermal Methods of Analysis - J. M. Barton, W. A. Lee,

and W. W. Wright, RAE, Farnborough, England.

Differential Scanning Calorimetry Applications in the Thermal, Kinetic,

and Rheological Characterization of Thermosetting Systems -
M. R. Kamal, McGill University, Canada . . . . . .

Characterization of Thermosetting Epoxy Systems by Torsional Braid
Analysis - J. K. Gillham, Princeton University

Polymer Characterization Using Differential Scanning Calorimetry -
W. D. Bascom and P. Peyser, Naval Research Laboratory. . .

ii

KT RS ARSI .,

Page
147 3

149 -

159

177

183
195

197

209

211

223

237

251

259




i«
-4
g
i
Lol L e

SR S P IPEROU S P

Page
SESSION IV: DIELECTRIC ANALYSIS . . . . . . « « « & ¢ &« &« & e £ e SRR 267 §

Chairman: L. Krichew :
National qucnce. Canada ;

Dielectric and Calorimetric Monitoring of the Resin Matrix During the Cure ‘ |
of Composite Structures - C. A. May, Lockheed Missiles and Space Company . . . . 269 | 1

ETMA: Electrical, Thermal and Mechanical Analyses of Polymers:

baagii S e SR e el e R R N
.

Theory and Uses - S. Yalof, Tetrahedron Associates, Incorporated . . . . . . . . 271 3
|
4
\ Thermal Analysis of PMR-Polyimides by Dielectrometry - R. E. Gluyas, ‘
NASA Lewis Research Center . . . . . . . . . . e e e alth i el ia o sy i 277 3
1
SESSION V: MOISTURE CHARACTERIZATION. . . . . . . . . . e e R S Ee 297 :
"
.
Chairman: L. Krichew }
National Defence, Canada :
The Surface Composition and Energetics of Graphite Reinforcing Fibers -
L. T. Drzal, University of Dayton Research Institute . . . . . . . . . « « . . & 299
Transport Behavior of Water in Polymeric Materials - J. L. Illinger
and N. S. Schneider, AMMRC . . . . . . . . . . . 301
SESSION VI: APPLICATIONS. . . . . « ¢ « ¢ ¢ ¢ o o o o o v o s 317
& Chairman: D. Pinkerton
¥ Materials Research Laboratories, Australia
E; Novel Techniques for Measuring Field Service Deterioration of Composite
o Materials - R. E. Sacher, AMMRC. . . . « « + ¢ ¢ o o o o o ¢ o s o o o o o o o o 319
% Application of the Dielectric Analysis to Polymeric Materials Control X
g D. H. Kim, The Boeing Commercial Airplane Company. . . . . . . . S R TR e e 329
73 Dynamic Mechanical Properties in Fiber Reinforced Epoxy Resin Based
Networks - J. G. Williams, Materials Research Laboratories,
Maribyrnong, Victoria 3032, Australia. . . . . . . . ¢ o ¢ ¢ o v 0 000000 343
- Electron Spin Resonance Studies of the Degradation of Polymeric Materials -
2 D. K. C. Hodgeman, Materials Research Laboratories, Maribyrnong,
Victoria 3032, Australia . . . . . . 353
Polymer Characterisation by Pyrolysis Gas Chromatography -
J. R. Brown and D. J. Hall, Materials Research Laboratories,
Maribyrnong, Victoria 3032, Australia. . . . . . . . . .
Vapour Pressure Osmometry - Its Limitations as a Method for Molecular

Weight Determinations - C. E. M. Morris, Materials Research Laboratories,
Maribyrnong, Victoria 3032, Australia. . . . . . . . ¢ ¢ ¢ 0 0 0000

Closing Remarks - Dr. G. R. Thomas, AMMRC. . . . . . . « « ¢ ¢ ¢ ¢ ¢ ¢




r————

OPENING REMARKS 1

-
Dr. George R. Thomas
Army Materials and Mechanics Research Center
e Watertown, Massachusetts 02172

Last August I addressed the membership of the TTCP and the attendees of a Critical Review
of Deterioration of Organic Materials in Service Environments in Melbourne, Australia as
their keynote speaker. In that address I reviewed the situation with respect to Environ-
mental Deterioration of Organic Materials for Military Applications as I saw it.

In essence I felt the situation with respect to Environmental Deterioration could best be
described as chaotic. Materials did not always perform in a similar manner at similar
sites. The scatter in data was so great that a trend noted in statistically reduced data
was highly suspect and not interpretable with respect to why it occurred and what to do
about it. Indeed, the literature was a massive compilation of confusion.

We here at the Army Materials and Mechanics Research Center had just completed a two-year
study on deterioration of a "well characterized'" material. Our objective in that study
was to develop a methodology whereby we could predict the use life - up to twenty years -
in one year. This was a pretty ambitious undertaking since it took more than five years
to determine whether or not a material would last for five years. I reviewed the results
of that study in that keynote address. Some of the conclusions I presented were as
follows: First in our program we characterized some 17 different exposure sites located
in Germany, the USA, the Panama Canal Zone, Puerto Rico, and Australia. While there were
differences with respect to temperature, relative humidity, and ultraviolet radiation,
the differences between similar sites was not sufficient to account for major differences
in the rate of deterioration.

We raised some question as to the validity of interpretation of such test methods as
short beam shear, tensile, flexural strength. There was nothing in the environment or
the test methods which would account for the scatter in data that we had obtained intra
and inter test sites. The only conclusion I could draw from our study was that the
samples we exposed were not identical but this contradicted our own finding that the
manufacturer's material met '"specification'' which consisted of values for tensile fatigue
and short beam shear strengths.

We examined the manufacturing methods at the work site and our suspicions were confirmed.
b, From a strictly chemical point of view the allowable deviations in procedure were suf-
§ ficient to account for considerable differences in a product which met specifications.
2 These, as it turned out, were rather minimal. Indeed, it was difficult not to meet
specification values.
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Fortunately we had initiated exploratory studies for alternative methods of characteriza-
tion - alternative for tensile, fatigue, and short beam shear. I described these methods
and some of the results which we had obtained. We found interesting results using ESCA,
AUGER, stress mass spectrometry, infrared spectometry with attenuated total reflectance
and Fourier transform techniques, laser pyrolysis and thermal pyrolysis coupled with gas
chromatography and mass spectrometry, torsional braid and torsional pendulum analysis, 1
moisture transport analysis. It would have been a fitting conclusion to that address had
I been able to show that indeed we could control and predict the performance properties
of the composite by varying the processing conditions in a manner definable by the :
methods I described, but we were not at that point last August. Indeed, we won't be at 1
that point this August. Discovering new characterization techniques was a relatively ;
easy accomplishment but understanding their significance is going to take a little more

time.

At the conclusion of that review, my brethren in TTCP were sufficiently convinced that it
was necessary to continue to search for new techniques and to apply known but seldom used
techniques to want to hold a Critical Review of Deterioration of Organic Materials in
conjunction with this year's meeting and that in a '"nutshell” is why we are here today.

Without further ado, I for one would like to get on with the substance of this meeting.
But not before I thank the speakers, the members of the TTCP, my co-workers on the
organizing committee - Mr. Bersch, U.S. Navy; Mr. Schwartz, USAF; the Conference Planning
Director, Dr, Sacher, and the Conference Coordinator, Miss Sterling, for their respective
efforts in making this meeting possible.
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FIRST ANNUAL CHEMICAL CHARACTERIZATION AND
ANALYSIS CONFERENCE

February 24 and 25, 1976

C. A. May
Lockheed Missiles & Space Company

Sunnyvale, California

As the use of polymeric materials in aerospace applications continues to grow so
does their use in man rated vehicles. Accordingly, the safety of such devices becomes
increasingly critical. Most of these materials are proprietary combinations of at least
two, and generally more, ingredients. The inherent danger thus exists that formulative
changes, either inadvertently or by design, have been made which can alter the performance
characteristics of a product. In order to have complete confidence in fabrications
involving polymeric materials it is important that the user know he is receiving a
chemically identical product that has been properly processed with each lot of material.

In order to establish reliable physiochemical quality assurance procedures the
chemical nature of the product must be understood. Unfortunately, much of this data is
not available. This need has been recognized and a number of aerospace laboratories are
now using the tools of the polymer chemist to better identify and control the materials
they use. Most of the current efforts involve studies on adhesives and fiber reinforced
prepregs containing epoxy matrices. It was the purpose of this meeting to discuss the
current state-of-the-art at the bench level on the chemical characterization of thermoset
resins.

Attendance at the meeting was by invitation only., Efforts were made to keep the
group small, Only twenty people were in attendance. The organizations represented were:
Air Force Materials Laboratory, Army Materials and Mechanics Research Center, Boeing
Airplane Company, Lockheed Missiles & Space Company, McDonnell Aircraft, NASA-Ames
Research Center, Naval Research Laboratory, Newey & Busso Associates, Rockwell Science
Center, Tetrahedron Associates and Waters Associates. All of the personnel involved have
had bench experience in the application of physiochemical techniques to aerospace
materials,

The format was to have open discussion with all attendees participating. The
objectives were to develop an exchange of laboratory techniques and point out problem
areas deserving future effort. The meeting consisted of four sessions each of 1/2 day
duration. The general topics discussed were dielectric analysis and relaxation phenomena,
thermomechanical techniques, spectroscopy and chromatography. Each session had a
moderator who possessed expertise in one of the aforementioned fields. It was the
responsibility of the moderator to get the discussion rolling. For these efforts we are
particularly indebted to Stanley Yalof of Tetrahedron in the dielectric area, David H.
Kaelble of Rockwell Science Center on thermomechanical methods, Chester F., Poranski of
the Naval Research Laboratory who lead the spectroscopy section and gave a fine
dissertation on C13 NMR and Gary Fallick of Waters Associates for heading up the
chromatography session, During each session there was lively discussion which appeared
to grow as the meeting proceeded. As a practical finale, a progress report was given on
how the methods discussed are being used to analyze epoxy formulations and develop physio-
chemical quality assurance procedures.

3
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Considering that this was a first of its kind get together, the meeting was highly
successful. During the early stages there was some reluctance on the part of some of
the attendees to enter in the discussion. As the meeting gained momentum, however,
everyone got into the act. In fact, the major complaint was that there was insufficient
tim2 to cover everything of interest. Following the meeting many very constructive
comments were received along with suggestions for future gatherings., There appears to
be a definite need for this type of seminar, with some minor changes, the general format
appears excellent, and there is little doubt that everyone in attendance looks forward
to future conferences,
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MODERN VIBRATIONAL SPECTROSCOPIC TECHNIQUES
FOR THE CHARACTERIZATION OF POLYMERS

P, C. Painter and J. L. Koenig

Department of Macromolecular Science
Case Western Reserve University

Raman scattering originates in the variation of molecular polarizability with molecular
vibration, In contrast, the infrared spectrum originates in changes of dipole moment with molecu-
lar vibration. For a molecule such as benzene with a high degree of symmetry, vibrations active
in the Raman efiect are absent in the infrared and vice-versa, Consequently, both the infrared and
Raman spectrum are necessary for a vibrational analysis of the molecule,

Few polymer molecules have such a high degree of symmetry even when the chain is in the
preferred conformation, However, even though the normal modes of vibration are then theoretically
active in both the Raman and infrared, the fundamentally different origin of the two effects often
results in lines appearing with strong intensity in the Raman spectrum being weak or absent in the
infrared, This is illustrated in Figure 1 for trans-1, 4-polychloroprene;

Cl

\
¢CH,-C=CH-CH3)
Vibrational spectroscopy has been widely used to study the structure, intermolecular inter-

actions, chemical reactions and degradation of polymers in addition to being a prime means of
identification, since the spectrum of a polymer is as characteristic as a fingerprint,

Trans-1, 4-polychloroprene is a useful model system with which to illustrate the sensitivity
of this technique, When this polymer is prepared at 40°C the chain contains a considerable number
of ""defect" units, such as ciss 1, 2; 3, 4 as well as head-to-head and inverted units, The
structural isomers are shown in Figure 2, This polymer has a low degree of crystallinity and is
widely used as an elastomeric material. However, as the temperature of polymerization is reduced
the number of defects decreases and a polymer prepared at -20°C is a brittle highly crystalline
material, These changes are reflected in the Raman spectrum shown in Figure 3, which compares
the spectra of samples polymerized at -20, 0, +20, +40°C respectively. The spectrum of the highly
crystalline (-20°C) material contains sharp well-defined lines characteristic of a polymer chain in
the preferred conformation, In the spectra of samples polymerized at higher temperatures these
lines broaden considerably and weak amorphous modes near 1218 em™! and 1075 em™1 appear,
Similar changes appear in the infrared spectrum, This figure illustrates the sensitivity of the
technique yet also some of its limitations, Subtle effects such as local conformational changes or,
for example, the initial stages of oxidative attack certainly contribute to the spectrum but the
characteristic bands and lines that contain the relevant information are lost in those of the
unaffected polymer chain, The advent of computerized systems has solved many of the problems
associated with conventional spectroscopy.

11
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Figure 3: Raman spectra of trans-1, 4-polychloroprene
samples polymerized at (A) -20°C, (B) 0°C,
(C) +20°C, and (D) +40°C,




Most of the results published to date concern computerized infrared systems, particularly
FT-IR, and we will concentrate on these applications since they demonstrate how many spectro-
scopic problems can be solved, Computerized Raman systems have only recently been introduced
and we expect the publication of equivalent results obtained on these systems in the near future,

First let us consider the separation of the spectral contributions of a heterophase system,
the amorphous and crystalline bands of trans-1, 4-polychloroprene, We have been able to obtain
the "purified" spectrum of the preferred conformation of a predominantly trans-1, 4-polychloroprene
(trans-CD) polymer from the semicrystalline polymer. The infrared spectrum, designated 1, of
this sample, was obtained at room temperature on a Digilab FTS-14 Fourier transform spectro-
photometer., The sample was then heated to 80°C for 15 min. in the spectrophotometer and another
infrared spectrum, designated 2, was obtained under the same conditions. These two samples
should differ only in the degree of crystallinity attained (barring the possibility of slight oxidative
degradation which would be readily observable in the carbonyl region of the spectrum if present in
significant concentration). Finally, the sample was allowed to cool to room temperature and
another spectrum was recorded and stored after 120 min,

An absorbance subtraction routine was employed to obtain the crystalline vibrational spectrum
of trans-CD, In Figure 4 the absorbance spectra 1 and 2 are shown together with the difference
spectrum 3 obtained by subtraction of the less crystalline spectrum 2 from the more crystalline
spectrum 1, The subtraction was performed on the basis of elimination of the amorphous component
of the semicrystalline trans-CD spectrum with the resultant difference spectrum 3 representing the
spectrum of crystalline trans-CD, The absorbance procedure employed will be illustrated
mathematically.

For spectrum 1 the following equation can be written at each frequency

= R AT (1)
A'rl Al cl ’*Ml

where A’l‘ is the total absorbance of all components in sample 1; A A is the absorbance of
1 1
amorphous trans-CD component in sample 1; AC is the absorbance of crystalline trans-CD
1
component in sample 1; and AM is the absorbance of other components in sample 1, such as 1, 2
1

and 2,4 placements, Similarly, it can be written for spectrum 2

A=A, +A_ +A )
T2 A2 Cz M2

It is desired to subtract AT from AT as follows
2 1

As = AT - kAT 3

1 2

where As is the absorbance due to the subtracted spectrum and k is an adjustable scaling
parameter, Substitution of Eqs. (1) and (2) in Eq. (3) gives

A=A, +A, +A,)-k(A, +A_ + ) 4)
S Al C1 M1 Az C2 ﬁiz

15
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Rearrangement of Eq. (3) gives

Ag= (A, -kAA)+(AC -kAc)+(AM -kAM) (5)

1 2 1 2 1 2

In this procedure it is desired to obtain the spectrum of crystalline trans-CD by elimination of 4
the contribution of the amorphous trans-CD to the subtracted absorbance spectrum, As In other ;

words, the criterion for subtraction of AT from AT used was

2 1
A, -k, A = .0 (6)
Al A Az
where
k, = A, /A 7
A Al A2

The criterion employed for elimination of the amorphous component vas the disappearance of bands
at 602 and 1227 cm~!, Earlier work has shown that the broad 502 em ~band is insemsitive to crystal-
lization. More recently, the amorphous band at 1227 cm™! has been used in the determination of
crystallinity in polychloroprenes; the results of this study agree with independent dilatometric
results, Application of the subtraction criterion, shown in Eqs, (6) and (7), can be applied to the
total absorbance subtraction in Eq. (5):

As=(A

C -kAAC )+ (AM -kAAMz) (8)

1 2 1

According to Eq. (8), this subtracted spectrum now contains the spectrum of the crystalline
trans-CD plus the spectrum of the other structural modifications: cis-1,4; 1,2 and 3,4 placements,
Since the latter modifications are only present in relatively small concentrations, they will not make
a major contribution to the subtracted spectrum.

In the actual subtraction employed, there is the implicit assumption that the infrared
spectrum of the amorphous component in the heated sample is not significantly different from that
of the sample at room temperature, A difference spectrum was also obtained from two room
temperature spectra taken at different times of crystallization and thus at different degrees of
crystallinity. This difference spectrum of the crystalline trans-CD component was essentially
identical to that shown earlier in Figure 4, The similarity between the two diffe rence spectra
indicates that the effect of the temperature range used in this study on the infrared spectrum of
the amorphous component is minimal,

The difference spectrum which results from the subtraction of the spectrum recorded at
80°C from the spectrum recorded after the sample has been allowed to cool to room temperature
and recrystallize showed no significant frequency shifts from spectrum 3. In conclusion, this
type of procedure represents an excellent method to study vibrational spectra of semicrystalline

polymers,

When polymers polymerized at different temperatures are compared in the above manner,
the difference spectra show a shift in the crystalline frequencies as indicated in Table I, Such
changes could result from the inclusion of structural defects in the crystalline domain, The
presence of such defects would contribute to the vibrational spectrum of the crystalline regions,
The increase of structural defects as a function of polymerization temperature, with the resultant
inclusion of a larger concentration of defects, could manifest itself in vibrational changes in the

17
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Table I

Crystalline vibrational frequencies of trans-1, 4-polychloroprene
as a function of polymerization temperature

Crystalline vibrational frequencies (cm-l)
for trans-1, 4-polychloroprenes polymerized

at the following temperatures v
-20°C o°c 40°C
1660 1660 1660
1449 1448 1447
1318 1316 1313
1250 1252 1254
1167 1167 1167
1127 1127 1127
1083 1083 1083
1007 1005 1004
958 954 953
826 826 826
780 779 778
67 671 671
577 576 576
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crystalline spectrum, The removal of interfering absorbance due to solvents is an important |
application, A classical limitation of infrared analysis has been the study of aqueous solutions
due to strong, broad infrared absorbance of water. With FT-IR, if the agueous solutions are
examined such that total absorbance does not occur, the water spectrum can be subtracted. For
biological systems where water is the only interesting solvent, this improvement can be utilized
and demonstrated for protein solutions, The aqueous solution infrared spectrum of hemoglobin
obtained by FT-IR is shown in Figure 5 (spectrum 2), No useful detail can be observed until the

- water spectrum (spectrum 1) is subtracted to yleld spectrum 3 where the classical amide I and II
modes at 1657 and 1547 cm are observed, A comparison of the infrared absorbance spectrum of 1
hemoglobin as a cast film (less water) is shown in Figure 6, The secondary structure of protein
can be determined using conformationally sensitive frequencies,

* Finally, we will illustrate the application of computer enhanced vibrational spectroscopy to
the separation of reacted and unreacted species. The useful life of many polymeric systems is
limited by their susceptibility to oxidation degradation. Rubbers are particularly vulnerable to
oxidation, and as a consequence considerable research has been carried out in an effort to determine
the mechanism of this oxidative chemical reaction, Infrared has been used to study this chemical
process but has been limited because the reaction must proceed to a substantial degree before
detectable absorbances appear, With the difference spectra technique, considerable improvement
results, In Figure 7, the infrared absorbance spectra of a sample of unoxidized polybutadiene and
a sample held in air at 30°C for 6 hr, Using the band at 740 cm™! as the basis for subtraction, the
scale expanded (25 X) difference spectrum is also shown, The decrease in the band at 3007 em s
uaocutfd with the cis to trans isomerism, which is also reflected by the increase in the band at
975 cm™ assignable to the trans portion of the molecule, The band at 1090 em™! is probably
associated with an oxidation product containing a C ~ O band, but the specific nature of the
functionality has not been determined at this time, The changes occuring as the time of reaction
proceeds to 235 and 640 hr, are shown in the difference spectra of F e 8, The appearance of
bands due to hydroxyl (3300 em™! carbonyl (1770, 1720, and 1700 cm™) are now obviously reflecting
the formation of these oxidation products,
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Figure 5:

Aqueous solution infrared spectrum of hemoglobin
obtained with Fourier transform spectrophotometer.,

1, absorbance spectrum of HyO; 2, absorbance
spectrum of aqueous hemoglobin solution; 3, absorbance
spectrum of hemoglobin in aqueous phase (spectrum 2 -

spectrum 1),
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Figure 6: Infrared absorbance spectra of hemoglobin,
1, aqueous solution (pH = 4. 8).
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CHARACTERISATION OF STYRENE-BUTADIENE COPOLYMERS

A. V. Cunliffe and R. J, Pace

Explosives Research and Development Establishment,
Waltham Abbey, Essex, England

INTRODUCTION

I work in a small group which uses various instrumental methods to characterise
polymeric materials according “: molecular weight and chemical composition. To
illustrate the techniques which we employ, I wish to describe some work on the
characterisation of styrene-butadiene latexes. These are materials of high styrene
content (approximately 85% by weight) which were produced on a pilot plant scale at
ERDE by an emulsion process, and we were involved in drawing up a specification. We
were mainly concerned with the properties of the copolymer itself, although parameters
associated with the latex, such as solid content and particle size, were measured by
other workers. Standard techniques of infra-red spectroscopy, "H nmr spectroscopy,
viscosity measurement, etc, were employed, but t? two newer methods which I wish to
consider in more detail are the applications of ~“C nmr to the composition of the
copolymers and the measurement of gel content using a method based on gel permeation
chromatography (GPC). A feature of the preparation was that the polymerisation was
taken to much higher conversion than normal for an emulsion polymerisation, and this
led to substantial crosslinking towards the end of the reaction.

~ CHEMICAL COMPOSITION OF COPOLYMERS

The course of the reaction was monitored by the solid content and viscosity of the
latex. The residual styrene monomer was measured by gas liquid chromatography on the
methanol soluble fraction. The routine method of measuring the chemical composition
of the copolymer is by infra-red spectroscopy. Various methods can be used to prepare
samples as film, such as applying the latex directly to a silver chloride plate, or by
precipitating the polymer, dissolving 1t in a suitable solvent (chloroform) and then
casting a film (1). All methods seemed to give very similar results. The method was
calibrated by comparing the spectra with a standard literature spectrum which was
taken to be 85% styrene and 15% butadiene, so that it is not an absolute method (1).
Moreover, the measurement actually compared the trans 1,4 butadiene content with that
of styrene, so that in order to measure the total butadiene to styrene ratio it is
necessary to assume that the butadiene microstructure does not vary between different
samples. This appeared to be the case in our samples.

Asg a check on the infra-red method, we also measured the composition by 1H nmr,
which should be an absolute method. However, there ?re also difficulties with this
approach. A major problem in attempting to measure 'H nmr on any material containing
appreciable quantities of diene units is the presence of gel. Crosslinked material
gives rise to very broad proton NMR signals, which are usually not visible in a normal
high resolution spectrum, so that the spectrum shows only peaks due to soluble
material (1). This may not reflect the overall composition of the copolymer. In this




particular case, however, the composition determined by nmr agreed well with that from
IR. Secondly, we found that the method of preparation of the sample for nmr was
important. It was necessary to precipitate the latex to isolate the copolymer, and

two methods were employed. A standard method is to precipitate the latex using
aluminium sulphate. However, we found that with this method the nmr spectra showed
evidence of interference from materials other than copolymer, presumably due to
incomplete removal of soap used in the emulsion process. For the purposes of the
analysis, the nmr spectrum of the copolymer may be divided into three areas, correspond-
ing to aromatic, olefinic and aliphatic hydrogens. If we attempted to measure the
composition from the ratio of aromatic to the total hydrogens, this gave an unexpectedly
low value for the styrene content. However, by assuming a value for the 1,2 content of
the copolymer, it is possible to measure the composition from the ratio of the aromatic
to olefinic areas. (If x is the fraction of 1,2 units, then the olefinic region
corresponds to 2 + x protons.) This is very similar to the infra-red method, and gave
very similar results. It was clear that the discrepancy between the two 'H nmr results
arose because there was extra aliphatic absorption, presumably due to the presence of
soap and perhaps due to incomplete removal of water. (The aliphatic to olefinic
butadiene ratio was greater than could possibly arise even if the material was entirely
1,4 linked.)

In order to remove these difficulties it was necessary to take care to obtain pure
copolymer samples. This could be achieved by precipitating the material from methanol,
carefully washing with methanol, followed by redissolving in THF or benzene and
reprecipitating with methanol several times. Following this procedure, it is possible
to obtain accurate values for both the styrene to butadiene ratio and the 1,2 butadiene
to 1,4 butadiene (cis + trans) ratio in the copolymer.

More detailed information about copolymer structure can be obtained from 130 nmr
spectroscopy. "Te technique also has the advantage that the signals also include
contributions from the gel fraction so that the results should reflect the total
composition rather than that of the sol fraction. The peak ?gsignment and general
approach follow the work of Katritzky and Weiss (2,3). The '“C nmr spectrum is
sensitive to diad sequences, and the presence of styrene, and 1,2(vinyl),cis 1,4 and
trans 1,4 butadiene units gave rise to 16 diads (Fig 1). Katritzky and Weiss (2,3)

Styrene cis trans vinyl
S SS Se St Sv
(s cS ce ct cv
t tS tc tt tv
v vS ve vt v
Figure 1

The 16 diads from the four individual repeat
units in styrene-butadiene copolymers.

assign 26 peaks in the ]30 nmr spectrum of styrene-butadiene copolymers, and it is
thus possible to obtain values for the concentration of all 16 diads, plus extra
relationships which give a check on the method.

The concentrations of the 16 diad peaks give, first of all, the relative amounts
of styrene, and 1,2,1,4 cis and 1,4 trans butadiene units. That is, the measurement
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gives the average styrene content and a complete measure of the average microstructure
of the butadiene units. This is frequently very useful in identifying different types
of SBR, since the microstructure is characteristic of the method of preparation. Thus
it should be possible, for example, to distinguish between emulsion and anionically
prepared styrene butadiene copolymers on the basis of the butadiene microstructure.
Moreover, the variation in microstructure should be reflected in the properties of the
materials.

Table I shows results on the butadiene microstructure for different types of
copolymer. The low vinyl solution samples are prepared by an anionic process using

TABLE I

Microstructure of Different Types of Styrene-butadiene Copolymers (2,3)

: g ' y
Sample Type | Sample % Styrene trans cis ¢ vinyl
r,
Solution: Low vinyl 1 6 58 37 5
2 9 56 29 5
3 15 63 30 i
4 26 60 30 10
Solution: High vinyl 5 19 53 24 22
6 36 54 24 22
Emulsion 7 12 79 7 14
8 68 75 9 15
9 o 80 T 12

alkyl lithium initiators in a hydrocarbon solvent, and it is clear that all the samples
show similar microstructure, and can easily be distinguished from high vinyl solution
polymers, and the emulsion polymers which show a characteristically low cis content.

In addition to the average amounts of the various structures, the diad concentra-
tion also gives an indication of the grouping of the monomer units within the chain.
Thus if we compare the relative amounts of SS diads with other styrene containing
diads (Se, St etc), this gives an indication of the tendency of the styrene to link
with itself; that is, to occur in blocks. This may be expressed as the average block
length ng given by:

CRE R L AR NG DN WA L et R
Se + St + Sv cS + tS + vS

where SS is the concentration of styrene-styrene diads etc. The tendency is most
marked in the case of styrene butadiene block copolymers, where the average block
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length is very high, since the styrene is present almost entirely in blocks (sample 2,
table II). In this case, of course, practically all the styrene is present in 8S

TABLE II

Styrene-styrene Diad Distribution SS and Average Styrene .
Block Lengths ng for Styrene-butadiene Copolymers (2,3)

! I 1 f

i Styrene Diads ss -
Sample Type Sample |Styrene ss Random g
OBS % %
Solution: Low vinyl 1 6 1.5 0.4 1.3
2 9 9.0 0.8 > 100
3 15 12.5 2.3 5.9
4 26 15.2 6.6 7.5
Solution: High vinyl 5 19 9.4 3.6 2.0
6 36 17.4 12.6 2.1
BEmulsion T 12 3.0 1.4 1.4
8 68 53.2 46,2 4,0
9 i 56.4 53.3 4.6

diads and the styrene-butadiene diad peaks are too small to observe. However, results
for a variety of other styrene-butadiene copolymers indicate that there is a similar
tendency for the styrene to form blocks in all cases. This is apparent from
consideration of the diad populations in table II, where the observed values are
compared with those expected for a completely random copolymer. It is clear that
the observed diad population is always greater than the random one, indicating

a tendency for the styrene units to be grouped together. This is most marked for
low vinyl solution polymerised SBRs, prepared anionically, and has been observed
previously (4,5). For the high styrene emulsion system, the effect is less marked,
the distribution of styrene diads approaching the random value, and this is in
accord with the reactivity ratios for the system.

In a similar way, investigation of other diads gives an indication of the
tendency of other units eg cc or Sv units, to group together. Although the effects are
less marked than for the styrene case, the populations differ appreciably from the
random value in a number of cases.

We see that the 3¢ nmr spectra of styrene butadiene copolymers can give a fairly
detailed description of their structure. It is possible to measure the styrene
content, determine completely the butadiene microstructure, and give some indication
of the way in which the units are grouped together. Of course, diad populations only
give an indication of order over short range, and in this respect studies with higher
resolution at higher fields may give more detailed information, for instance about
triad or tetrad sequences.
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MOLECULAR WEIGHT AND GEL CONTENT

The second fundamental property of the copolymer which we attempted to specify
was the molecular weight distribution,

The simplest way to obtain a semi-quantitative assessment of molecular weight
distribution was by GPC. Although there are difficulties in obtaining absolute
molecular weights from GPC, the technique rapidly gives values which are internally
consistent, and which should provide a method for monitoring changes in molecular
weight parameters between different samples.

When we tried to run GPC curves for the styrene-butadiene systems, we ran into
experimental difficulties which highlighted appreciable variation between different
samples. In order to protect the styragel columns which we were using, it is necessary
to filter the solutions (of the polymer in THF) through fine filters, to remove
insoluble material. We found that some of the samples were extremely difficult to
filter, and these samples also tended to cause increased pressure in the GPC system,
indicating blocking of the columns by the copolymer. It was clear that the samples
contained varying amounts of gel, and this prompted us to look more closely at the
gel content of the materials. The GPC measurements gave insight into the nature of
the gel present, and we found it desirable to develop a new method of measuring gel
content based on this technique, which circumvents some of the problems with classical
methods of measuring gel content.

When we attempted to run chromatographs on the copolymers we found basically three
types of sample. Occasionally, we found samples in which all the material dissolved
in THF, the solutions filtered easily, and we had no trouble with the chromatograph.

A larger proportion of the samples were only partially soluble, but the insoluble
gel particles were relatively large. These could e€asily be filtered off, and the
resulting solutions again behaved satisfactorily on the chromatograph. However it was
the third type of behaviour which caused greater problems. The samples appeared to
dissolve, but the solutions were hazy and it was clear that there were small gel
particles dispersed throughout the solution. They were very difficult to filter,
readily blocking the filters. Moreover, the filtered solution was still not completely
clear, and when applied to the GPC columns it caused increased pressure and poor
baseline stability in the system. They gave a characteristic chromatograph which
indicated the presence of gelled material which was, however, too small to be removed
by the smallest filter. Typical chromatographs are shown in figure 2. The totally
soluble materials, either with or without filterable gel removed gave a broad
distribution, often with indications of shoulders on the main peak. The materials
containing microgel appear to contain a sharp peak at very high molecular weight.
However, this material is not being separated by the columns. Above a certain
molecular weight for a given set of columns all material is excluded and appears as
an excluded peak corresponding to material passing through the system in the shortest
possible time. The relative sharpness of the peak arises because all polymer above a
critical molecular weight has the same retention time. With the column set used for
the styrene-butadiene latex, the excluded material corresponded to material with an
effective molecular weight greater than several million.

It is clear that, even in the materials with appreciable microgel, the soluble
fraction gives a relatively straightforward chromatograph. The area of the soluble
fraction, which can be readily measured, gives an accurage measure of the sol content
in the materials. We therefore devised a method of estimating the sol/gel properties
of the materials based on the measurement of sol content from GPC., The following
procedure was adopted.

A known weight of the copolymer, obtained by precipitating the latex in methanol,
is shaken in tetrahydrofuran (THF) for 3 days. A known weight of narrow distribution
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Figure 2(a)

GPC trace for a styrene-butadiene copolymer free from microgel
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Figure 2(b)

GPC trace for a styrene-butadiene copolymer containing microgel
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2,000 MW polystyrene is added. The solution is then filtered through a 0.9 mieron
asbestos filter. The soluble fraction is then run on the GPC. Typical GPC traces are
shown for materials with (fig 3(b)) and without (fig 3(a)) microgel. The material
with miecrogel gives three peaks, which correspond, in order of increasing molecular
weight to 2,000 MW polystyrene A, soluble copolymer B, and excluded microgel C. By
calibration with a totally soluble styrene-butadiene copolymer of similar composition
to the ones being investigated, it is possible to measure both the amount of soluble
material and the microgel. The difference between the sum of these quantities and the
initial quantity of the material gives the amount of gel which has been removed. The

GPC trace also gives the molecular weight d:lstribution‘of the sol.

The main advantage of the method is that the amount of soluble material is
accurately measured, and does not depend on a separation process such as filtration
or centrifuging. The separation into microgel and macrogel is another useful property
of the system, although the exact distribution will depend on the size of filter used
and the filtration procedure adopted.

The type of behaviour obtained is illustrated by an experiment in which the
variation in gel content with time was followed for an emulsion SER polymerisation.
We were particularly interested in the results at high conversion, since these
corresponded to the conditions used in the particular preparations in which we were
interested. Table III shows the sol, microgel and macrogel contents for a typical

TABLE III

Variation of Gel Content with Conversion for
85:15 Styrene-butadiene Emulsion Polymerisation

1 Reaction Time Conversion : Sol Microgel Macrogel

(hours) % % % %
10 80 98 2 0
10.5 86 95 5 Y
11 89 66 3 ot
1.5 96 58 0.5 h.s
12 9 58 0 42
14 99 56 0 4y

run. It is clear that a negligible amount of gelation occurs up to about 80%
conversion in the relatively high styrene materials. Initially, above about 80%
conversion, gel is produced mainly as microgel. However, at higher conversion,
appreciable amounts of gel are produced as macrogel, which can be removed by
filtration, and the amount of microgel becomes small.
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Figure 3(a)

GPC trace for a styrene-butadiene copolymer free from
microgel, with 2000 MW polystyrene internal marker
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Figure 3(b)

GPC trace for a styrene-butadiene copolymer containing microgel.
A: 2000 MW polystyrene. B: soluble copolymer. C: microgel
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The above method is carried out on copolymer which has been precipitated from
methanol to give a solid polymer. We believe that it gives an accurate estimate of
the sol content, and hence the total gel content, but that the distribution between
microgel and macrogel may be dependent on the precipitation process and the existence
of the material as a solid. We have therefore also applied the internal marker
technique to a procedure devised by Gaylor et al (6) which is applied directly to the
latex. In this method, the acqueous latex is dissolved in THF by dropwise addition
with stirring, to give a concentration of about 0.5%. The solution is then filtered,
and chromatographed on a set of columns which separate the water peak, the 2,000 MW
polystyrene marker, and the sol and gel fractions of the copolymer. By comparison
with the determinations on the precipitated copolymer, we hope to investigate in more
detail the nature of the gel particles.

The main disadvantage of the methods arose from problems associated with blocking
of the GPC columns with gel particles. This was particularly serious and expensive
with the styragel columns. However, Gaylor et al (6) showed that relatively
inefficient, low resolution porous glass columns were sufficient for the separation
of sol and gel, and these are much cheaper and easier to repack. We have used porous
silica columns which have similar advantages.
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THE USES OF INFRARED SPECTROSCOPY FOR THE

CHARACTERIZATION OF POLYMERIC MATERIALS

D. M. Wiles

Chemistry Division
National Research Council of Canada
Ottawa, Ontario, K1A OR9, Canada

TECHNIQUES

Infrared (IR) spectroscopy has been used to characterize and analyze
materials for most of this century; it is especially useful for organic
materials. Absorptions from an incident polychromatic IR beam occur at
frequencies corresponding to vibrations and rotations of groups which
undergo changes in dipole moment. It is this specificity which partially
compensates for the inherent lack of sensitivity in IR spectroscopy and
accounts for the widespread use of the method. Like all other types of
chemical spectroscopy (e.g. NMR, ESR, ESCA) IR spectroscopy is less suited
to polymeric materials than it is to low molecular weight organic compounds.
Nevertheless, polymer chemists have employed IR techniques for many decades
and fiber scientists have used them increasingly as the science and
technology of textile products becomes rapidly more complex.

Transmission Spectroscopy

Most commercial spectrometers are designed for the direct measurement
of transmission IR spectra - recordings of those IR wavelengths which are
absorbed by the sample as the incident beam is transmitted through it.

The most common form for a sample, whether or nct it contains (or consists
entirely of) macromolecules, is a disc or pellet of KBr into which a small
quantity of the specimen has been mixed before pressing. The problems of
grinding up and dispersing "rubbery" plastics with KBr can frequently be
alleviated by performing these operations at liquid nitrogen temperature
where most polymers are reasonably brittle.

There are many instances, however, where plastics and fibers should be
characterized in their original form and non-destructive sample preparation
techniques are called for. There are many examples in the scientific
literature illustrating the use of thin films as IR samples. These could
be commercial, chill-cast films of thermoplastics, or hot-pressed or
solution-cast films made in the laboratory from resin. IR spectra of
individual fibers (e.g., 30 um monofilaments) have been measured with an
IR microscope by Grass et al (1), and orientation measurements have been
made on a single-thickness coil of monofilament (2).

More recently, a very simple device has been described (3) with which
the IR absorption spectrum of a short length of any fiber can be obtained.
Figure 1 shows the spectrum obtained in this way for a 6 denier mono-
filament of polycaprolactam.
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Figure 1. Infrared absorption spectrum of a six denigr
monofilament of nylon 6, recorded at 30 cm”!/min.

Internal Reflection Spectroscopy

Many polymeric samples (e.g., fibers, fabrics, films) are too opaque
to allow direct measurement of their IR absorption spectra by transmission
spectroscopy. Sometimes, in addition, the IR spectrum of the surface
zone of a sample (transparent or opaque) is required. In both these
situations, the appropriate technique is internal reflection spectroscopy,
IRS (variously referred to as ATR, FATR, MATR). In the IRS method, the
sample is placed in good contact with an inorganic reflection element
(e.g., germanium) and the IR beam is reflected from the reflection
element-sample interface. The reflected beam penetrates into a thin
surface layer of the sample and will be attenuated by any IR absorbing
groups in that layer. In other words, a surface spectrum will be produced.
Wilks (4) has recently reviewed the techniques and limitations of IRS;
the relevant mathematical theory has been developed by Harrick (5).

IRS spectra are usually directly comparable to transmission IR spectra
notwithstanding the slight distortions of absorption bands as a function
of wavelength and refractive index ~hich accompany surface spectral
measurements. The IR intensity transmitted by an IRS mirror/reflection
element assembly varies greatly with the f number of the spectrometer beam.
Spectrometers with low f numbers (e.g., for most Perkin-Elmer models,
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f ~4.5) give low transmission unless special IRS mirror assemblies are
used. On the other hand, low divergence spectrometers (e.g., for most
Beckman models, f ~10) give significantly higher transmission values.

By recording IRS spectra at different angles of incidence and on
reflection elements having different refractive indices, spectra
corresponding to different depths of penetration into a sample may be
recorded (6,7). Quantitative comparison of these spectra requires care-
ful control of experimental conditions as well as the use of an internal
standard absorption band. With such control, however, one can construct
a concentration/depth profile to show (Figure 2) the distribution of
photo-oxidation products in polypropylene film.
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Figure 2. The concentration profile of photo-oxidation
products in the cross-section of an unstabilized
polypropylene film, after 4O hr irradiation ----,
after 70 hr irradiation » Measurements made
by internal reflection spectroscopy.

APPLICATIONS

A great deal of information can be derived from the IR spectra of
macromolecules. There are many reports of the identification of films,
fibers, fiber blends, copolymers, coatings and other finishes. Chemical
modifications, degradation, pyrolysis and combusticn are also amenable to
examination by IR spectroscopy. In addition, however, morphological
phenomena can also be identified in some cases; crystallinity, chain
folding, stereoregularity and orientation may all cause significant,
detectable alterations in IR absorption bands.
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Identification

The methodology and interpretation are sufficiently well-known that
IR spectroscopy is considered a standard method for fiber identification.
For such purposes, it is essential to use standard spectra and correlation
charts in order to relate unknown spectra to known, characteristic
absorptions. The text by Henniker (8) describes the principles and
practices of the IR spectroscopy of polymers; the Hummel collection (9)
of spectra of polymeric materials is particularly valuable. In Canadsa,
the National Research Council offers a Search Program for Infrared
Spectra (SPIR) whereby the NRC computer will indicate which among 142,000
standard spectra most closely match the spectrum of an unknown.

Whereas the bulk of polymer identification problems can be solved by
transmission IR spectroscopy, there are numerous examples of the use of
IRS as well. The fiber composition of a blended yarn fabric can be
identified directly from fabric samples (10) although there are
difficulties. Pre-pressing of a fabric in a vice for several hours
between polished steel blocks before mounting in the IRS holder can
sometimes improve sample/element contact for coarse or fluffy fabrics.
Finally, McCall and Morris (11) have reviewed the applications of IRS as
well as transmission IR spectroscopy to the identification of cotton and
cotton-synthetic fiber blends.

Structure

The relative proportions of crystalline and amorphous phases, the
size of crystallites, and crystallite-amorphous orientation determine the
aesthetics, dye permeability and mechanical properties of fibers and
plastics. Consequently an extensive search has been made for IR bands
indicative of groups in either the crystalline or the amorphous phases
in order to study their dependence on processing conditions, as well as
their ultimate effect on properties. Space limitations preclude anything
other than reference to examples of what can be done.

Bahl and co-workers (12) described the assignment of structure bands
in polyethylene terephthalate; Edelmann and Wyden (13) have used IRS to
measure PET amorphous (1370 cm-!) and crystalline (1343 cm=!) content.
From both IR and X-ray data, Sibilia et al (14) concluded that the
tensile strength of PET fibers is dependent on amorphous orientation,
rather than crystallinity, fold content or the lateral ordering of
crystallinity. IR spectra of many of the crystalline forms of cellulose
have been reviewed by Liang (15).

In the investigation of the stereoregularity of polypropylene, IR
spectroscopy has proven to be particularly informative. The ratio of
absorptions at 997 em='/974 cm-! can be used as a measure of helical
content (16) since all three tactic forms of polypropylene absord at
974 em-!. It should be noted, however, that IR measurements cannot
distinguish between the isotacticity and crystallinity of this polymer.
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Chemical and Photochemical Changes

It has been known for many years that modifications to plastics and
fibers, as a result of chemical reactions, are frequently readily detectable
by IR spectroscopy. This is particularly true of cellulose fibers,
especially cotton; O'Connor has summarized this work admirably (17,18)
including the use of the IRS technique. The appearance and disappearance
of specific absorption bands in the spectra of nylon 6 were used by
Fukuhara et al (19) to elucidate the chemical changes resulting from steam
and dry heat treatments.

>

Since so many chemical and structural changes occur predominantly on
or near film and fiber surfaces, IRS measurements are particularly
relevant to their investigation. Carlsson and Wiles (6) described in
detail the use of the IRS method for the quantitative comparison of
polypropylene film surfaces which had been exposed to various electric
discharge treatments.

Virtually all polymers, including those used in fiber form, suffer
delaterious effects on exposure to near ultraviolet radiation in air.
Although the rates of photodegradation vary enormously depending on the

_type of polymer, chain scission, loss of physical properties and chemical
changes detectable by IR spectroscopy are commonly involved. IR measure-
ments played a key role in the identification of the photo-oxidation
products of branched polyethylene (20), PET and PET/cotton blend fabrics
(21), nylon 66 and Nomex (22) to mention a few examples.

The IRS technique has been invaluable in the study of the thermal
and photo-oxidative degradation of rubbers, plastics and fibers. Chan
and Hawkins (23) first demonstrated the use of IRS to give advanced
varning of weathering deterioration of plastics, using a band ratioing
technique to allow for variable contact and sampled area. Since then
Carlsson and Wiles (7), Carlsson et al (24,25) and Blais et al (26,27)
have shown that many fiber-forming polymers undergo preferential surface
photodegradation. Day and Wiles (28) were able to demonstrate that
carboxylic acid end groups are a primary photochemical product arising
from a chain scission process which occurs predominantly on and near
the surface facing the source of UV light. Subsequently Blais et al (26)
showed the connection between photochemical and mechanical surface
changes, using IRS measurements to monitor the former.
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FOURIER TRANSFORM INFRARED SPECTROSCOPY
AS A METHOD FOR STUDYING WEATHERING
OF GLASS-FIBER EPOXY COMPOSITES

James F. Sprouse

Organic Materials Laboratory
Army Materials and Mechanics Research Center
Watertown, Massachusetts 02172

INTRODUCTION

The incorporation of an interferometer and a digital computer into an infrared spec-
trometer has been a significant technological advancement for infrared spectrometers.
High resolution spectra can now be measured in very short times for materials that in the
past have required tedious sample preparation. Also, internal reflection spectroscopy
(IRS) is now becoming an everyday tool in the laboratory instead of an occasionally used
instrument acce ory.

Fourier transform infrared spectrometers offer several advantages over conventional
instruments although the final result on either instrument is still an infrared finger-
print. Probably the greatest advantage realized from FTS-IR is the improvement in energy
throughput for a sample. FTS instruments require no energy-wasting slits to isolate
individual frequency elements and the optics are quite large compared to conventional
instruments. All frequencies of light are incident to the sample throughout the spectrum
scan in a FTS-IR and the resulting output signal is intensity as a function of time (an
interferogram). The final intensity-frequency information is obtained by completing a
Fourier transformation of the interferogram by use of a digital computer.

FTS-IR generally provides an infrared spectrum in much less time than a conventional
instrument with equivalent signal-to-noise ratio, or in the same amount of time with
better signal-to-noise ratio. The M improvement to signal-to-noise ratio is realized
in FTS-IR where M is the number of resolution elements scanned.

Another significant advancement FTS-IR has brought to the field of infrared spectros-
copy is the interfacing of a digital c-mputer to the IR spectrometer. Since the inter-
ferogram requires signal averaging and a transformation, a digital computer is required
for achieving usable results. This automatically provides the capability for data
processing such as scale expansion, spectral comparisons and absorbance spectra arithmetic
for chemical separations without wet chemistry.

The FTS-IR is ideally suited for internal reflection spectroscopy. As with conven-
tional instruments, IRS provides a nondestructive IR method for surface analysis of
materials not easily placed into solution, such as epoxy thermosets. The high energy
throughput and signal averaging ddvantages of FTS-IR have made internal reflection spec-
troscopy a valuable tool for organic materials characterization.

EXPERIMENTAL AND RESULTS
Fourier transform infrared spectroscopy is being used at AMMRC to characterize cure

and post cure of epoxy resins and to study weathering properties of composites made from
these resins.

43




DATA SYSTEM

a) 32K of 16-Bit
Core Memory SPECTROMETER ~—a
(Optical Diagram)

e s oo ke ol Sl o oe L Lie bl st B s vl

(b) Magnetic Tape
Recorder

; Interferometer

DISPLAY SYSTEM >

(a) Digital x, Analog}
¥ P tesl)  ----- 1 :

(b) Oscihoscope

STORED-RATIO INTERFEROMETRIC IR SPECTROMETER
FIGURE 1

Studies have been completed on a stored-ratio interferometric instrument (Digilab
Model FTS-10M) as shown in Figure 1. The instrument operates in the middle IR from 3800
to 450 cm-1. It has a resolution capability of 2 cm~! but most spectra are measured at
resolution 4 cm-1 where approximately 1.2 seconds are required for one scan of the operating
IR region.

As may be seen in Figure 1, AMMRC's instrument has an all-core computer system consisting
of 32K of 16-bit memory. A seven-inch, nine-track magnetic tape recorder complements the
all-core memory in the computer. Both oscillographic and recorder outputs are available
for spectra display.

During characterization of cure and post cure of epoxy resins, and weathering studies
of composite materials, both absorbance and reflectance spectra have been measured. Cure
and post cure were studied by absorbance spectra of epoxy resin thin films on potassium
chloride windows. After a thin film of the resin was spread on the windows, and absorbance
spectra measured from 3800 to 450 cm-1, the plates were placed in a forced air oven at
163°C and cured for 45 minutes. Absorbance spectra were again measured, and then at 1-hour
post cure intervals. Post cure was completed at 177°C. The salt plate method is a very
simple technique for studying the epoxy resins. Spectra were measured at resolution
4 cm-1 and 64 signal averages.

Weathering studies using internal reflection spectroscopy (IRS) were completed on a
7-ply glass fiber epoxy composite (Scotchply 1009-26). Figure 2 shows the experimental
arrangement for the IRS studies (1). The IRS attachment (Harrick Model TPMRA-P) used a -
KRS5 reflection element (50 x 20 x 2 mm; n = 2.5) with an angle of incidence equal to
45°, The refractive index for cured 1009 §§§§n is approximately 1.5 (2).

As may be seen in Figure 2, the KRS5 crystal is sandwiched between two samples of the
composite (45 x 20 mm). Then the samples are pressed against the crystal by applying a .
torque of 80 inch-ounces. Spectra were measured at resolution 4 cm-1 and 2550 signal
averages. Reflectance spectra of the composite are presented as the logarithm of the ratio 1
of the sample emission spectra to the KRS5 emission spectra. L

1. Harrick, N. J., "Internal Reflection Spectroscopy,” Interscience Publishers, New York
(1976), p. 30 185,

2, Lee, H., and Neville, K., ""Handbook of Epoxy Resins,'" McGraw-Hill Book Company,
New York (1967), p. 4-29.
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Figure 2 also presents the equation for approximating the depth of penetration of
radiation into the sample (1). Figure 3 shows a family of curves representing depth of
penetration into cured 1009 resin as a function of frequency. As may be seen from the
figure, the more energetic the radiation, the greater the depth of penetration. Also, as
may be seen from Figures 3 and 4, a very small change in angle of incidence around the
critical angle, 6, results in significant changes in penetration depth. This provides
for surface layer or gel coat thickness measurements for composites, when the coatings are
3 or 4 microns thick, by changing the angle of incidence until the substrate spectra (filler
glass) is just resolved. Of course, the depth of penetration would only be an approximation
of the average thickness over the surface of the two samples used for the IRS measurements.

Figure 5 shows infrared absorbance spectra measured during cure and post cure of 1009
resin (2 parts DEN 438; 1 part EPON 828; 3% BF3:MEA) by the salt plate method described
earlier in the text. The two absorbance spectra from 3800 to 450 cm-! show the 1009 resin
before cure and after 0.75 hour cure at 163°C plus 4 hours of post cure at 177°C. The
major differences in the spectra are the increase in absorbance by hydroxyls at approxi-
mately 3500 cm-1; the formation of carbonyl bands at approximately 1730 and 1650 cm-!
(oxidation products); the formation of ether bonds at 1110 cm-1; and the loss of epoxy
ring absorbance at approximately 915 cm-l. The inlays in Figure 5 show scale expansions
for the hydroxyl, carbonyl and epoxy absorbance regions for noncured resin (e), cured (d),

2 hours post cure (c), 4 hours post cure (b) and 6 hours post cure (a). The oxidation bands

at 1730 and 1650 are not appreciably formed when the cure is carried out in vacuum or in
nitrogen atmosphere.

Figure 6 shows difference spectra between cured and not-cured resin, and between the
successive steps of the cure and post cure thermal treatments. The difference spectra were
obtained by normalizing the aromatic absorption band at 1510 cm-1 for all spectra to that of
the uncured resin. This compensates for path length changes in the resin films resulting
from resin shrinkage. In the difference spectra, a positive change in absorbance indicates
bond formation, and a negative change indicates bond loss. Increases in absorbance at
3500 cm-! show formation of hydroxyl bonds and increases at 1730 and 1650 cm-1 show the for-
mation of aliphatic and aromatic carbonyl groups, respectively. The absorbance at 915 cm-!

45




Mkrss * 25

1 ] 1 3 e ! ] |

3400 3000 2600 200 1800 1400 1000 600

v, em-l
PENETRATION DEPTH VERSUS FREQUENCY
FIGURF 3
1
‘ —
, —
Orss 25
[
= l
. E |
2 1
) é I
kY o |
|
|
[}
o
|
|
ke
|
|
| IE— =

ol L1 "
E ] %0 ] 0 ®
8, Degrees
PENETRATION VEKSUS ANGLE OF INCIDENCE
FIGURE 4

46




y
|
4
|
4
1
4
|
.
|

S JunoId
NIS3¥ 6001 40 33N 1SOd ANV NI

WP
00L 0001 00S1 0002 000€ ﬁ%s
1 paJng BN ] e e T
3iN7) 1504 JH ¥
paing N
3IN) 150d JHY —H1°0
i ”
-
A
0ssT o R 008T 001€ 00L€
v
e
°q
8&—.-0 ON = 3 E
KR pan) - p .
(9 LLT = 1) 84n) }S0d JH 2 = 2
(O LLT =) 3n) 1S0d JH b = q
(O LT = 1) 24D 350d JH 9 = ©

Tt A v e i R e s Al




- . .
9 NOIL
NISTY 6001 40 AND 1SOd ANY F¥ND ¥O4 YHLII4S FONIIIIQ
wy ‘e
—!
008 0001 00s1 0002 000€ 008€
T T T 1
1 2°0-
-000 v
3 ol
PeIN) PN - PIND -V J 20+
A
{ao
000 %v
PNy - aIn) BOd M 2 - W 20+
U
008 0001 00st 0002 000€ 00B€
B g T T "y

w0 v
81N 104 JH 2 - 84n) 504 M ¥ - ¥

48




S

shows the epoxy ring opening (negative change) during cure and post cure. The usefulness of
difference spectra can easily be seen for 43 where loss of the epoxy ring is easily detected

between 2 and 4 hours post cure but this change was not apparent from the absorbance spectra
in Figure 5, even after scale expansion. It should be noted that the ordinate in Figure 6
is easily interpreted to 0.002 absorbance units while the ordinate in Figure 5 is typically -
useful to only 0.01 absorbance units. Figure 7 shows graphically the changes that occur
during the cure and post cure of the 1009 resin. These data were extracted directly from
the difference spectra and normalized to the 915 cm = absorbance of the uncured resin. As
can be seen from the graph, approximately 65% of the epoxy is still unreacted at the end

of the 163°C cure cycle. Only after 4.75 hours of post cure has the resin approached
complete reaction. Minimum detectable amount of the epoxy has not been established to date,
but it is expected to be approximately 0.01% by weight.
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GRAPH OF cf-\c, OH AND C-e-C FOR CURE AND POST CURE OF 1009
FIGURE 7

Figure 8 shows absorbance spectra for 1009 resin that has not been cured, before and.
after it was exposed to ultraviolet light to induce photo-oxidation of the resin. The
difference spectra clearly shows the structural changes that ocgur during the UV exposure,
especially the formation of carbonyl bands at 1730 and 1650 cm ~. The use of difference
spectra has proven very useful in detecting small changes in infrared absorbance character-
istics of the 1009 system cure and post cure treatments,

Figure 9 shows an internal reflectance spectra of a new sample of 1009-26 composite.
The spectra is characteristic of the surface layers of the materials as it is received from
the commercial manufacturer. This material is 26% by weight 1009 resin, and 74% Owen Corning
801 E-glass. The spectra in Figure 9 results from the surface gel coat of resin which is
approximately 5 micrometers (um) thick. At 2000 cm-! the depth of penetration of light
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is approximately 0.8 pym and at 600 cm'l the depth of penetration is approximately 3 micro-
meters. The changing baseline reflects the increase in penetration depth as a function of
decreasing frequency. The absorbance bands are well resolved and may be compared with the
absorbance spectra for a thin film of the same resin system in Figure 5. Absorbance bands
above 2000 cm-! are generally not resolved using IRS on the thermoset. The scale expansion
between 1800 and 1300 cm-1 shows the carbonyl bands at 17 ) and 1650 cm-! in much greater

detail. Also, the aromatic bands at 1610 and 1510 cm-! are easily identified in addition
to the other bands at 1240 and 1110 cm-l,

IRS resolves nearly all the absorbance bands below 2000 cm~! that are resolved by
transmittance measurements. It also provides the advantage of being able to measure
spectra of the cured resin after it has been fabricated into a composite.

Figure 10 shows thermal oxidation of the sample in Figure 9. The sample of 1009-26
composite was heated inside a forced air oven at 200°C for 4 hours, then the infrared
surface spectra measured by IRS. Thermal oxidation is seen as evidenced by the increase
in absorbance of the aliphatic carbonyl band at 1730 cm-1. The expanded areas of Figures
9 and 10 are normalized so the 1510 cm~! bands are of equal intensity. Therefore, the
1730 cm-1 bands can be compared directly for a measure of oxidation. Also, difference
spectra can be used for IRS equally well as for absorbance spectra.

IRS was used to characterize weathering of the 1009-26 composite. Samples of the

1009-26 were exposed at the Desert Test Center, Yuma, Arizona, and at the Tropic Test
Center, Panama Canal Zone.

intervals for analyses.
surface temperatures.

The samples were returned to the laboratory at 6-month exposure
Both test sites were characterized by bright sunshine and high
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Figure 11 shows the results of IRS measurements on the above samples. The abscissa
is graphed in total langleys of solar radiation (A = 0.85 to 3.5 microns) measured at the
sites. Curve "a" in Figure 11 shows a transmittance spectra (IRS) of an unexposed sample
of 1009-27, curves "b" and "c'" show the sample after 6 and 12 months exposure at Yuma.

As fiber blooming occurs on the surface of the composite, the infrared spectra proceeds
from that of the resin to that of E-glass (borosilicate) where only the broad inorganic
stretching bands for Si-0 and B-0 are resolved. The absorbance at 1400 cm-! for the B-0
band can be used as a measure for quantifying fiber blooming, The solid curve in Figure 11

\| shows absorbance at 1400 cm-1 for the samples exposed at Yuma. New E-glass produces an
absorbance at 1400 cm-1 of 0,048 when measured by IRS using the same parameters as for the
Yuma samples. A sample exposed at Panama for 6 months produced absorbance at 1400 em-1,
nearly equal to the E-glass, therefore showing nearly complete loss of surface resin.

Figure 12 shows a more detailed analyses of a 1009-26 sample exposed at the same
Panama site for 24 months. An IRS spectra of the top surface showed the presence of a
small amount of resin as evidenced by the scale expansion of the 2000 to 1300 cm-! region
in the upper left corner of Figure 12. The aromatic band at 1510 cm-1 is clearly present
indigating that resin is still on the surface layer, although the visual appearance of the
surface only shows bloomed glass. If the glass is carefully removed from the top surface,
then a scale expansion of the 2000 to 1300 cm-1 region shows the resin is similar to that
of oxidized resin (Figure 10). Spectra of the bottom surface shows a loss of resolution
for the 1510 cm-! aromatic band, and the spectra shows extensive fiber blooming with some
resin still present. The bottom surface is not as badly fiber bloomed as the top surface
of the 6-month exposure.
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Figure 13 demonstrates the usefulness of difference spectra when used with IRS. The

.. dashed curve again is the reflectance spectra for the composite sample (glass removed)
exposed at Panama for 24 months. The top svectra is that of E-glass. When the E-glass
spectra is subtracted from the top surface spectra (glass removed), the resulting spectra

is an enhancement of the 1009 resin without the E-glass. This technique allows the

oxidation of the resin to be studied without the strongly absorbing inorganic bands of the
E-glass masking the resin spectrum. This technique has proven very useful for characterizing
T environmental deterioration processess of the resin.

CONCLUSION

FTS-IR has proven to be a very powerful analytical technique for both characterizing
” epoxy resin cure processes and, when combined with IRS, studying the weathering of epoxy
thermosets. It has provided us with a technique for quantifying fiber blooming and it
should prove very useful for measuring gel coat thicknesses on composites.

Future applications for FTS-IR are to carry out the cure and post cure of epoxy resins
directly in the sample compartment of the Fourier transform spectrometer. This allows
infrared spectra to be measured at approximately 1-second intervals for kinetic character-
ization. Our laboratory has applied FTS-IR to only a limited number of applications to date,
but it already has proven a valuable asset for characterizing polymeric materials and
deterioration of those materials.
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NEUTRON RADIOGRAPHIC TECHNIQUES FOR INSPECTION OF POLYMERIC MATERIALS

D. H, Petersen and W. E. Dance

VOUGHT CORPORATION ADVANCED TECHNOLOGY CENTER, INC.
P. O. BOX 61k, DALLAS, TEXAS 75222

SUMMARY

Neutron radiography was used for the nondestructive inspection and evaluation of the
polymeric phases in complex structures. Data are presented demonstrating the sensitivity
of ‘neutron radiographic procedures for detection of bondline voids/defects and the capa-
bility of the technique to predict bondline strength for assessing structural service-
ability. Also discussed is the application of neutron radiography to the inspection of
honeycomb and composite aerospace structures. ‘““~\\\\

-

INTRODUCTION

Advanced composite and adhesively bonded structures are attractive for the fabrication
of advanced DoD systems because of such advantages as: (1) design flexibility; (2) weight
savings; and (3) cost reduction. Perhaps the greatest of their virtues is their effective-
ness in cost-conscious practical designs utilizing metal/nonmetal material combinations.
The increasing use of polymeric materials in both primary and secondary structures is
accompanied by the requirement of adequate methods for inspection and structural certi-
fication. One must be able to nondestructively assess both the mechanical properties and
the nature of the cured chemical state. This paper addresses the problem of nondestruc-
tive testing and evaluation (NDT&E) of polymeric phases in advanced structural designs and
describes several applications of neutron radiography for verification of structural in-
tegrity.

A major problem in the fabrication of structures containing organic phases is the all-
too-frequent occurrence of voids and/or porosity. This may be due to poor fabrication

procedures or may be symptomatic of subtle chemical problems related to molecular weight
distribution, impurities, microgel properties, or state of aging and advancement of the
initial prepreg (or adhesive) system. Localized defects such as these are often too small
to be identified by more conventional X-ray or acoustic-based NDIT&E procedures and yet may
be large enough to cause premature component failure. Neutron radiography enjoys the
unique capacity to selectively image hydrogenous materials such as the matrix phase in
graphite/epoxy composites and the adhesive bondline in bonded structures. This paper pre-
sents the results of Vought Corporation Advanced Technology Center (ATC) research on the
application of neutron radiography for selectively imaging the polymeric phase of advanced
aerospace structures.
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TECHNICAL DISCUSSION

State of the Art

Neutron radiography and X-ray radiography techniques are quite similar in principle,
but the characteristics of the radiation and source of the measured signals differ vastly.
X-rays are attenuated by interaction with the atomic electrons. Greater numbers of orbital
electrons in the higher atomic number elements cause increased absorption in these elements.
Typically, although not exact in the scientific sense, the degree of X-ray attenuation is
equated to specific gravity. Adhesives and composites which are composed of low atomic
number elements (low density) will attenuate X-rays less than metals such as aluminum, and
very much less than materials such as steel. On the other hand, thermal neutrons are at-
tenuated by nuclear interactions. Hydrogen and gadolinium have the capacity to attenuate
neutrons several orders of magnitude more effectively than most other elements. This is
illustrated by Figure 1 which shows the actual dependence of the mass absorption coeffi-
cient on atomic number comparing the coefficients for X-rays and thermal neutrons. The
hydrogen content of organic materials such as epoxy adhesives typically ranges from 8 to
12%. It is readily evident then that organic adhesive bondlines as thin as a few thou-
sandths of an inch can be neutron radiographically imaged even when sandwiched between
inch-thick aluminum adherends. Titanium and ferrous adherends, which have higher neutron
absorption cross sections than aluminum, also are relatively transparent to thermal neu-
trons. X-ray procedures generally cannot resolve or differentiate the adhesive bondline
once the adherend thickness reaches a few tenths of an inch. Additionally, the neutron
radiographic technique is not troubled by discontinuities such as occur at bondline over-
lap edges as are acoustic and ultrasonic techniques. This is particularly important be-
cause of the nature of the stress distribution along the edges of bonded joints. The
edges should be the area of most effective inspection. Neutron radiography procedures
uniquely fill certain NDT&E technology gaps such as these for which the more conventional
approaches are not well suited.

Figure 2 describes the typical steps followed in the radiographic inspection of a
structure. In this study fast neutrons generated by bombarding a beryllium target with
deuterons, or from a californium-252 isotope source are moderated to thermal energies in
order to maximize the neutron absorption contribution from hydrogen. Typical moderators
are water, polyethylene, or paraffin materials. The neutron beam is then collimated to
achieve spatial resolution, and the ratio of the neutron flux to gamma ray background is
maximized for good neutron image contrast. The structural element being inspected is
inserted in the neutron beam between the source and the imaging assembly. Since photo-
graphic films are not exposed directly by neutrons, a radiation converter is required.
Once the film is exposed by the products of the reaction between the converter and the
neutron beam, it can be developed using standard X-ray film handling procedures.

The interpretation of neutron radiographs uses essentially the same skills as are
required for X-ray radiograrhy. The essential difference between neutron and X-ray
radiographic interpretative processes lies in the difference in the elemental species
which are imaged.

Experimental

For the most part, the structures inspected and described here simulated actual pro-
duction units. The makeup of each will be discussed in conjunction with the individual
radiograph interpretations which follow. Californium-252 and a Van de Graaff accelerator
were used alternately as neutron sources.,

The californium-252 based neutron radiography inspection experiments were performed

using a 2,.8-milligram source on loan from the Louisiana State University Californium-252
Demonstration Center in conjunction with the U, S. Energy Research and Development
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FIGURE 1. COMPARISON OF NEUTRON AND X-RAY
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Administration Californium-252 Evaluation Program. The neutron radiography procedures
angloyed are schematically detailed in Figure 2. The thermal neutron flux was approximately
10% pneutrons/cme-sec. Industrial X-ray film, Types SR-54 and AA, were used. A 0.001 inch
thick vapor-deposited gadolinium metal film was used as a converter; an L/D ratio of 18

was typical.

Certain of the experiments were conducted usigg tge ATC 3.0 MeV Van de Graaff accele~
rator. A thermal neutron flux of approximately 10°/cm“-sec at the specimen was obtained
by moderating the fast neutrons from the 9Be(d.n)10B reaction. Eastman Kodak SR-5L4 (single
emulsion) film was used with a neutron beam collimation ratio range of L/D = 18 to 50. The
neutron converter used in this study was an 0.001" gadolinium metal foil.

The neutron radiographs were prepared and reprinted without employing any photographic
enhancement techniques. (It should be remembered that considerable contrast and resolution
are lost vhen preparing the photographic reproductions recorded in this paper and hence
the reader's visual interpretation is more difficult than it would be with the original
negatives.)

Adhesive Bondline Flaw Detection and Strength Prediction

Neutron radiography is capable of distinguishing between materials with different
neutron mass absorption coefficients. For a bondline of uniform thickness, variations in
the radiograph film contrast indicate variations in hydrogen content uniformity. Such
variations could be the result of adhesive voids or inclusions. Conversely, contrast
variations in void free bondlines could indicate that in fact uniform bondline thickness
had not been achieved. Voids may be fissures or bubbles extending from adherend to
adherend or they may be localized within a portion of the glue line causing a gross un-
bond at one adherend surface. Inclusions usually will have absorption coefficients less
than that of the adhesive. Low coefficients will cause the inclusion to appear as a void;
inclusions which have high absorption coefficients are readily recognized as such.

An enlarged radiograph of a defective adhesive bondline is shown in Figure 3. This

figure is a magnified image of a nominal 1.0" x 0.5" adhesive overlap. The dark areas

at the overlap edges are due to filleting of the adhesive. The light spots are voids,
and as can be seen, voids as small as 0.010" are resolved. Figure 3 shows an extreme
case of void content. Obviously, this bondline is atypical of bonding overall. However,
defects such as this are all too common on a localized basis in laminate structures. The
bondline shown in Figure 3 resulted from inadequate bleed of trapped air and/or volatiles
during bondline cure. Ordinarily one does not encounter this severe a case of gross void
content except in small islands within a large bondline. However, extensive porosity or
small voids do occur.

When one encounters localized voids or general porosity in an adhesively bonded
structure, the real world question becomes - will the bondline have sufficient strength
to survive the anticipated dynamic load environment? This determination involves many
factors which will not be addressed here including the effect of defect size and shape
on fracture toughness and durability, the mode of loading, stress distribution, load
sequence, and the effect of environment on the adhesive properties. If one assumes that
the static shear strength is an adequate criterion for serviceability, neutron radiog-
raphy offers considerable potential for NDTXE of adhesively laminated structures. Assum-
ing that the tensile shear strength of an adhesive bondline is approximately proportional
to the bonded area, it should be possible to rapidly estimate the ultimate failure load
of the adhesive bondline by measurement of the void fraction. This was done for the
specimens of the type shown in Figure 3 and the results are listed in Table I.

A meticulous quantitative analysis of the bondline void fraction of the specimen
shown in Figure 3, specimen No. 1 of Table I, was conducted. The void area fraction in
this bondline was determined graphically to be 43% (0.261 in® bonded area). Minimum void
size included in this analysis was approximately 0.015". If the value of 43% is used to
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predict the failure load for this specimen, based on the mean ultimate shear load of the

control specimens which had little or no voids, a value of 1490 lbs. is obtained which is
very close to the observed value of 1500 1bs. Errors in predictions are given in pounds

and percent of actual failure load. The reference shear streagths were taken as the mean
shear strengths of control specimens having estimated void areas of 1% or less.

Figure L4 illustrates the application of this technique for prediction of lap shear
failure loads by neutron radiography using two specimens, one with no voids and one with
approximately 50% bondline void area. The figure shows the correlation between the void
area as imaged in the neutron radiographs before test, and the respective ultimate shear
loads. Based on the 2860 pound ultimate shear failure load observed for the control, one
would predict that at 50% bondline void content the flawed specimen should fail at about
1430 pounds. The observed failure load was 1350 pounds which is within 6% of the pre-
diction. This is certainly well within the typical scatter of lap Joint shear strength
test measurements. On more critical inspection using graphical techniques, this specimen,
No. 5 of Table II, was found to have 0.235 in® bonded area which calls for a prediction of
1340 pounds ultimate shear load. Obviously, visual inspection is convenient, simple and
adequate, but when more accurate bondline strength prediction is desired, quantitative
techniques are preferable.

Detection of Bondline Defects in Honeycomb Structures

A typical aerospace structure generally includes some use of honeycomb materials.
The problem of defects can be severe, and usually several NDT&E techniques are employed
in order to verify the structural integrity. Ultrasonic C-scan procedures are perhaps
most commonly employed for inspection. However, too often these results are inadequate;
frequently they are accompanied by destructive testing to identify the nature of the de-
tected anomalies. An example of the benefits of neutron radiography of such a panel are
demonstrated in the following discussion.

A set of thermal radiator panels containing built-in bondline defects was radiographed.
Figure 5 shows the C-scan of the panel indicating three areas of defects. The neutron
radiograph, Figure 6, shows not only the presence of the structural discontinuities but
defines their nature. The uppermost discontinuity detected ultrasonically is actually
an active thermal control aluminum tube fabricated into the structure. The center defect
is an adhesive unbond in which the adhesive was present but was prevented from filleting
to the honeycomb by insertion of a plastic film between the adhesive and the honeycomd
during layup. This condition is representative of failure to remove the peel-ply during
fabrication. The honeycomb-shaped image in the radiograph is actually the image of the
adhesive. The aluminum does not show, as it is essentially transparent. The smeared
effect in the center defect zone is due to the absence of adhesive wetting and the lack
of accumulation at the honeycomb walls because the adhesive was squeezed away from the
honeycomb core ends. In the original radiograph there was actually a transparent zone at
the honeycomb edges due to adhesive squeeze-out. This image contrast was lost during
photographic reproduction to positive prints.

The lower defect zone is due to an absence of adhesive on the upper surface (closest
to the film cassette). There is no filleting at the front surface. The slightly defocused
honeycomb image is actually the adhesive filleting at the rear skin.

Clearly, the neutron radiography NDT&E technique provides an in-depth inspection
technique for such honeycomb structures. It can function alone as the sole method for
inspection or it may be used to complement other techniques.

Defect Detection in Polymer Matrix Composite Structures

In Figure 7 are shown radiographs of sections of two graphite/epoxy composites, one

sound and the other riddled with voids. The voids resulted from the combined effect of
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NEUTRON RAD!OGRAPH PHOTOGRAPH
BEFORE TEST AFTER TEST

Specimen (A)

Fallure Shear Load = 2860 \bs
Stress = 5720 psi

Specimen (B)

Void Area = 50% Failure Shear Load = 1350 Ibs
Stress = 2700 psi

FIG. 4. ADHESIVE JOINT FAILURE PREDICTED BY NEUTRON RADIOGRAPHY.
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FIG. 5. ULTRASONIC C-SCAN OF EPOXY -BONDED
ALUMINUM HONEYCOMB PANEL
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(1) inadequate removal of volatiles during the vacuum processing step and (2) delay of
compaction until well after the polymeric matrix had reached the gel point. Such process-
ing is obviously artificial and the resultant voids are larger than those usually occurring
in graphite/epoxy composites. Usually the voids are small and are referred to as porosity.
By using the approach demonstrated in Figure 3, one can magnify the image and resolve
localized voids as small as 0.01 inches.

Real world aircraft structures using graphite/epoxy composites are rarely simple flat
plate monolithic materials. Figure 8 describes a "composite skin structure" one typically
encounters. Features to be noted include: (1) the metal shim at the fastener points;

(2) the honeycomb stiffener; and (3) the secondary bonding. The comparison of the neutron
radiograph with the X-ray radiograph demonstrates the power of neutron radiography for
inspection of these advanced aerospace structures. The results of ultrasonic or acoustic
methods are usually muddled by the complexity of the structure and are inadequate in
themselves. They must be supplemented by other methods. On the other hand, neutron
radiography clearly shows the presence of bondline voids and composite skin to honeycomb
unbonds. Again, considerable image contrast is lost when printing photographs from the
radiographs. Still it is clear that neutron radiography uniquely images the defects in
this complex structural element.

CONCLUSIONS

The data shown here clearly demonstrate the unique benefits of neutron radiography
techniques for assessing the serviceability of the polymeric phase of complex structures.
Neutron radiography techniques can be used to inspect many types of configurations for
vhich conventional procedures are unsuitable. Neutron radiography procedures are adaptable
to production as well as field NDT4E requirements and provide a unique data source for
assessment of the serviceability of advanced designs utilizing organic materials.

Neutron radiography is not a new technique but it is only recently that its appli-
cability to advanced materials structures has been reviewed in depth. It is expected that
once refinements in inspection techniques and instrumentation and improvements in cost
effectiveness are attained, the full potential of this method can be exploited for poly-
meric materials structures.
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FIG.8 NEUTRON AND X-RAY INSPECTION
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THE APPLICATION OF ESCA TO STUDIES OF STRUCTURE
BONDING AND REACTIVITY OF POLYMERS

D.T. Clark

University of Durham

1. Introduction

Since solids communicate with the rest of the universe by way of their surfaces,
it is a truism that structure and bonding (in the chemical sense) of the surface of
solids is of fundamental importance in any detailed discussion at the molecular level of
many important phenomena. Despite the obvious importance of the nature of the surface
and immediate subsurface of pclymeric coatings for example, there are few techniques
currently available for routinely delineating the aspects of structure and bonding
which are of crucial importance in determining many of the physical, chemical,
mechanical and electrical properties. This is more particularly the case when the
horizon is broadened to encompass not only 'academic' studies under relatively idealized
conditions but real situations corresponding to polymeric coatings in their working
environment. For example, it may be important to study various properties as a function
of ageing or weathering or surface modification in general (e.g. CASING prior to
adhesive bonding). Techniques capable of handling such widely differing situations
non-destructively (as far as the samples are concerned) have until the advent of ESCA
been conspicuous by their absence.

Over the past six years or so we have been applying the relatively newly developed
technique of Electron Spectroscopy for Chemical Applications (ESCA) to studies of
structuig7and bonding across a broad front encompassing organic, inorganic and polymeric
systems. 'These studies together with complementary theoretical analysis have
demonstrated that ESCA is an extremely powerful tool for investigations of structure and
bonding with an information content per spectrum unsurpassed by any other spectroscopic
technique. This distinctive attribute confers upon ESCA wide ranging applicability and
versatility in respect of studies on polymeric systems and it is the purpose of the
lecture to enlarge upon this theme. T

It will become apparent that there are areas of study in which the required
information can only at present by derived from ESCA studies, while in others the
technique nicely complements the more established spectroscopic tools. In general,
however, ESCA provides data at a much coarser level than most other spectroscopic tools
and information pertaining for example to conformational effects may only be inferred
rather indirectly. In many areas of application ESCA does not compare favourably in
terms of resolution, sensitivity etc. with more established spectroscopic tools. The
fact remains, however, that this is more than compensated by the great range of
information available from a single ESCA experiment such that in the future one can
envisage that ESCA will be the technique of choice for any initial investigation of a
polymer sample., The ability to provide information straightforwardly on uncharacterized
samples is unique to ESCA and gives the technique great potential (already exploited
in some areas) for tackling not only academic problems but those of an applied 'trouble-
shooting' nature.

The applicatiop of ESCA to structure and bonding in polymers has largely been
pioneered at Durhanf-ﬂowever the field is already so large that it is only possible in

the time available to give a brief outline of the sorts of application which can be made.




(For backfround reading extensive reviews covering much of the published material are
availablel=7) In presenting this lecture therefore, I have had two primary objectives

in mind. Firstly to delineate the areas of applicability of the technique and hence
give the uninitiated some idea of the sort of problems to which ESCA might readily be
applied. Secondly to indicate some of the 'growth areas' over the next few years.

Since ESCA may still be relatively unfamiliar to many of you a brief introduction to the
technique is given in section (2) and further details are available in refs.,

2. The ESCA Experiment
ESCA involves the measurement of binding energies of electrons ejected by inter-
actions of a molecule with a monoenergetic beam of soft X-rays., For a variety of
reasons the most commonly employed X-ray sources are AlKal’z and HgKul,z with corresponding

photon energies of 1486.6 eV and 1253.7 eV respectively. In principle all electroms,
from the core to the valence levels can be studied in this respect the technique differs
from u.v. photoelectron spectroscopy (UPS) in which only the lower energy valence levels
can be studied. The basic processes involved in ESCA are shown in Fig. 1.
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Schematic illustrating photoionization, shake up and shake off processes

With the conventionally employed X-ray photon sources cross sections for core levels
for most elements of the periodic table are within two orders of magnitude of that for
the C. levels and the technique thus has a convenient sensitivity range for all
eleme&!s. The cross sections for photoionization of core levels is generally
considerably higher than for valence levels and this taken in conjunction with the fact
that core orbitals are essentially localized on atoms, and therefore have binding
energies characteristic of a given element means that in ESCA the predominant emphasis
is on the study of core levels. Although core electrons do not take part in bonding
they monitor closely valence electron distributions and it is this particular feature
which endows the technique with such wide ranging capabilities.

The removal of a core electron (which is almost completely shielding as far as the
valence electrons are concerned) is accompanied by substantial reorganization of the
valence electrons in response to the effective increase in nuclear charge. This
perturbation gives rise to a finite probability for photoionization to be accompanied
by simultaneous excitation of a valence electron from an occupied to an unoccupied
level (shake up) or ionization of a valence electron (shake off). These processes
giving rise to satellites to the low kinetic energy side of the main photoionization
peak, follow monopole selection rules and their measurable parameters (intensities
and separation with respect to the direct photoionization peaks) enormously broadens
the scope of the technique as will become apparent in the ensuing discussion.




De-excitation of the hole state can occur via both fluorescence and Auger processes, for
elements of low atomic number the latter being che more grobable. The lifetimes of the
core hole states are typically in the range 1013 - 10715 sec. emphanlzxng the extremely
short time scales involved in ESCA compared thh most other spectroscopxc techniques.

The basic experimental set up for ESCA is shown in Fig. 2, and is largely self

explanatory.
/\
o ) &
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Recorder

Fig., 2
Schematic of basic experimental set up for ESCA

The most flexible of the commercially available designs employ double focussing
electrostatic analyzers with retarding lens systems. This allows ready access to the
sample for in situ preparation or modification and also allows angular studies to be
made straightforwardly. Two alternatives to this arrangement with its relatively high
constructional costs have been marketed commercially; the cylindrical mirror analyzer
(Physical Electronics) and a novel design marketed by DuPont based on a low pass mirror,
quadrupole lens and high pass filter. In addition to making routine angular dependent
studies difficult such designs also make logical upgrading difficult. The philosophy
of 'bolt on' modification and upgrading has much to commend itself particularly in
inflationary periods and there is commercial as well as scientific logic in instrumental
designs which anticipate developments over a decade or so. The two most important
instrumental developments which are already available are X-ray monochromatization and
position sensitive detectors. The former (Hewlett Packard, Dispersion Compensation,
A.E.I, Slit Filtering) based on dispersion of AlKul 2 radiation from spherically bent

quartz discs improves signal/noise signal/backgroun& (by removing the bremmstrahlung)
and resolution whilst the latter increases the rate of data acquisition over that
available from a single channeltron such that real time investigations by ESCA become
feasible.

To maintain the integrity of the sample during the time taken for measurement and
to obviate scattering of electrons entering the analyzer samples are maintained in the
spectrometer source at pressures of 10”7 torr or better. The relatively low sticking
coefficient for most small molecules comprising the extraneous atmosphere in the
spectrometer means that the vacuum requirements are somewhat less stringent than in the
study of e.g. evaporated metal films where pressures in the range 10710 torr would
typically be required. Conventional cold trapped diffusion pumps backed by two stage
rotary pumps are therefore normally employed and the vacuum requirements are such that
it is feasible to use pre-pumped insertion locks. Samples may thus be introduced from
atmosphere into the spectrometer and be ready for investigation at the requisite
operating pressure in a matter of minutes. Samples may conveniently be studied as films
or powders mounted on a sample probe which may be taken into the spectrometer from
atmosphere via insertion locks and valves. Provision is usually made to enable samples
to be heated or cooled in situ and ancillary equipment may be mounted directly onto the
source of the spectrometer for in situ preparation or pre-treatment (e.g. argon ion
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bombardment, plasma synthesis, electron bombardment, u.v. irradiation, chemical treatment
etc.). Addition of a quadrupole mass spectrometer facilitates many sample treatment
studies and allows close control to be kept of the extraneous atmosphere in the sample
region.

Powders may be studied by mounting on double sided Scotch tape, films may be studied
directly as such or films may be produced by solvent casting, dip coating, spin casting
or by hot pressing etc. The method of presentation of samples for analysis allows
considerable flexibility in terms of both size and shape. The technique therefore
provides a means of direct investigation of surface coatings etc. in situ without the
necessity of removal as might be required for I.R. investigation and definitely would be
required for microanalysis or N.M.R. investigation and this obviates many ambiguities
and problems which might otherwise arise. As a simple example we might consider a
block copolymer which might well have a surface domain structure different from the bulk.
Taking the sample into solution and re-deposition might completely change both the bulk
and surface structures. In any case for many polymeric films it will often be the case
that they are insoluble (e.g. cross-linked system).

3. Principle Advantages and Disadvantages of ESCA as a

Spectroscopic Technique

The principle advantage of ESCA as a spectroscopic tool in the study of polymeric
materials are set out in Table 1,

Table 1

Principle Advantage of ESCA in Studying Polymeric Materials

(1) Technique essentially non-destructive.
(2) High sensitivity and modest sample requirement.

(3) Materials may be studied in situ in their working environments with a
minimum of preparation.

(4) Large number of information levels available from a single experiment.

(5) For solids unique capability of differentiating surface from sub-surface
and bulk phenomena. Analytical depth profiling possible.

(6) Information levels such that 'ab initio' investigations are feasible.

(7) Data often complimentary to that obtained by other techniques. Unique
capabilities central to the development of a number of important fields.

(8) Theoretical basis well understood, results of considerable interest to
theoreticians and may be quantified,

The typical X-ray fluxes employed in commercially available spectrometers are such
that there are relatively few systems for which appreciable radiation damage occurs
during the time taken to record a spectrum. Polythiocarbonyl fluoride depolymerizes
rather rapidly whilst polyvinylidene fluoride slowly eliminates HF and cross~links.

By contrast the dose rates involved in conventional Auger spectroscopy (employing an
electron beam for excitation) are several orders of magnitude larger so that radiation
damage poses severe problems. The surface chemistry of polymers may therefore only be
conveniently studied by ESCA and Auger spectroscopy is not a viable alternative. This
contrasts with the situation for inorganic systems. The sample requirements are modest
and the surface uritivity of the technique is such that the technique samples n

the outermost 100 A or so of sample and depending on spectrometer design ~ 0.2 sq. cms.
n area.
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Although as will become apparent if we consider any one level of information
available from ESCA and compare this with that available from the most competitive of the
other available spectroscopic technique; for the particular case In question, it is
invariably the case that ESCA compares relatively unfavourably. The most distinctive
feature of ESCA as a spectroscopic tool however which sets it apart from any other is the

large range of available information levels and these are shown in Table 2. For a fuller
description see refs.

(1)

()

(3)

4)
(5)

Table 2

Hierarchy of Information Levels Available in ESCA

Absolute binding energies relative peak intensities, shifts in binding energies
Element mapping for solids, analytical depth profiling, identification of
structural features e¢tc. Short range effects directly longer range indirectly.

Shake up ~ shake off satellites. Monopole excited states; energy separation
with respect to direct photoionization peaks and relative intensities of

components of 'singlet and triplet' origin. Short and longer range effects
directly (Analogue of U.V.).

Multiplet effects. For paramagnetic systems, spin state, distribution of
unpaired electrons (Analogue of E.S.R.).

Valence energy levels, longer range effects directly.

Angular dependent studies. For solids with fixed arrangement of analyzer and
X-ray source, varying take off angle between sample and analyzer provides means
of differentiating surface from sub-surface and bulk effects. Variable angle
between analyzer and X-ray source angular dependence of cross sections,
asymmetry parameter B, symmetries of levels.

It is the composite nature of these information levels which endows ESCA with such
wide ranging capabilities and has seen the technique emerge as one of the most powerful

shots in

the chemist’s locker. The way in which these information levels may be

exploited will become apparent from the discussion given below.

In studying solids the short mean free paths of electrons and their strong
dependence on kinetic energy (some of the older data is reproduced in Fig. 3) provides
a means of differentiating surface from subsurface and bulk phenomena and hence
analytical depth profiling, by studying core levels with different escape depth

dependencies.
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Fig. 3. Escape depth dependence on kinetic energy

for electrons.
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Such studies can be considerably broadened in scope if coupled with angular dependent
studies. The information levels available from ESCA studies are such that samples may
be studied for which there is a minimum cf prior information and in this respect ESCA
is again different in character than most other forms of spectroscopy. Having elaborated
the advantages we may briefly consider the disadvantages which are surprisingly few., In
terms of cost standard ESCA instrumentation falls in the same league as continuous wave
NMR although 'state of the art' instrumentation come somewhat closer to the cost of
Fourier transform NMR spectrometers. In setting up a routine ESCA facility therefore
the ovcr 4l costs are comparable to that for Fourier Transform I.R., Laser, Raman and
Mass Spectrometries. The vacuum system associated with ESCA instrumentation means that
routine sample handling requires provision of vacuum interlocks and also implies that it
s not possible to switch the spectrometer on to routinely investigate a sample. In
this respect the technique is comparable with mass spectrometry however it does not
suffer from the same background problems. A similar criticism may of course be levelled
at NMR wvhere the stability of the field is such that there is usually a considerable time
lag involved between switching the instrument on and recording a spectrum. Whilst the
technique has superior depth resolution (in the range < 100,A) to any other, the
spatial resolution is poor and typically an area ~ 0.25 cm.” ig sampled. As a corollary
of this of course we may note that unless the outermost ~ 100 A or so of a thin organic
or polymeric film of the sample is representative of the bulk then it is not possible to
say anything about the bulk structure by means of ESCA without sectioning the sample.
With conventional unmonochromatized X-ray sources, and slitted designs two features
are of imp:rtance in studying thick samples. The first is sample charging arising from
a distribution of positive charge over the sample surface under the conditions of X-ray
bombardment. The second is that the polychromatic nature of the X-ray source
(characteristic lines superimposed on bremmstrahlung) leads to a relatively poor signal/
background ratio for the technique. Sample charging for insulating films usually
amounts to no more than a few eV shift in the kinetic energy scale and may readily be
corrected for by standard techniques and we shall briefly address ourselves to these
in a subsequent section. The advent of efficient monochromatization schemes and multiple
collector assemblies considerably alleviates the signal/background and signal/moise
ratios however sample charging can be much more severe a problem for thick insulating
film and needs careful consideration. Since the composite linewidths for C . levels
for organic and polymeric materials studied by means of unmonochromatized X-rays are
largely dominated by the inherent width of the X-ray source there is a considerable
overall improvement in linewidths on going to instrumentation employing mono-
chromatization schemes. It is still the case however that the overall shift to line-
width ratio for C1 levels as a function of electronic environment are poor compared
with say 13c NMR. A particularly interesting case is that for C1s levels appropriate

to hydrocarbons in which carbon is formally in sp3, apz and sp hybridization whilst for
the core levels the shift to line width ratio might typigally be v 1 with_an efficient
monochromatization scheme, the corresponding ratio for 13¢ shifts is ~ 103.

Finally we may note that to take full advantage of the technique often requires a
relatively high level of theoretical competence. However one of the interesting
features about the technique is its capability for exploitation at many levels. Thus
the technique lends itself not only to routine trouble shooting problems where often
only a straightforward comparison is required without any attempt being made to
understand the problem at a fundamental level and on the other hand the technique provides
a powerful tool for the investigation of phenomena of considerable interest to a chemical
physicist. We may note in this connection that the technique is quite competitive in
terms of time taken to record a spectrum (typically ~ 10 minutes) and with developments
already in hand the technique should lend itself to real time applications. The areas
of application of ESCA in relation to polymers which have already been delineated are
shown in Table 3.
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Table 3

ESCA Applied to Polymers

Aspects of Structure and Bonding(Static Studies)

(i) Gross chemical compositions

(a) elemental compositions,
(b) Z incorporation of comonomers in copolymers,
(c) polymeric films produced at surfaces.

(ii) Gross structural information

e.g. for copolymers, block, alternating or random nature.
Domain structure in block copolymers.

(iii) Finer details of structure

(a) structural isomerisms,
(b) experimental charge distributions in polymers.

(iv) Valence bands of polymers.

(v) Identification of polymers, structural elucidation,

(vi) Monopole excited states.

Aspects of Structure and Bonding(Dynamic Studies)

(i) Surface treatments e.g. CASING, plasma modification.

(ii) Thermal and photochemical degradation.

(iii) Polymeric films produced at surfaces by chemical reaction
e.g. fluorination (including the use of ESCA for depth
profiling and quantitative measurement of film thickness).

(iv) Chemical degradation of polymers, e.g. oxidation, nitration etc.

Electrical Properties

(i) Mean free paths of electrons as a function of kinetic energy.
(ii) Photoconductivity of polymers.
(iii) Statics and dynamics of sample charging.

(iv) Triboelectric phenomena.

4. Energy Referencing

For samples studied as solids three situations may clearly be distinguished. In the

first the sample is in electrical contact with the spectrometer. This is usually the
case for films deposited in situ on a conducting substrate in the spectrometer source.
Since the mean free path for the incident X-ray beam is very large it is possible
depending on the conditions for films of the order of 1000 A to have sufficient charge
carriers to remain in electrical contact with the spectrometer. This can most readily
be shown to be the case by applying a bias voltage to the sample probe. If the sample
is in electrical contact the apparent shift in energy scale will exactly follow the
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applied bias., By shifting the position of the true zero of the kinetic energy scale it
is possible to study the secondary electron distribution and this provides a direct emergy
reference, If the sample has been deposited on a substrate such as gold it is possible to
measure the core levels of the sample whilst monitoring the Au, . core level and this

7
2

provides a very convenient means of energy referencing. g

The second situation which arises is for thick insulating samples. Thus it is often
convenient to study samples mounted on double sided Scotch tape either as powders or as
discrete films. In this circumstance there is only a fortuitous possibility that the
sample will be in electrical contact with the spectrometer and in general it will be
floating at some potential due to surface charging and indeed this charging process may
be time dependent. If care is taken in the measurements the charge built up on a sample
and its time dependence may be used to investigate electrical and chemical characteristics >
of samples and an example of this is given in a subsequent section. The most reliable
method of energy referencing is to follow the glow build up of hydrocarbon contamination
at the surface. With a base pressure of ~ 107° torr the partial pressure of extraneous
hydrocarbon material is such that taken in conjunction with the low sticking coefficient
for most organic and polymeric systems it normally takes several hours before any signal
arising from hydrocarbon (binding energy 285 eV*) is apparent. It is of course possible
to deliberately leak in straight chain hydrocarbon material to follow the build up at
the surface. Such material almost always goes down in uniform coverage and at sub-
monolayer coverage acquires the same surface potential as the sample. This is not
necessarily the situation with regard to metals deposited on the surface since there is
a marked tendency to island and as such differential charging may occur. In addition
since gold is normally evaporated from a filament the possibility of surface damage,
reaction or evaporation of substrate during deposition cannot be discounted. The use of
the so-called 'gold decoration' technique is therefore not recommended for organic and
polymeric materials. Since the factors which determine both absolute and relative
binding energies of core levels may be shown to be very short range in nature it is often
possible to study smaller molecules which contain the appropriate structural features
as thin films in electrical contact with the spectrometer which may be straightforwardly
referenced. Comparison may then be drawn between this model and the insulating sample
in question and thus allow direct correction for sample charging. A further possibility
which has received considerable attention of recent years is the use of electron 'flood
guns'; the prime motivation being the very large sample charging for thick insulating
samples in spectrometers employing monochromatic X-ray sources. The removal of
bremmstrahlung as a source of secondaries can lead to shifts in the kinetic energy scale
in the hundred eV range and can be compensated by flooding the sample with low energy
electrons, Samples can become negatively charged however and the method needs gre
care to achieve an accuracy comparable with that for the other methods. An alternd@Rve
source of low energy electrons is to illuminate the sample region with U.V. radiation
from a low pressure low power mercury lamp via a quartz viewing port in the source
region of the spectrometer. Sufficient secondaries are generated from photoemission
from the metal surfaces that sample charging is reduced to a low level. »

The third situation which can arise is for thick films > 1 micron which have been
built up by deposition on a conducting substrate. Such films behave as 'leaky'
capacitors in that they exhibit rather striking time dependent charging and discharging
characteristics and follow an applied bias potential in a particular manner. Since the
dynamic equilibrium which is established under X-ray irradiation invariably produces an .
overall positive charge on the sample the application of a positive bias voltage causes
a smaller shift in the kinetic energy scale than the applied voltage whereas a negative

*This must of cog&se be independently established for a given spectrometer. It almost
certainly arises from long chain hydrocarbon material.
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bias voltage produces a larger shift in kinetic energy scale than the applied voltage.
From a study of these effects and from the secondary electron distribution the emergy
referencing may readily be established., The investigation of such effects as a function
of film thickness in the range 1 - 100 micron provides an interesting insight into the
electrical characteristics of polymer samples.

The energy reference in each case for the measurements described above is the fermi
level and although the exact location of this level in relation to the valence and
conduction bonds is generally unknown for polymers, as we have noted under the conditions
of X-ray irradiation it is possible for an 'insulator' to be in electrical contact with
the spectrometer i.e. their fermi levels are the same. Despite the difficulties
associated with defining an analytical expression for the fermi level of an insulator,
the use of the fermi level as energy reference is operationally convenient. If the work
function of the insulator is known we may calculate the binding energy with respect to
the vacuum level.

5. Mean Free Paths of Electrons as a Function of Kinetic

Energy in Organic and Polymeric Materials
Undoubtedly the most important area of app[!ut!on of ESCA to organic and polymeric

materials is in the study of solids where the surface sensitivity and the capability

of differentiating surface from subsurface phenomena places the technique in a class of
its own. Both these features are a consequence of the extremely short mean free paths
(escape depths) of electrons in solids. Thus in general the ESCA spectrum of a given
core level consists of well resolved peaks corresponding to electrons escaping without
undergoing energy losses, superimposed on a background tailing to lower kinetic energy
arising from inelastically scattered electrons, as is evident from the wide scan

spectra shown in Fig. 4. (These also show how the direct photoionization and Auger peaks
may readily be distinguished on changing the photon energy since the kinetic energy for
the latter are independent of how the initial core hole is created).
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Fig. 4.
Wide scan ESCA spectra for an ethylene-tetrafluoroethylene copolymer obtained

Using MgKaL 2 and AlKal.z Photon Sources.




For the commonly used X-ray sources the mean free path of the photons is typically

~ 10 R which is many orders of magnitude larger than the typical mean free paths of
photoemitted electrons so that in the applications which are outlined below we may assume
that the X-ray beam is essentially unattenuated over the range of surface thickness frem
which the photoelectrons emerge. The intensity of electrons of a given energy observed
in a homogeneous material may be expressed as

dI = FaNke */%ax :
where F is the X-ray flux, a is the cross section for photoionization in a given shell of
a given atom for a given X-ray energy, N is the number of atoms in a given volume element,
k is a spectrometer factor for the fraction of electrons that will be detected and

depends on geometric factors and on counting efficiency, Q2 is the electron mean free -
path and depends on the KE of the electron and the nature of the material must travel
through. ~

The two situations of common occurrence are for a bulk homogeneous material for
which the intensity of the elastic peak is given as in equation (1), and for an over-
layer of thickness d for which expressions (2) and (3) are obtained.

For bulk homogeneous material A of thickness essentially infinite compared with the
typical electron mean free paths the intensity of the elastic peak Ia is:~-

A

I, = FaN,kq, ees (1)
It should be noted that this expression refers essentially to a given angle (¢) between
the X-ray source and the analyzer (this is fixed in most commercially available
spectrometers), and a fixed take off angle (8) for the electrons with respect to the
sample. Since different core levels from different samples may well show different
angular dependenc1es (with respect,to 6 and ¢) for the absolute intensities according
to (1), and since absolute 1ntena1t1es depend also on surface roughness and the atom
density in the outermost regions of the sample as well as factors peculiar to a given
spectro-eter, great caution must be exercised in attempt1ng to use ratios of absolute
intensities for the same and different core levels in different samples as a means of
establishing 2 from equation (1). |

For an overlayer (thickness d) of sample A on bulk sample B the corresponding
expressions are:

e 1:(1 - e—d/nA) o
L IATLA w0

It is clear that the difficulties associated with angular dependent, instrument factors,

and atom densities of A and B involved in absolute intensity measurements can be

obviated by studying ratios of intensities of the same level as a function of angle for

overlayers of different thickness d. In this way we may obtain directly escape depths .

for photoemitted electrons in material A and in general since the kinetic energy will be

different for photoemission from the core levels of A and B this will yield two values

2, and Q!. If the experiment is now repeated with different core levels of sample A

and with a different X-ray source we may start to build up a picture of escape depths as

a function of kinetic energy. s
It is clear therefore that direct measurement of escape depths in organic and

polymeric materials requires the production of films of known thickness as overlayers on

a given substrate and the measurement of relative intensities of a given core level as a

function of angle (8). Such studies are by no means trivial experimentally however we

have recently completed a detailed investigation using as prototype models various

paralene polymers produced by in situ polymerization of p xylylenes produced in a

pyrolysis tube from paracyclophane precursors. Both the parent and substituted

derivatives have been studied to give a range of core levels spanning different escape

depths and allowing comparisons to be drawn for different polymer samples. In each case

film thicknesses have been measured directly by means of a quartz deposition monitor and
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careful angular dependent studies have confirmed that the polymer films
are produced uniformly and evenly in these experiments. The -nin free paths obtained
directly in these measurements for the parent systems are ~ 12 A, 20 X and 26 A for
kinetic energies of & 970 eV, ~ 1200 eV and v~ 1400 eV respectively (Fig. 5). It is
interesting to note that the escape depths evaluated for the polymer overlayer from the
attenuation of the gold substrate signal using a ngal photon source is identical to

that determined from the increase in intensity of the Cl. levels studied with an AlKal 2
»

source since the kinetic energies of the photoemitted electrons are virtually the same in
the two cases. It is worthwhile emphasizing at this stage that sampling depth and

escape depth should not be confused. For escape depths of 12, 20 and 26 A roughly 95%

of the signal intensity of the elastic peaks derive from the topmost 36, 60 and 78

of sample in each case. It is important therefore to keep this distinction in mind.
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Fig. 5
Mean free paths measured as a function of kinetic energy in paralene
films of known thickness.

6. Information Derived from Absolute and Relative Binding
Energies and Relative Peak Intensities

Having presented the salient background information we now proceed briefly to a
consideration of a representative cross section of the types of information
available on polymeric materials studied by means of ESCA. The first levels of
information available derive from the measurement of absolute and relative binding
energies and relative peak intensities. The distinctive nature of core levels means
that identification of elements is straightforward (cf. Fig. 4 ). With appropriate
calibration, the relative intensities and shifts in binding energy for components of a
given core level may be used to identify structural features and repeat units. Fig.6
for example shows high resolution ESCA spectra for two polymer samples and from the
absolute and relative binding energies and relative peak intensities these may be
identified as PVC and polyisopropyl acrylate.
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Fi&‘ 6
Core level spectra for PVC and polyisopropyl acrylates

Previous studies of substituent effects on core levels in simple monomeric systems
has shown that these are highly characteristic for a given substituent and follow
simple additivity models. The results may be quantified by detailed non-empirical
calculations and this forms a sound basis for understanding the electronic factors
determining both absolute and relative binding energies. This has enabled computationally
inexpensive models based on an all valence electron CNDO/2 SCF MO formalism to be
developed which can be extended to quantitatively describe polymers. A large amount of
data has previously been reviewed which relates to fluorocarbon based polymers. However
a systematic study of a large number of homopolymers of simple vinyl monomers provides
a compilation of substituent effects on Cls’ le' 013, Fls’ Si2p' P2p' sZp and CIZP

Fig. 7 for example shows some of the data pertaining to substituent effects on

levels.
cl. levels in polymers.
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Correlation diagram for Cl' levels in polymeric system as a function
of electronic enviromnment. (The horizontal scale for each block is
taken to indicate the range of binding energies found for a given
structural type.)

The characteristic nature of many substituent effects can now be used as a fingerprint

much in the same manner as one might use infrared or NMR data.
It is sometimes the case that isomeric species have core level spectra which are

virtually identical. Although the spectra may therefore be used to identify the gross
structure they may not allow a distinction to be drawn between isomeric species. As a
simple example we might consider the isomeric polybutyl acrylates. The 01 ¢ and cl' core
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level spectra for samples of these polymers are indistinguishable. By contrast the
valence levels are highly characteristic of the side chain structure since this forms an
appreciable part of the whole. This is clearly apparent from the valence levels shown
in Fig. 9 moreover comparison with appropri:%: model systems allows an unambiguous
assignment of particular structural isomer:
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Fig. 9
Valence level spectra of isomeric polybutyl acrylates excited by ngnl B radiation
»

The detection and semi-quantitative estimation of surface contamination of polymers
is of importance in a number of fields. We have previously shown that ESCA has a
unique capability for the detection of the initial stages of oxidation of polymers
initiated at the surface and of adsorbed water and hydrocarbon contaminants. One area
where knowledge of the precise nature of the surface is of critical importance is in
delineating models for the interpretation of data relating to triboelectric phenomena.
Contacting polymer films from opposite ends of the so-called triboelectric series
results in charge transfer such that there is a considerable build up of static charge
on each component of the contacting pair. Such charge transfer could conceivably occur
via electron transfer from the material of low to that of higher work function thus
equalizing the fermi levels or alternatively by mass transfer (transfer of ions)
between the two components of the contacting pair. Even more likely is that both
processes are of importance however the two possible mechanisms are not entirely
separable since the propensity for adsorption of ions at the surface of a given polymer
will undoubtedly be a subtle function of its electronic structure as will the work
function. It is known that triboelectro-phenomena in general are explicable in terms
of a charge density of the order of 1 in 10" of surface sites which is probably an order
of magnitude lower than can currently be detected by ESCA. Nonetheless is is of
interest to see if in contacting polymer samples there is mass transfer or not between
the components. If mass transfer is observed it certainly does not resolve the problem
of how charging occurs but it certainly allows one to say that mass transfer camnot be
ruled out as a possible mechanism.

We have therefore studied the surfaces of a variety of polymer films both before
and after contacting events. The great advantage of such an investigation by means of
ESCA is the ability to look at both halves of a contacting pair. As one example Fig.10
shows the core level spectra for PIFE, and PET films, which are highly characteristic
for each polymer. In addition there is also shown the core level spectra for the poly-
ethylene terephthalate component after lightly contacting the PTFE film. Since the
polymers are from the opposite ends of the triboelectric series the films show a strong
tendency to adhere to one another, even on a light contact.
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i Fig, 10
Core level spectra for PTFE and PET and for the PET component after lightly
contacting the two polymer films.

The observation of the high binding energy component in the C, spectrum and the
observation of the F, levels shows that some PTFE transfers to the PET surface. It

may be estimated that this represents fractional monolayer coverage. Of particular
interest is the fact that in the Fls peak in addition to the major high binding energy

component associated with covalent sz linkages there is a lower binding energy peak

attributable to fluoride ion thus providing evidence for bond cleavage accompanying the
mass transfer. Examination of the other half of the component namely PTFE shows the

presence of PET as evidenced by the characteristic 01s and C18 levels, These simple

experiments illustrate the utility of ESCA in this area.

It is often the case that particular structural features may be characteristic of
the end groups of a given polymer system. The direct detection of such end groups by
means of their characteristic binding energies provides a convenient means of establishing
DP's in relatively low molecular weight material. A particularly favourable situation
arises for systems for which the terminal groups involve CF, residues. If due care is
taken to ensure that ESCA statistically samples the repeat unit (by for example
considering the relative intensities of differing levels of the same element with
differing escape depth dependencies) then the comparison of area ratios for chemically
shifted components of a given core level may be used to straightforwardly estimate DP's,
For example in a series of fluorocarbonate polymers of the general formulae shown in
Fig. 11 it may readily be shown that the carbon ls levels appropriate to carbonate

(0]

=0-C~0 and EEQ environments occur at approximately the same binding energy. The
Cl' levels for the series of low molecular weight materials shown in Fig. 11 fall into

three distinct regions and with appropriate calibration of linewidths and lineshapes for
individual components from the study of model compounds the lineshape and analysis
produces the component analysis indicated by the dotted curves. From the relative areas
of the CF, carbons to the CF, and carbonate carbon peaks DP's may be elaborated as
indicated in Fig. 12. The two methods of elaborating DP's give slightly different
results which may indicate specific orientation effects, however the two are within ~ 10%
and show an excellent correlation with DP's determined by vapour pressure osmometry and
thus is shown in Fig. 13. By contrast DP's determined by 19F NMR do not agree with

those determined by these two techniques although the reason for this discrepancy is

not clear.

Although there are well developed techniques for studying chemical compositions and
features of structure and Londing pertaining to the bulk of polymer samples, until the
advent of ESCA, information with regard to surface compositions could only be inferred
rather indirectly by for example surface free energy measurements. Since any solid
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Fig, 11
cls core level spectra for a series of fluorocarbonate
polymers
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Fig, 12
DP's for fluorocarbonate polymers obtained from C?3ICF2 and
0

CF3/-0-C-0 core level intensities
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Fig. 13
Correlation between DP's for fluorocarbonate polymers determined
by ESCA, NMR and VPO

communicates with the rest of the world primarily by way of its surfaces such information
is important in many areas. ESCA may therefore be conveniently employed to answer the
question 'is the surface composition typical of the bulk'. As a simple example Fig.l4
shows the core level spectra for a series of ethylene-tetrafluoroethylene copolymers

Fig. 14
Core level spectra for a series of ethylene tetrafluoroethylene
copolymers

T™he higher binding energy component of the Cl. levels arise from -CEZ groups whilst the
lower binding emergy component is appropriate to CH components., The shifts in binding

ssergy Setween the two component peaks also establishes that the copolymers are largely
i asemating in charscter. Much of our early work in ESCA applied to polymers involved
e sty of wesmpelymers of simple fluorocarbon monomers and this has allowed the
ommmianion of an sstessive bacaground of information on absolute and relative binding
wt & Pwsetion of structural feature and on the relative intensities of core
:. csperises with these simple homopolymers the compositions of the copolymers
- ewrah L ahed by : | ndependent means.

the integrated area ratios for the l“ and clo levels
e i crtes ) ompements of the cl. levels. This readily establishes
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that the materials are copolymers of ethylene and tetrafluoroethylene which are largely
alternatxng in character and that the outermost surface sampled by ESCA is identical in
composition to the bulk. This is shown in Table 4 where a comparison is drawn with
compositions determined by standard microanalysis (carbon by combustion, fluorine by
potassium fusion). ESCA is highly competitive as a routine means of establishing
compositions for fluoropolymers in particular, in terms of accuracy, non-destructive
nature and speed.

Table 4
Analysis of ethylene/tetrafluoroethylene comonomer incorporations

Sample | Composn. Copolymer composition (mol % c2F4)
:2:23:: Predicted Calc. Calc. Calc. from Calc. from
mol Z from monomer | from C from F area ratio C1 (CH2 peak):
reactivity analysis analysis peak: c.® (CF: peak)
F z 1 1s 2
2°4 ratios 1 peak
1 94 63 61 61 63 62
2 80 53 52 54 52 52
3 65.5 50 49 48 . 47 46
4 64 50 47 45 44 45
5 35 45 41 40 42 40
6 15 36 - - 32 31

The application of ESCA to the elaboration of copolymer compositions is well
established in the case of fluorocarbon based systems for which the span in shift range
for the C. 1levels is particularly favourable consequent upon the large electronic effect
of replac1ag hydrogen by fluorine. With appropriate calibrations however this type of
analysis can be extended to systems for which the 'shift range is somewhat less favourable.
For example we have made extensive studies of polyalkyl acrylates and metacrylates.

The core level spectra for a series of polyalkylacrylates are shown in Fig. 15,
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Fig, 15
Core level spectra for a series of polyalkylacrylates
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The 0O - levels show a doublet structure (somewhat obscured in the case of polyacrylic
acid %ecause of hydrogen bonding effects); the binding energies for the two components
being characteristic for an ester group (cf. polyethylene terephthalate). The Cl. levels
in each case show a high binding energy component attributable to -C . type environments
shifted ~ 4 eV from the main peak which in each case arises from CH,, §§2 and CH type
environments from the backbone carbons and carbons of the alkyl group not attached to
oxygen. In going from polyacrylic acid to the polymethylacrylate a shoulder to the high
binding energy side of the low binding energy component develops, shifted by ~ 1.6 eV and
attributable to the carbon attached to the ester oxygen. This shoulder gradually
decreases in relative intensity with respect to the main peak as the chain length of the
alkyl group increases. The assignment of core levels is readily confirmed by reference to
simple model compounds for which detailed theoretical analyses have been performed.

In previous studies on polymeric systems we have shown that the substantial
differences in escape depth dependence for deep lying valence levels which are core like
in character (viz. P2 ) with respect to tightly bound core levels (e.g. F, ) may usefully
be employed for analytical depth profiling. A study of the valence levels for simple
model compounds reveals that in esters the o, levels are well separated from the
remainder of the valence band and are essentially core like in nature. The approximate
kinetic energies pertaining to photoemitted electrons from O & and 028 levels using a
Hskul 2 photon source are v 720 eV and v 1227 eV respectively and from a consideration
of the generalized curve of escape depth versus kinetic energy these should correspond to
significant differences in electron mean free paths. By studying a series of simple
oxygen containing organic molecules as condensed films such that ESCA statistically
samples the molecules it can be shown that with the particular experimental arrangement

peculiar to our spectrometer the apparent 01' to 02. area ratio is 11 + 1. By measuring

the area ratios of the 01 to cls peaks versus the stoichiometric ratios for these
molecules it is also g0331b1e to derive the instrumentally dependent apparent semsitivity
ratios for oxygen with respect to carbon for unit stoichiometry. Typical data are shown
in Fig. 16.
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Fig. 16
Plot of area ratios for the core levels versus number of carbons on the
alkyl group of a series of polyalkyl acrylates. (These have been corrected
for differences in cross section and instrumental sensitivity (see text)).

For polyacrylic acid the measured areas for the various structural features for the 0
levels and C 2 levels and the overall ratios for the cls to O s levels (corrected

for differing sensitivity factors) are 1.0, 2.0 and 1.6 respectively, in excellent
agreement with the theoretical values of 1.0, 2.0 and 1.5 based on a statistical
sampling of the polymer repeat unit, The area ratios for the individual components for
the CI. levels show an excellent correlation with the number of carbon atoms in the alkyl

1s
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groups.* (Slopei Experimental 0.9?, Theoretical 1.0). By contrast the plot of Total
cls/ols area ratios (corrected) against the chain length for the alkyl group fall on
a smooth curve, however replotting the data in a different form, as shown in Fig. 17

reveals the underlying linear correlation with the appropriately derived theoretical
parameter.

Ilo‘l :

Fig. 17
Plot of area ratios for the cls and 615 levels of a series of polyalkyl

acrylates as a function of chain length of the alkyl group.

Within experimental limits the slope is unity as required by theory if the ESCA
experiment statistically samples the repeat units of the polymers. In sum total therefore
the ESCA data shows that for these systems the outermost few tens of Angstroms of the
samples are representative of the bulk and that compositions, integrity of the immediate
surface, and homogeneties may routinely be established. The analysis also strongly
suggests that there are no specific orientation effects of side chain alkyl groups at the
surface.

The theoretical models previously developed to quantitatively describe absolute
and relative core binding energies for fluoropolymers based on the charge potential model
may readily be extended to the polyalkyl acrylates once appropriate values for the charge
potential parameters k and E® are established for each core level. This is readily
accomplished by studying model compounds and absolute binding energies for model polymer
gsystems may then be directly committed since the factors which determine these have
been shown to be short range in nature. This is shown in Fig. 18,

Whilst for the polymer samples discussed above, structure and bonding in the
outermost few tens of Angstroms sampled by ESCA corresponds to that in the bulk this is
not always the case. For example Fig. 19 shows the ESCA spectra for a further series
of polyalkyl acrylates.

*It is convenient in this correlation to plot the area ratios for the two best resolved
peaks, namely the carbonyl carbon which although of low relative intensity for the

longer chain systems nonetheless is well removed from the main component arising from the
backbone and carbons not directly attached to oxygen. This obviates any error due to
deconvoluting the signal arising from the other carbons directly attached to oxygen (viz.
of the ester group) since for the long chain systems it is obviously preferable to have

a small error in a large rather than a small quantity. Since the area ratio does not
therefore include the carbons of the ester group which are directly bonded to oxygen

this leads to an obvious break in the curve for polyacrylic acid.
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Fig.18 =
Conformational models of polyacrylic acid ﬁ!ﬁ calculated binding energies from the charge
potential model shown for (a) HT-HT 'isotactic' model, (b) HT-HT 'syndotactic' model,
(c) HB-HT 'isotactic' model and (d) HE-HT 'syndotactic' model.




A distinctive feature clearly evident in all of the spectra is the obvious inequality

in intensity of the two component peaks of the O, levels, A similar analysis to that
presented in a previous section provides the follswing information. Fig. 20 for example
shows a plot of the ratio of intensities for the individual components of the 01 levels
and also the total 01'/02' ratios. 4

,
.

T

S S

Fig. 20
(a) Plot of the intensity ratios for the individual components of the O, levels

and also the 01'/02' ratios for a series of polyalkyl acrylates. b

(b) Plot of the C

and °1: area ratios versus the number of carbons in the alkyl
groups.

1s

For comparison purposes the dotted lines indicate the correlations expected for samples
which on the ESCA depth profiling scale correspond to a statistical sampling of the
appropriate repeat unit in the polymer. It is clear that there are considerable
deviations from such correlations in a direction which overall suggests that the samples
are oxidized. If we consider the polydecyl acrylate for example, the 01'/02. ratio is

significantly higher than for the reference compounds suggesting that since the mean free
path for the O, levels is considerably shorter than for the O, 1level that the oxidation
is largely con*!ned to the surface. The absolute binding energfes in each case for the
01' component levels which have apparently increased in intensity corresponds to C=0
structural features, as is apparent from a comparison with data for the model systems.

It is interesting to note that high resolution infrared studies revealed no major
distinction of the type clearly evident from the ESCA spectra and the carbonyl region

for all of the samples showed only a single peak in the range 1734 + 6 cm™~ consistent

with -C structural features. This is readily understandable since the infrared
data pot?;!hs essentially to the bulk. Further evidence for the oxidized nature of the
poly-n-dccyd?ncrylatc surface is provided by the greatly increased wettability with
respect to water compared with polyisopropyl acrylate as a representative example of the
unoxidized samples. This was immediately apparent from the relative contact angles
assessed from the photographs for the two samples. A comparison was also made with poly-
2-ethylhexyl and polyoctadecyl acrylates the latter having a contact angle closely
similar to that of polyisopropyl acrylate whilst the former showed a wettability
intermediate between that of polyisopropyl acrylate and poly-n-decyl acrylate. It is
interesting to note that although the data for the poly-2-ethylhexyl acrylate generally
fits well into the overall analysis previously presented as is evident from Figs. 15-17,
a close inspection of the relative intensities of the component peaks of the 01‘ levels
reveals some evidence for a small extent of oxidation Fig. 16.

- If the surface oxidation inferred from the inequality of the component peaks of
the O, levels is attributable to surface carbonyl features then this should also be
manifest in the carbon 1s levels. It should, however, be emphasized that since the
escape depth dependence for photoemitted electrons in the energy range considered is
such that the mean free path increases with increasing kinetic energy then any surface

feature will be relatively more prominent for the more tightly bound 018 levels than for
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the Cu levels. A detailed examination of the cl' spectra for the series of surface

oxidized samples (Fig. 19 ) shows that the overall line profiles can only be
quantitatively fitted with the addition of a small peak in the CI. spectrum appropriate
to isolated carbonyl features as might arise from oxidation.

7. Analytical Depth Profiling by Means of ESCA

Whilst it is clear that ESCA nicely complements many of the more familiar
spectroscopic tools the technique comes into its own in the study of surfaces and the
differentiation with respect to subsurface and bulk. The capability of elaborating
features of structure and bonding in inhomogeneous samples on the tens of angstroms
scale is unique to ESCA. In this section we briefly consider the experiments which
provide a means of analytical depth profiling. We have previously, noted that the great
surface sensitivity of ESCA in the study of solids is associated with the extremely
short mean free path for electrons and the strong dependence on kinetic energy. There
are two broad categories of experiments which may be carried out, although inevitably
in any definitive study the two are inextricably linked. The first category of
experiment is to sample levels of the same or different elements having different
escape depth dependencies, If we consider a fluorocarbon based material for example
photoemission from the Fl., Cl. and Pz. levels with Hglnl.z radiation corresponds to

electrons with the kinetic energies of ~ 560 eV, 960 eV and 1220 eV respectively. This
wide span in kinetic energies is reflected in the substantial differences in escape

depth and hence sampling depth. Inhomogereities in the surface and sub-surface
compositions of a sample will therefore be reflected in differing intensity ratios for
these levels compared with those for a homogeneous material. The first application of
this approach was in the study of the initial stages of the surface fluorination of
polyethylene., By studying simple homopolymers such as polyvinylfluoride, polyvinylene
fluoride, polyvinylidene fluoride, polyvinylene fluoride, polytrifluoroethylene and

PTFE in which ESCA statistically samples the repeat unit, intensity ratios for the Ful"z..
Fl.lcl‘ and Pz'lcl. levels may be established. Since the fluorination reaction is

initiated at the surface and is diffusion controlled we may anticipate that the fluorine
content will be higher at the surface. Since a greater proportion of the overall signal
intensity for the elastic peaks derives from the outermost surface the shorter the mean
free path, a heterogeneous sample with progressively lower fluorine content into the

bulk will have larger Pl./Pz. and l'l'/cl. intensity ratios than for a homogeneous sample

whilst the F, /C. ratio will be smaller. This is in fact the case and a careful
analysis of Eﬂe &ln pertaining to the surface fluorination of polyethylene allows one
to follow the changes in composition of the first monolayer as a function of time,

The converse of this situation arises for tihe surface modification of fluoropolymers
by interaction with inert gas plasmas. The surface modification of polymers for
improvement of adhesive bonding, and altering surface properties in general in that
concomitant modification of bulk properties is an active area of research in both
industrial and academic laboratories and has been accomplished by a variety of means
ranging from Corona discharge treatment, direct chemical modification and by interaction
with plasmas excited in inert gases either capacitively or inductively.

It is possible using ESCA to perform kinetic studies of surface modifications and to
elaborate the relative importance of direct and radiative energy transfer processes,
and the technique has provided new insights into the initial stages of the process.

For example Fig. 21 shows the core level spectra for an ethylene-tetrafluoroethylene
copolymer treated at low power in a pulsed inductively coupled RF plasma excited in argon.
It is clear that as a function of time the F. 1levels decrease in intensity, the high
binding energy component of the cls levels attributable to Qz structural features

decrease in intensity and a peak appears and increases in intensity corresponding in
binding energy to CF structural features. Finally the integrated intensity of the

total C. levels increases as a function of time. These observations are readily
interpretable in terms of a surface modification process involving cross linking, The
fact that the process is initiated at the surface is readily shown by monitoring the
charge in Fla/FZa intensity ratios as shown in Fig, 22. 1In this case since the fluorine

content decreases as a function of reaction time the 1“1./1?28 ratio also decreases as a
function of time. L]
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Fig, 21
Core level spectra for argon plasma treated ethylene-tetrafluoroethylene copolymer
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As an interesting side light we might also mention that changes in surface
compositions may also be monitored by studying the shift in kinetic emergy scale
resulting from sample charging. Thus under a given set of experimental conditioms it
may readily be shown that surface charging for insulating samples or for conductors
mounted insulated from the spectrometer is a strong function of the total cross
section for photoionization and this is shown for a series of polymers and for gold in
Fig. 23. Fig. 24 shows a plot of sample charging as a function of reaction time for
the ethylene tetrafluoroethylene copolymer. The initial shift in kinetic energy scale
is very close to that for polyvinylidene fluoride which is as one might have expected
since the copolymer is largely alternating and has a closely similar stoichiometry.
The surface charging however decreases for the surface modified samples to a value some-
what similar to polyethylene thus indicating without reference to the detailed structure
of the core level spectra themselves the decreased fluorine content of the surface.
There are other examples of the use of core levels of differing escape dependence
for extracting information on inhomogeneities of composition in the surface and sub-
surface of solids. For example for oxygen the 02. levels are sufficiently core like

and distinctive to form a useful comparison with 01. levels for analytical depth
profiling in oxygen containing systems, as we have previously noted.

o
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angular dependent studies. As a preface to a discussion in
relation to solids it is worthwhile briefly considering the more gemeral possibilities.
The cross section for photoionization from a given level is strongly dependent on the
photon energy and exhibits angular dependence expressed in terms of the ssymmetry
parameter 8. Angular resolved and photon energy dependent studies have been carried
out on gas phase systems with particular reference to valence levels and the requisite .
instrumentation involves the variation in angle between photon source and electron |
analyser. This tends to be a specialized area and the equivaleant experiment for

solids has extra complications which make it non-trivial in nature.

produced spectrometers the angle between photon source and analyzer is fixed so that

the angular dependent studies referred to in the literature for solids are different in
type for those described for gases since they do not directly involve investigations of
the asymmetry parameter 8. The basic philosophy behind angular dependent studies for
solids is to vary the take off angle between the sample surface and the electron analyzer.
Since electron mean free paths are so short it is clear that a grazing exit angle for
the photoemitted electrons will enhance surface features compared with a take off angle
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normal to the surface. Angular dependent studies of a single core level can in principle
therefore give rise to information concerning inhonogeneit!es in the surface and sub-
surface regions of a sample. If core levels are available with different escape depth
dependencies then we can combine angular dependent studies with experiments along the
lines of those previously described to provide a very complete picture of structure and
bonding as a function of depth into the sample. The rationale behind such experiments is
illustrated in Fig. 25,

solids

Fixed angle ¢ between analyzer
ond phofon source.Variable take off
angle 6 enhonces surface fealures
ot lorge @ leg. for overlayer |d)

Fig. 25
Angular dependent studies for solids in which the variable is take off angle 6 with
respect to the surface

- As an example of such angular dependent studies we may briefly consider the ethylene~
tetrafluoroethylene copolymer system surface modified by interaction with argon plasmas.
If we consider the untreated sample angular studies of the C 1s levels shows that the
relative intensities of the component peaks arising from ~CF, -CF_- and -CH -CB

structural units are independent of the take off angle 6 as wuli be cxpectcd *or a
homogeneous sample. It should be emphasized however that the absolute intensities for the
Cl. levels are strongly dependent on take off angle. By contrast for the treated samples,

angular studies rudily reveal the inhomogeneous nature of the surface regions from
investigations of the C 1s levels alone. !ig. 26 for example shows the (':1 levels for a

treated sample measured at angles 0 of 18° and 80° respectively with respect to the
normal to the sample surface.

hyiere - Tetrahuorosthyiene  capoiymer
WP Argen planm 02 wolt % secs WOu

Fig. 26
Angular dependence of core level spectra for glow aiscﬁarge treated sample of ethylene-
tetrafluoroethylene copolymer
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The differences are quite striking. The decrease in fluorine content in the surface
regions is revealed by the large relative decrease in intensity of the component
arising from CF, structural features and concomitant increase in the lower binding energy

components associated with CF and C-C~C. The calculated relative intensities for the
components of the CI' levels are:-

(CFZ: CF:

1: 0.23: 1.86) and
(CPZ: CF: 1:

0.88: 3.1)

o lo

for take off angles of 18° and 80° respectively.

Further information may be obtained by studying the angular dependence of the intensity
ratios for different core levels corresponding to different escape depth dependencies,
In doing this however care must be taken to study independently the angular dependence
of these core levels for the homogeneous samples to establish a reference. Also shown in
Fig. 26 are the F. levels for the discharge treated sample and since the mean free path
of the photoemittéa electrons is now considerably less than for the Cls levels the

lowered fluorine content of the surface region is manifest in a marked decrease in the
relative intensities of the Fls levels with respect to that from the C18 levels appropriate

to carbons having no fluorines directly attached from 1.94 at 18° to 1.03 at 80°. The
angular dependence of core level spectra can thus add considerably to our overall picture
and such studies will become increasingly important.

8. Shake up Phenomena in Polymers

The removal of a core electron (which 1s almost completely screening as far as the
valence electrons are concerned) is accompanied by reorganization of the valence electrons
in response to the effective increase in nuclear charge. This perturbation gives rise to
a finite probability for photoionization to be accompanied by simultaneous excitation of a
valence electron from an occupied to an unoccupied level (shake up) or ionization of a
valence electron (shake off). These processes giving rise to satellites to the low kinmetic
energy side of the main photoionization peak, follow monopole selection rules and
considerably extend the scope of ESCA as a technique as will become apparent. The relation-
ship between direct photoionization, shake up and shake off are shown schematically in
Fig. 1. Before considering shake up phenomena in general it is worthwhile considering
briefly some theoretical aspects of the processes involved. We have previously emphasized
that the binding energy is characteristic of a given core level and varies within narrow
limits (chemical shifts). Relaxation energies (associated with contraction of the valence
electron cloud consequent upon core ionization) are also characteristic of a given core
level and also vary within narrow limits as a function of the bonding environment of the
atom on which the core level is located. For C, levels for neutral systems for example,
binding energies measured with respect to the f&gmi level as energy reference fall in the
range 285 -~ 295 eV whilst relaxation energies might typically fall in the range 12 + 2 eV,
The direct relationship between shake up and shake off processes and relaxation energies
may be readily understood from theoretical relationships first established by Manne and
Aberg. They showed that the weighted average over the direct photoionization and shake
up energy appropriate to the unrelaxed systems. Since relaxation energies fall within
such a narrow range for a given core level it is clear that shake up and shake off are
perfectly general phenomena which are present in every system, the feature which changes
from one system to another being the weighting coefficients (probabilities) for each
transition. It is clear that transition probabilities for high energy shake off processes
should be relatively small and that transitions of highest probability should fall
reasonably close to the centroid. In principle relaxation energies should be available
from experiment provided all of the relevant shake up and shake off processes can be
estimated in terms of energies and intensities. In practice this is not a feasible
proposition particularly for solids since the overall situation is considerably
complicated by the presence of the general inelastic tail (arising from photoemission
from a given core level followed by energy loss by a variety of scattering processes) which
provides a broad energy distribution usually peaking for organic systems ~ 20 eV below
the direct photoionization peaks. This generally obscures any underlying high energy shake
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up or shake off processes such that it is only for systems exhibiting relatively

high intensity low energy shake up peaks that information derived from this source

can conveniently be exploited. Fortunately such a situation generally obtains for
polymer systems which contain either unsaturated backbones or pendant groups since low
energy m -+ w* shake up transitions are available.

As a typical example Fig. 27 shows the C.  spectra for typical saturated polymers
polyethylene (high density) and polydinethyls}ioxane, and polystyrene and polydi-
phenylsiloxane which represent prototype systems with saturated backbones and un-
saturated pendant groups.

Fig. 27
Core level spectra of polyethylene, polystyrene, polydimethylsiloxane and poly-
diphenylsiloxane showing shake up structure

For the latter, well developed shake up structures are apparent which clearly distinguishes
them from % e saturated systems although the differences in lineshape and linewidths for
the main photoionization peaks are closely similar. (For the siloxanes of course, the
relative intensities of the C18 with respect to the 013 and si2 levels may be used to

effect a ready distinction between the two siloxanes). It will become apparent that the
transitions giving rise to the satellite structures in PS and PDPS are due to w + w*
transitions as might indeed be inferred from the much smaller shake up peak associated
with the Si2 levels and the lack of any low energy shake up structure accompanying

the O, levels for PDPS. To elucidate the nature of these shake transitions as a
preliminary to utilizing such data for structural studies, we have made a systematic
study of para substituted polystyrenes the objective being to study the transition
energies and peak intensities as a function of the electronic demand of the substituents
in the classic mould of physical organic chemistry. To complement the experimental
studies, theoretical computations of shake up probabilities have been made within the
sudden approximation employing the equivalent cores concept and a semi empirical all
valence electron SCF MO formalism. Within this framework the calculation of shake up
probabilities involves summation over weighted overlap terms involving the occupied and
virtual orbitals involved in the transitions.

These investigations allow a ready interpretation of the low energy satellite
structure as arising from m + m* ghake up transitions involving the two highest occupied
and lowest unoccupied orbitals of the pendant phenyl groups.

Low energy shake up satellites may be used to remove ambiguities in the
interpretation of the primary sources of ESCA namely absolute and relative binding energies
and relative peak intensities and are highly characteristic of the unsaturated system from
which they derive. Fig. 28 for example shows the core level spectra for polystyrene,
polyvinylnaphthalene and polyvinylcarbazole.
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Fig. 28
Core level spectra for polystyrene polyvinylnaphthalene and polyvinylcarbazole showing
low energy shake up structures

Clearly the distinctive nature of shake up satellites can add a new dimension to ESCA
data for systems in which the shifts in core levels are negligible. As one example Fig. 29
shows the cla and ols levels for poly-n-hexylmethacrylate and polyphenylmethacrylate
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Fig. 29
Core level spectra for poly-n—hexylmethacrylate and polyphenylmethacrylate showing
the shake up structure for the latter

The core level spectra are essentially the same, however the distinctive nature of the

shake up structure for the unsaturated pendant group allows a ready distinction to be made.
Another example is provided by the study of surface domain structure in block co-

polymers of polydimethylsiloxane and polystyrene since the low energy shake up structure

is specific for the latter. We complete this section by considering how ESCA may be used

to elaborate details of copolymer compositions and provide information on surface
morphology in systems for which the primary sources of information are of themselves in-
sufficient and for which the extra dimension is provided by observation of shake up
satellites. As particular examples we consider alkane-styrenme copolymers of general formula

u%-cnz-cm2 - (CH,) =],
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It should be evident from the previous discussion that characteristic low energy
shake up structure accompanying direct photoionization of the C, 1levels should be
specifically associated with the styrene component. Fig.30 sh%%s the measured C1
levels and shake up satellites for the series of alkane-styrene copolymers and it s
is evident by visual inspection that the relative intensities of the shake up satellites
with respect to the main photoionization peaks decrease with increasing chain length of
the alkane component. 7
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Cl. levels for a series of alkane-styrene copolymers showing shake up structure

A clear trend exists between shake up intensity and the chain length of the alkane
component and the structure of the shake up satellites and the energy separations
remain essentially constant. This becomes clearer from a graphical representation of
the data as shown in Fig. 31. Also shown is the correlation expected on the basis that
the repeat units of the polymers are statistically sampled (dotted line). It is clear
that copolymer compositions may be established from the measurement of shake up
intensities and the least square plot of the intensity ratio of the direct photoionization
peak to shake up satellites versus n (the chain length of the alkane component) gives a
correlation coefficient of 0.997 the slope being 1.91 and intercept 12,91,

Sheke up intensitios of Aikene Styreme copetymers

c | 2 ’M.II”:.I [} T ] " ©
Fig, 31
Plot of ratio of area ratios for direct photoilonization peak and low energy shake
up satellite for a series of alkane styrene copolymers as a function of chain length
n of the alkane component.

The calculated slope assuming statistical sampling of the repeat unit is 0.90. The fact
that an additive model applies to the experimental data but with a much larger dependence
of intensity on n than predicted theoretically would strongly suggest that there are
specific orientation effects of the polymer chains in the surface regions sampled by
ESCA. An alternative possibility is that the samples are contaminated with hydrocarbon.
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Such contamination would contribute to the Cl. peak at 285 eV but not to the low energy

satellite structure. Even if the extent of contamination were such as to produce the
linear correlation found experimentally (which is most unlikely on the basis of the method
of preparation) on the basis of the likely escape depth dependence on kinetic energy for
cl' levels employing ng“l,z radiation such an explanation is untenable. What is clearly

required is a model in which the repeat unit is not statistically sampled in such a
sense that the phenyl groups are discriminated against. As n becomes large we might
reasonably expect a structure based on the folded chain structure of polyethylene. -
With this in mind and with the aid of models we have considered possible structures which
would lead to the results illustrated in Fig. 32.
Two such models which exhibit an increased gradient with respect to that expected
if the data correspond to statistically sampling the repeat unit are shown in Fig. 32 for
the particular case of n = 3, The model with a phenyl group specifically oriented at the po
surface come remarkably close to the experimental data and it may fairly be claimed
that for this system in addition to providing information on composition; shake up
satellites also provide an interesting insight into the possible surface morphology.

Toiged chein modple
(eg, ne3)

nS Im )
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Possible structures for alkane styrene copolymers which would lead to non-statistical
sampling of the repeat unit (for the particular case of n = 3),

9. Conclusion.
It should be evident from the brief outline given in the previous section that ESCA
is an exciting and versatile technique with an important role to play in the characterization
of polymers.

Since the prime objective of this paper is to outline the sorts of problems which
ESCA can be applied to without going into too much detail no attempt has been made to provide
an extensive list of references since this would inevitably be almost exclusively to our
own work. The references are to review type articles written by the author over the
past five years which in fact provides further details of some of the work described here.
All of the work described originates from research programmes in my own laboratory at
Durham and further information is available if required. The published work is largely
in J. Polymer Science (Polymer Chem. Ed.), Trans., Faraday Soc. Disc. Faraday Soc.,
J. Chem. Soc. etc. A considerable portion of the material is as yet unpublished or is in
the course of preparation.
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CARBON-13 FOURIER TRANSFORM NMR TECHNIQUES
IN POLYMER CHARACTERIZATION

Dr. W.B. Moniz
Chemistry Division, Naval Research Laboratory

Washington, D.C. 20375

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy provides a means for chemical charac-
terization of complex molecular systems with the following advantages, among others.
First, it is structure specific. That is, not only can functional groups be identified,
but detailed molecular constitution may be deduced. Second, because of the narrow widths
of NMR lines, components in a mixture can often be identified and quantified without the
requirement for physical separation procedures. 3) The significant presence of molecules
containing hydrogen, carbon, boron, fluorine, or phosphorus can readily be determined.
While N¢® 1s not as sensitive a procedure as, for example, chromatography or infrared
spectroscopy, the attributes listed above will be shown to recommend it for many areas of
polymer characterization. The focal point of this paper is the application of carbon-13
(and to a lesser extent, proton) NMR in the characterization of thermosetting polymers at
the pre-polymer stage, during cure, and after cure. The applications of proton and car-
bon-13 NMR in the characterization of thermoplastics are well documented (1), and will not
be discussed here.

CARBON-13 NMR AND THE FOURIER TRANSFORM METHOD

The carbon-13 NMR sensitivity to chemical structure (the so-called chemical shift) is
some twenty-five times that of proton NMR. Thus, while proton NMR has become a major tool
for the determination of organic molecular structure, the potential of carbon-13 is even
greater. The NMR signal from the carbon-13 nucleus is inherently weak as a consequence of
its small magnetic moment. Further, the natural abundance of carbon-13 is only 1.1Z. The
use of pulsed Fourier transform (FT) NMR, coherent signal averaging, and elimination of
the multiplet structure due to proton-carbon coupling permit carbon~13 signal enhancement
of several thousand. Thus, the spectrum of a complex molecule containing carbon~13 in
natural abundance can be obtained in a few minutes. The advent of low cost minicomputers
to perform the Fourier transform and commercial pulsed NMR spectrometers, permit the taking
of carbon-13 FT spectra on a routine, semi-automated basis.

SPECTRUM CALIBRATION

The location of a signal in the NMR spectrum is indicative of the chemical environ-
ment of the particular carbon atom. The locations are expressed in parts per million (ppm)
of the applied magnetic field with respect to the signal of the reference standard, tetra-
methylsilane, which is assigned a chemical shift of zero ppm. All spectra are displayed
with the magnetic field increasing to the right, with the zero ppm mark near the right
end.
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Figure 1. Carbon-13 spectra of di-n-butyl phthalate (top) and di(2-ethylhexyl)
phthalate (bottom).

APPLICATIONS

Prepolymers

The resolving power and structure specificity of carbon-13 FT NMR is exemplified in
the spectra of di-n-butyl phthalate (DBP) and di(2-ethylhexyl) phthalate (DOP) shown in
Figure 1. DBP and DOP find use as non-reactive diluents in some epoxy resins. The struc-

tures of their alkyl R groups are as follows. 1 P e R
1 2 3 4 -CHI -CH ‘CI"z 'CHI ‘CH; ‘CH3.
Rin DBP -CH, -CHy -CH, -CHy Ris DOP BT s
3 CH; -CH,y

In the C-13 spectra of Figure 1 a distinct signal is observed for each chemically
different carbon atom in the two molecules. It is to be noted that carbon atoms which are
equivalent due to symmetry give rise to only one signal. Thus, the corresponding numbered
carbon atoms in the R groups are alike in pairs, as are the carbonyl groups, and the aro-
matic carbons symmetrically disposed around the ring from the side chains. The carbon-13
spectrum of the DBP thus shows only the signals due to eight chemically different carbon
atoms, as expected. In the C-13 spectrum of DOP, all eight R-group carbons are individu-
ally resolved, indicating the precision with which structure specific assignments may be
unambiguously made in many C-13 spectra.

The C-13 spectrum of a more complex molecular system is shown in the upper part of
Figure 2. Nadic methyl anhydride (NMA) is the trade name for a curing agent consisting
of the isomeric mixture of the maleic anhydride adducts of methylcyclopentadiene. The
structures are shown in the figure. The methyl group may be located at any of several
positions. The C-13 spectrum consists of the superposition of the resonance lines of all
the isomers and is complex. Nonetheless, the lines cluster according to functional group-
ings, and are assigned as shown. The lines at 171 ppm (a) are attributed to anhydride
carbonyl carbon atoms. The bottom portion of Figure 2 shows the C-13 spectrum of a
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Figure 2. Carbon-13 NMR spectra of Nadic methyl anyhydride (NMA) (top), and NMA in {
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commercial curing agent. Without question, it is NMA. In addition to the anhydride lines
at 171 ppm, however, additional lines appear at 178 ppm. The latter are due to the pres-
ence of carboxylic acids, presumably formed by the hydrolysis reaction between NMA and
moisture. The relative intensities of the 171 ppm and 178 ppm lines indicate that about
25% of the NMA is hydrolyzed. Cure is accelerated by the presence of acid, but the func-
tionality of the polymer system is reduced. This variable can be rather easily monitored
by C-13 NMR.

The diglycidyl ether of bisphenol A (DGEBA) is the basis for many epoxy resins. The
molecule contains nine different types of carbon atoms, all of which are resolved in the
C-13 spectrum (Figure 3, top). DGEBF, which lacks methyl groups on the carbon atom bridg-
ing the aromatic rings, is readily distinguished from DGEBA by means of its C~13 spectrum
(Figure 3, bottom). The additional lines in the DGEBF spectrum indicate the presence of
impurities, probably isomeric in nature.

The scientific literature and spectral reference collections are rather sparse in
C-13 data on thermosetting resins, curing agents, diluents, etc. In the course of our
chemical characterization efforts involving such materials, we have accumulated a large
number of carbon-13 spectra. wWe are in the process of collating and indexing them for
publication as an NRL Report. The prototype format is shown in Figure 4. The C-13 spec-
trum is presented along with the structure, line assignments, source of the material, etc.
Providing support can be obtained, the second stage of the cataloging will involve reduc-
ing the spectral data to computer retrievable form. This will allow automated spectral
identification and mixture analysis.

In Figure 5 are presented the C-13 spectra of three commercial epoxy resin systems
based on TGMDA (see Figure 4) and DDS (diaminodiphenyl sulfone). Each contains features
allowing straightforward "fingerprint" identification of its origin. We have worked most
extensively with the resin system whose spectrum is shown at the bottom. The peaks label-
led M are due to TGMDA; those labelled S are due to DDS; those labelled I are due to Ce-
lanese SU-8, supposedly a methylene-bridged DGEBA derivative. The SU-8 component has
been determined independently by C. May (Lockheed) using chromatography, and by J. Carpen-
ter (McDonnell) using difference IR spectroscopy. The peaks labelled by question marks
are as yet unassigned. The C-13 spectrum shown in Figure 5, top, indicates the presence
of a component not present in the other two resin systems. The component was identified
by C. May as diglycidyl phthalate (DGP) using separation techniques. The C-13 spectrum
of DGP, obtained on a sample provided by May, matches that due to the extra lines in the
top spectrum. :

Figure 6 shows some C-13 spectra obtained on addition-type polyimide (PI) resin sys-
tems. The resonance of the dimethyl sulfoxide solvent is indicated by a slash mark. The
two resin systems based on bismaleimide (A,B) have distinctly different C-13 spectra;
that based on acetylene (C) is different still. The spectrum of a TGMDA/DDS resin system
(acetone solvent) shown in Figure 6D is readily distinguished from the PI's.

Quantitative Analysis of Mixtures

It is frequently necessary to determine the amount of each constituent in a complex
mixture. Most commonly, the analyst resorts to a separation procedure such as liquid or
vapor phase chromatography. The individual components are then identified and quantified.
A way to obtain this information without the need for a separation procedure has obvious
advantages.

The example given here of quantitative analysis by C-13 NMR is particularly impres-
sive, because the mixture to be analyzed consists of isomers of high boiling compounds
whose separation by chromatographic procedures is rather difficult.

The sample is a commercial lot of polyphenyl ether, consisting mostly of the (meta,
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Carbon-13 NMR spectra of DGEBA (top) and DGEBF (bottom).
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Carbon-13 NMR spectra of three commerciaily available resin systems based
on TGMDA/DDS. The solvent is acetone.
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meta) isomer of 06H5-0-(C6H40-)2C685:

& ©/°\©/ N ©/°\ 0

Small amounts of the (meta, para), and the (meta, ortho) isomers are also present:
0\ v
4/0\\ /’0‘\ m,o [:i:]/' [:::]
~ 0
0

The C-13 NMR spectrum of the mixture is shown in Figure 7. Whereas individual carbon atom
resonances are assignable in the C-13 spectrum, only more general assignments of protons
ortho, meta, or para to the oxygen functions are possible in the proton spectrum, and no
signals unique to particular isomers are identifiable. The pairs of peaks of the C-13
spectrum labelled m,m; m,p; and m,0 are attributed to the corresponding isomers.
Straightforward measurement of the peak areas yields a sample composition of 77 percent
(m,m) isomer, 16 percent (m,p) isomer, and 7 percent (m,0) isomer.

I e aeme

Chemical Shift (ppm)

Figure 7. Carbon-13 NMR spectrum of a mixture of polyphenyl ethers.
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Figure 8. Proton NMR spectra of the aromatic region of DDS (top), TGMDA (middle), and
a resin system based on them (bottom). An integral of the resin system
spectrum is superposed.

The proton spectra of mixtures can sometimes be used for quantitative analysis.
Figure 8 shows the aromatic region of the proton NMR spectra of DDS, TGMDA, and a resin
system (R33) based on them. The fact that one half of the DDS spectrum is cleanly re-
solved from the remainder means that quantitative analysis by integration of the peak ar-
eas is straightforward. In this case, the measurement yields a DDS content of 20 weightl.

We are in the process of determining if DGEBA oligomer content can be determined by
C-13 NMR. Figure 9 shows the exp nded region of the C-~13 spectrum for DGEBA oligomers
containing O, 2, and 15 repeat units n as defined in the molecular structure at the top.
Signals a, b, and c, originating in the end groups, decrease relative to the j, k signals
due to the internal repeat units as n becomes larger. Peak area measurements are expected
to give the average n value of a sample. It does not appear to be possible to determine
the oligomer distribution by this method, because individual oligomer signals are not re-
solved,

The Epoxy Curing Process

We have used C-13 FT NMR to follow the cure of an epoxy resin in the NMR spectrometer.
DGEBA was polymerized with piperidine (5 parts per hundred parts resin) at 90°C (Figure
10). Figure 10(a) is the C-13 spectrum of DGEBA measured at 90°C, with the C-13 reso-
nances of the reactive epoxide group indicated. In Figure 10(b), the lines due to the
three types of carbon atoms in piperidine are indicated. After approximately 30 minutes
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Figure 9. Carbon-13 NMR spectra of the 40-70 ppm region of DGEBA oligomers con-
taining the indicated number of repeat units, n.







at 90°C (Figure 10(c)), new lines due to polymer formation have appeared. These grow with
further curing, while the lines associated with the epoxide group and piperidine decrease
in size.

Both spectra on the right in Figure 10 were measured at 180°C. At lower temperatures
(below the glass transition), the cured pclymers are too rigid to give narrow linmes.
(This phenomenon is discussed in the following section on limitations of NMR.) The C-13
NMR spectrum of the sample cured for 24 hours at 90°C is shown in Figure 10(d). Residual
lines from the epoxide group show that the cure is incomplete. Figure 10(e) shows the
spectrum of a DGEBA/piperidine sample which has undergone a standard cure (16 hours at
120 c) . The residual epoxide group lines are substantially smaller than thoge in the 24
hour 90 cure. The broader 11nes°also indicate that the sample cured at 120 is more
rigid than the sample cured at 90 .

LIMITATIONS OF NMR

Sensitivity

As was mentioned in the introduction, NMR can not be classed as a sensitive tool.
Pulsed Fourier transform NMR and coherent signal averaging have improved matters by sev-~
eral orders of magnitude. However, utilizing such techniques, even proton NMR barely
approaches the sensitivity of IR spectroscopy. On the other hand, when sample size is
not the limitation, NMR spectra yield unique, structure specific information, For C-13
NMR, sample sizes are typically 1-2 g. However, usable C-13 spectra can frequently be
obtained from 10 mg samples and usable proton spectra from 10 mg samples for molecular
weights below about 300. For higher molecular weight, the sensitivities are lowered
because of the multiplicity of lines and line broadening due to restricted motion (as
with the epoxy curing sequence).

Quantitative Accuracy

Noise is usually the limiting factor in obtaining accurate peak area measurements for
quantitative work. One can usually obtain accurate results for constituents present at
the 5% or greater level. Peak overlap will increase this limit. If signals are strong
and well resolved, the one percent accuracy of integrating devices may be approached. Be-
cause of complicating factors in the C-13 FT NMR having to do with the Fourier method,
proton decoupling, and nuclear relaxation effects, quantitative C-13 experiments must be
very carefully designed. By and large, proton NMR quantitative measurements do not suffer
these drawbacks.

Physical State of the Sample

In the discussion of the epoxy curing sequence, it was pointed out that the NMR lines
broaden as the rigidity of the sample increases. This is a limitation of NMR. Unless a :
substance is liquid, or can be melted, or its molecular motion increased by dissolving it j
in a solvent, the NMR lines are broadened beyond detectability. In liquids, the large
dipole-dipole interactions between nuclear spins are averaged to zero by rapid molecular
tumbling. In solids, this cancellation does not occur, and the resulting line widths are 3
thousands of times those of the liquids. In the field of thermosetting polymers, then,
the forms of NMR so far discussed are limited to the prepolymer stages. As illustrated
in the case of DGEBA/piperidine during the early curing stages, useful spectra can some-
times be obtained from gels. Solvent swelling and heating above the glass transition
temperature can algso produce sufficient motion to yield useful spectra.

The possibility of obtaining useful C-13 NMR signals from rigid thermosetting polymers b
is not hopeless, however. The field of sclid state NMR has been completely revolutionized
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by the recent discovery of proton-enhanced NMR (2). With this technique, it is now pos-
sible to observe, in the C~13 resonances of organic solids, line widths approaching those
measured in liquids. Moreover, the weak signals from the rare C-13 spins are greatly am-
plified by transfer of polarization from the abundant proton spins. Proton-enhanced C-13
NMR and a method for obtaining resolved proton NMR spectra of solids are discussed in the
following sections.

HIGH RESOLUTION NMR OF SOLIDS

Proton-enhanced Carbon~13 NMR

The details of the proton-enhanced C-13 experiment will not be described in detail.
The effect of the experiment is to eliminate the large dipolar fields in the solid by
ingenious manipulation of the nuclear spin systems (2). The final step towards high res-
olution is to remove broadening effects which have a spacial origin by rapid specimen ro-
tation at the so-called "magic angle" in the magnetic field. Rotational speeds upwards
of 100,000 rpm are required.

Cured Epoxies

Samples were prepared from DGEBA (Dow DER 332) cured with piperidine containing CTBN,
meta-phenylene diamine (MPDA), hexahydrophthalic anyhydride (HHPA), and Nadic methyl an-
hydride (NMA).

Figure 11 shows proton-enhanced carbon-13 spectra of the epoxies without magic angle
spinning. Aside from being able to distinguish the various cures, one is not able to say
much about the spectra (3).

The spectra of Figure 12 were obtained with the addition of magic angle spinning at
2kHz (120,000 rpm). As a frame of reference, the high resolution spectra of the uncured
mixtures dissolved in acetone are superposed. The signals from acetone are indicated by
slash marks. The arrow at ca. 70 ppm indicates the signals attributed to a new species
formed in the curing process. The vertically expanded region of Figure 12 shows the ad-
vancement of curing even in the acetone solvent. Peak f of the epoxide group is not
detected in the solids, suggesting that most epoxide groups have reacted. More detailed
comments on these spectra are given elsewhere (4).

Prognosis for Solid State NMR

The spectra of the cured epoxies shown in Figure 12 clearly demonstrate that the
benefits of high resolution C-13 NMR can be achieved with thermosetting polymers. Hence,
structure determinations, the degree of cure, the presence of additives, etc., are all
within grasp for intractable polymers.

Schaefer and Stejskal (5) at Monsanto have recently demonstrated that certain nuclear
relaxation times from the proton-enhanced carbon-13 spectra of polymer samples spinning
at the magic angle correlate strongly with the notched Izod impact strength. Presumably,
the motions responsible for the nuclear relaxation are related to those involved in impact
energy dissipation. These findings are worthy of intensive investigation.

Information of a useful nature can also be obtained from proton line-narrowing exper-
iments in solids utilizing multiple-pulse techniques (6). Lind at McDonnell-Douglas (7)
has used the method to study random alternating block copolymers of dimethylsiloxane and
bisphenol-A carbonate. Peak areas and nuclear relaxation behavior of the methyl and
aromatic protons were used to characterize the molecular motion and domain structure in
terms of block lengths.
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High resolution methods in solid state NMR appear to be ready for full exploitation
in the chemical and structural characterization of polymers. At present, they are tech-
niques for the research environment rather than production. Nonetheless, their unique
powers need to be recognized and applied, for information of a very practical nature
often is obtained.
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STRESS MASS SPECTROMETRY OF POLYMERIC
AND COMPOSITE MATERIALS®

Clarence J. Wolf and Michasel A. Grayson

St. Louis, Missouri 63166

The stress-induced fracture of polymeric materials is preceded by a sequence of complex, partially understood events
occurring on both the molecular and macroscopic levels. These events range from flow of ordered regions to rupture of primary
chemical bonds in the polymer chain. In recent years, stress-induced bond rupture in polymers has received increased attention;
the importance of bond cleavage in the overall sequence of events preceding failure, however, is still uncertain (1-4). Stress mass
spectrometry is a new, unique application of mass spectrometry to study the mechanical degradation of polymers and character-
ize the residual volatiles indigenous to the material (5). Materials are subjected to a stress, either mechanical or thermal, and the
resultant products are analyzed mass spectrometrically. In addition, the entire experiment, including application of stress, is
performed directly in the ion source housing of the mass spectrometer.

Both applications of stress-MS are described. In one case, the mechanical degradation products of nylon-66 were determined,
and in a separate study, the unreacted volatile compounds trapped within an epoxy composite were identified. In all cases, it is
important to differentiate between products which are indigenous and those which are mechanical degradation products.

EXPERIMENTAL

A time-of-flight mass spectrometer (TOFMS) (Bendix model 12-107) was used for the analysis and detection of volatile
compounds released during mechanical loading of the polymer specimens. The samples were stressed using apparati constructed
on the ion source flanges of the TOFMS ion source housing (see Fig. 1). A schematic of the system used either to fracture the
sample or apply tension to a dogbone-shaped specimen is shown in Fig. 1a. The tensile apparatus with sliding weight and weight

(a) (b)
Plunger Vacuum feedthroughs
fon source lon source housing
housing
Sample~" __ | TOF mass Vlﬁm:'\ ::(mwouw
lon ' spectrometer Quld.l‘ng‘ weight

holding fixed
weights

. o o GP76-08711
Fig. 1  lon source flangs modifications for stress mass spectrometry studies: a) system used for stress and
fracture of solids, b) disgram indicating method of applying stress, and c) system used to stress
and fracture filaments

*This research was conducted under the McDonnell Douglas Independent Research and Development Program.




carriage is depicted in Fig. 1b. The system for applying tension to monofilaments, e.g., nylon, is shown in Fig. Ic. The system used
to abrade or saw solid materials, such as composites, is shown in Fig. 2.

Sample
—— clamps Circular saw blade
Source
) flange
Slit saw ¢
= mandrel
Sample

Vacuum feedthroughs

CA AP

Rotary motion
applied to rod
Permits feeding
sample to saw blade GP76.0006.2

Fig.2 Diagram of abrasion apparatus for stress mass spectrometry

Data from these experiments are acquired by either continuous ion monitoring or oscilloscope photography of z-axis mod-
ulated mass spectral displays. For the former case, a four-channel monitor (Bendix model MA-006) modified for extended mass
range was used. In the latter case, the Rapid Events Mass Spectral Data Acquisition (REMSDA) system was used (6). The REMSDA
system permits acquisition of data during the brief time prior to, during, and immediately following the sample fracture. With this
system, z-axis modulated mass spéctra (6) can be displayed on the oscilloscope screen for 1.6 ms to 3.2 s with timing intervals
from 0.2 ms to 205 ms. A photograph of the REMSDA output is shown in Fig. 3. The mass-to-charge ratio is along the x-axis,
elapsed time is along the y-axis, and the intensity of the peak is determined by the brightness of the line (z-axis).

(
t ’
Time [ | -
¥
]
0.2s : —— Sample fracture
' -
— Data
acquisition
commences

Mass to charge ratio, m/e

Fig. 3 Rapid Events Mass Spectra Data Acquisition (REMSDA) display from the fracture of polystyrene
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The volatile organic compounds indigenous to the matrix of the polymer are characterized by vaporization gas chromatography/
mass spectrometry (VGC/MS) (7). This technique permits efficient sampling of indigenous volatiles by using the column as a trap.
After the sampling is complete, conventional GC/MS procedures are used to identify the indigenous volatiles using a mass spectro-
meter (AEI MS-30 single beam) interfaced to the gas chromatograph with a silver frit molecular effusion separator (8).

RESULTS

Mechanical Degradation of Nylon
Nylon 66 (DuPont), free of additives, was studied in the form of a drawn monofilament 0.2 mm in diameter. VCG/MS
characterization of the monofilament revealed the indigenous volatiles shown in Fig. 4. In subsequent heating intervals,

Cyclopentyl pentanone Bﬁ;l’ l';“
CO2, H20 and si ti 5

2. 20 a 'm eluted earlier Mex 32927
C; olefin + material at m/e 124

Intensity

1 Hydroxy fluorene

260 340 420 500 580 660
Scan number GP76-0871.4

Fig. 4 Chromatogram of a VPGC/MS analysis of the volatiles relessed from nylon 66 (heated for 15 min
at 210°C)

only a small amount of phenyl phenol was present. These compounds are typical of surface finishes and die lubricants used in
the manufacture of nylon 66 monofilament. In addition, cylic hexamethylene adipamide was released when the nylon was
heated in the solids probe of the mass spectrometer.

The samples were loaded in tension to fracture. During loading of the nylon 66 monofilament, no volatile material was
detected, even though sample extension was typically 10%. At sample fracture, mechanical degradation products were detected
only when one or more of the fracture surfaces was frayed or “fibrillated” (see Fig. 5b). No products were detected when the
sample fractured cleanly (see Fig. 5a).

(b)

Fig.5 Photographs of the nylon 68 monofilament following fracture in the mass spectrometer:
a) clean fracture, b) fibrillated or frayed fracture
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Low ionization potential mass spectrometry was used to identify many of the products. Ammonia and ethylene were
positively identified; ethane, formaldehyde, butenot, and butenal were tentatively identified. These compounds are different
from the indigenous volatiles found in the characterization study and hence are assumed to be products of mechanical de-
gradation. The significance of the release of products only upon fibrillation of the fracture surface is not yet certain.

Volatiles Released from an Epoxy Composite

An epoxy fiberglass composite was abraded with the saw apparatus shown in Fig. 2. The epoxy was a mixture of novolac
and diglycidyl ether of bisphenol-A (DGEBA) with boron trifluoridemonoethylamine complex curing agent.

When the composite was heated in the solids probe of the MS-30, i.c., EGA/MS, a number of compounds were evolved, three
of which were monitored by use of the characteristic ions Hy0, HF, and DGEBA monomer. The evolution of these three products
as a function of temperature is shown in Fig. 6. Water was monitored at m/e 17 rather than 18; the amount decreases as a function
of temperature. The concentration of both HF and DGEBA reaches a maximum at approximately 200°C, above the 'l‘s of the

composite.

100
e M€ 17 HO - water
e amee /@ 20 HF - hydrogen fluoride
s —— - m/e 326 DGEBA - digiycidyl ether of bisphenol-A
60
e
‘s
§
=
40
S ———
P e
A, N
20} / \
///
O \\ \“_\
| P e 1 1 | e e g e

0 %
100 125 150 175 200 225 250 275 300 325
Temperature (°C)

Fig. 6 Volstiles evoived during evolved gas analysis mass spectrometry (EGA/MS) study of an
epoxy composite

Water released from the compaosite was measured during abrasion by continuous ion monitoring. The water released
during three operations of the sawing procedure was measured: 1) when the saw was rotated without a sample, 2) when the
composite was cut, and 3) when the aluminum sample clamp was cut. The results of this study, together with the ion signal from
the injection of a known amount of water (4 x lO‘qﬂs)md\minFlg. 7. Note that the water released druing abrasion is on
the order of 4-5 x 10~9 g/s, and corresponds to several percent of water in the composite. The jagged peaks are a result of the
manual rotation of the saw, a somewhat discontinuous operation. The amount of H,O released from sawing the aluminum sample
clamp is approximately two orders of magnitude less than that observed from the composite.

In addition to water, we observed that toluene was released upon abrasion of the composite. The TOF was calibrated for
toluene by injecting a known quantity (3.2 x 10~ g/s) and monitoring the m/e 92 peak. The results are shown in Fig. 8 where
the amount of toluene released corresponds to approximately 3 x 10~ oﬂs.Noumattdmhmdyﬁnuhm

posite is cut.
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Fig. 7 Water evoived from an epoxy composite during mechanical abrasion

32x10~? g/s toluene

: o e G

Calibration ::tfl.: Saw; Saw Al

A GP76 0889 2

Saw sample

Fig.8 Determination of toluene evolved from an epoxy composite during mechanical abrasion

CONCLUSIONS

Our studies indicate that stress mass spectrometry is a useful technique for studying stress-induced chemical reactions in
polymeric systems. However, it is imperative that the indigenous volatile compounds in the polymer matrix be characterized
before the results are interpreted. In addition, controlled abrasion can be utilized for qualitative and quantitative analysis of
volatile compounds, such as solvent or unreacted monomer, trapped within the matrix of a polymer or composite.
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APPLICATION OF CHEMILUMINESCENCE
TO THE CHARACTERIZATION OF POLYMERIC MATERIALS

Richard A. Nathan, G. David Mendenhall, and John A. Hassell

BATTELLE
Columbus Laboratories
Columbus, Ohio

Many aspects of chemiluminescence are not well understood. When those that are
familiar with chemiluminescence think of the phenomenon, their thoughts turn initially to
fireflies, luminescent bacteria, or aquatic life, or high efficiency light sources such as
the Cyalune@light stick manufactured by American Cyanamid. Both bioluminescence systems
and cool lights were designed either by nature or by man for high efficiency. In contrast
to this, Battelle researchers have been utilizing the natural chemiluminescence that is
emitted from organic materials as an analytical tool. Frequently the efficiencies of
these processes are on the order of 10-8 or 1less.

Because this is generally a new concept to most of you I will spend most of the time
today on the following points:

What is chemiluminescence?

How is it formed?

How is it measured?

What are the measurements like?
What is it good for?

Origins of Chemiluminescence

Chemiluminescence is really quite a common phenomenon. However, even organic chemists
are frequently not familiar with the breadth of reactions that emit chemiluminescence
spontaneously. These include: 1

Oxidation reactions - organic and inorganic
Hydration of inorganic compounds

Inorganic acid-base reactions

Grignard reactions

Inorganic vapor phase reactions K
Bioluminescence 2
Anodic oxidations in electrolytic cells

Thermal decompositions

In fact there are really only two requirements for the chemiluminescent process. The first
is that the reaction itself must accumulate sufficient energy to raise one of the reaction
components to an excited electronic or vibrational state. The only other requirement is
that at least one material present be able to emit light even if it is an extremely ineffi-
cient process.
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Currently it is thought that the light is emitted from a termination step in which
two alkyl peroxy radicals combine to produce a carbonyl-containing compound, usually a
5 - ketone, an alcohol and oxygen. Some small fraction of the ketone is found in an excited
state, and when this relaxes to its electronic ground state, light is emitted. Figure 1
shows a typical oxidation scheme for cis-polyisoprene and is exemplary of the oxidation
processes of polymers.

£ wa\
3 C=CH
: / \
< CH, CH, -)-n + 0, > products .
Initiation: ROOH > RO- + -OH
or nROOH > mR'-
or M + ROOH > R'-
i Propagation: R* + 02 ~————> ROO-
; ! " \ o
R00- + D=l R00 ——- <
ROO+ + RH ———————> R'. + ROOH
2R00: —————> 2RO + 02
RO» —m———> R'zC =0+ R-"
Termination: 2R02-‘ nzo,‘ noa ~H ROOR + 02
—_— B Ketone, alcohol,
0,
——K———, P*
pe BB Py ?
P* + Q __H.—> P

FICURE 1. AUTOXIDATION OF cis-POLYISOPRENE
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Instrumentation

Currently there is no suitable commercial instrumentation for measuring ultra-weak
chemiluminescence for analytical purposes. Hence, in the ten years we have been carrying
out such research at Battelle we have found it necessary to construct our own equipment.
Figure 2 is an artist's rendition of one of our current high sensitivity instruments,
clearly showing its working parts. It essentially consists of three concentric boxes. The
inner-most box serves as an oven. Just outside of it is another box which serves to shield
the rest of the apparatus from the oven's heat. The ocuter-most box is simply a container
to make the entire instrument light tight. This photon counting instrument is equipped
with a filter wheel which contains up to 20 Corning glass filters and allows us to measure
the spectral distribution of the chemiluminescence emission.

Chemiluminescence instrumentation need not be this complicated. Figure 3 shows a
simpler apparatus which consists only of a light-~tight box containing a hot plate, a photo-
multiplier, and associated electronics.

Benefit of Chemiluminescence

The benefit of chemiluminescence as an analytical tool is based almost entirely upon
the extreme sensitivities that are achieveable by this technique. For example, emission
rates of 10 photons/sec are easily detected from a sample. This corresponds to 3.2 x 108
photons/yr or 5.2 x 10~16 moles of photons (Einsteins) per year. Assuming an efficiency
of 108, decomposition rates of 5.2 x 10-8 moles/yr are detectable. Using various analyt-
ical tricks in favorable cases, one can achieve efficienciez of 1077 which allows the
measurement of decomposition rates on the order of 5 x 10~1 moles/yr. Such sensitivities
are orders or magnitude greater than sensitivities available from most other analytical
techniques, and it is this sensitivity that makes chemiluminescence such a powerful tool.
It permits us to measure slow degradation reactions nondestructively under actual use
conditions and in most cases precludes the need for any accelerated aging procedures. When
dealing with sensitivities such as this, we can look at the degradation processes from
materials normally thought to be inert under conditions of interest. For example, plastic
desk tops, clothes, food, and other normally inert organic materials can be studied conven-
iently by this technique.

Figure 4 shows an idealized chemiluminescence curve. The intensity of chemilumines-
cence is plotted vs. time at constant temperature. The luminescence gradually increases
to a maximum value which corresponds to the autocatalytic buildup of initiating species.
If little hydrocarbon is consumed by the time this maximum value, termed Imax, is achieved,
the emission intensity will remain constant. The time required to reach one half of this
maximum intensity is referred to as t;/; and is a measure of the induction period.

Frequently, conditions allow us to measure oxidation rates directly. As the curve
shows, once the oxygen is turned off to the sample, the chemiluminescence intensity rises.
The reason for this is that as the oxygen is depleted in the sample the oxidation rate
continues almost unchanged as oxidation rates are typically not particularly dependent on
oxygen concentration above 100 torr partial pressure or so. However, the quenching of the
excited states which give rise to luminescence is sensitive to oxygen concentration, and
hence, as the oxygen concentration decreases, the quenching decreases and the luminescence
intensity increases. The oxidation rate stays constant, only the luminescence intensity
increases. Once the oxygen is fully depleted, the curve decreases rapidly. The time
between when the oxygen is turned off and the oxygen is depleted is termed tg. If you know
the oxygen concentration under saturated conditions (at the time at which the oxygen is
turned off), you have a direct measure of the time required to use up that much oxygen, and 1
hence, the oxidation rate at that temperature can be calculated directly. i
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The data from these chemiluminescence curves at various temperatures can be used to
get various kinetic information. For example, an Arrhenius plot using the I,,. values
gives the activation energy for the propogation steps. Simarily, an Arrhenius plot
utilizing the reciprocal of tj;; gives the activation energy for initiationm.

Examples of Chemiluminescence Research

In a study for the Naval Air Systems Command, Battelle investigated the applicability
of chemiluminescence for assessing jet fuel stability. Figure 5 gives chemiluminescence
curves for two jet fuels showing vastly different thermal stabilities. Fuel B was known

80

L ] ] i
(0) 5 [0} 15 20 25 30 35
Time , min.

FIGURE 5. CHEMILUMINESCENCE FROM OXIDATION OF
JET FUELS INTENSITY VERSUS TIME (T = 175 C)

A - jet fuel with poor thermal stability;
B - jet fuel with good thermal stability




to have good thermal stability in aircraft.
period and low maximum intensity.

Notice that it has a relatively long induction
Fuel A, on the other hand, known to have poor thermal

stability has a short induction period and a relatively high maximum intensity. This indi-
cates that the chemiluminescence technique can be useful as a black box analytical method
for the evaluation of thermal stabilities of various organic materials.

Early stages of the jet fuel program involved the use of model hydrocarbons.

Figure 6

shows an Arrhenius plot for l-tridecene in which an unusual phenomenon is shown. The
Arrhenius plot clearly shows that 2 mechanisms were occurring depending upon the temperature
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range of oxidation. Such behavior is unusual and is currently unexplained, but it can be
used emperically to show that chemiluminescence can be used to validate or invalidate
accelerated procedures and confirms the danger involved in assessing a material’'s stability
under accelerated conditions--it is always possible that in going from use conditions to
the accelerated conditions a mechanism change occurs which invalidates any extrapolations
based on the accelerated conditions.

Figure 7 shows chemiluminescence curves from two samples of polyethylene sent to us by
a company who was dubious about the ability of chemiluminescence to detect small differences
between samples. We ran the chemiluminescence curves of each and was about to terminate the
experiment and admit defeat after approximately 1 hour when we noticed that the less-stable
sample began to show an increase in chemiluminescence, which increased within the next
45 minutes by a factor of 10°. Although we were not told the difference between the two
samples, the shape of the curves and the general behavior suggest to us that the sample
giving the upper curve had less antioxidant than that giving the bottom curve.

As shown in Figure 8, Ashby(l) has demonstrated the effect of antioxidant concentration
on the chemiluminescent behavior of polyolefins. It is readily seen from this data that as
antioxidant concentration is increased (or at the same concentration the efficacy of anti-
oxidant is increased) the chemiluminescence intensity decreases and the induction period
increases.

As Figure 9 shows, chemiluminescence can also be used to demonstrate batch-to-batch
differences among supposedly identical material.

At Battelle we have also had some luck in assessing the degree of cure in a family of
polymers from their chemiluminescent properties as shown in Figure 10. These three epoxies
are identical except for their degree of cure. In this way chemiluminescence can be used
as a sensitive technique to titrate the degree of unreacted curing agent.

Chemiluminescence can also be used to detect damage due to mechanical working of a
polymer. Figure 11 shows the chemiluminescence behavior from SBR rubber that was carbon-
black filled. The left-hand portion of the figure shows the chemiluminescence emission
from the polymer before mechanical working. The sample was removed from the chemilumi-
nescence instrument, hit with a hammer several times, and quickly replaced. Notice the
shape of the curve indicates a relaxation process. It is the same shape found for free
radical relaxation processes. In other words, the mechanical working produced free radicals,
which increased the oxidation rate as shown by the increased chemiluminescence intensity.
The radical concentration and the oxidation rate, however, come to equilibrium as shown by
the far right portion of the curve as it comes to an asymptotic value. If the measurement
had been continued, the chemiluminescence curve would continue to approach the asymptotic
value. Furthermore, the final chemiluminescence intensity after mechanical working is
significantly higher than that before mechanical working, indicating that real damage was
done to the material by the process of striking it with the hammer. Hence, assuming one
has a well calibrated system, the chemiluminescence technique may be useful for determining
the extent of damage to a polymer system at any time in its history.

Figure 12 shows the results of some other mechanical-chemiluminescence research that
we have carried out. This was done for NASA-Johnson and shows that chemiluminescent pro-
perties can be correlated to the loss of mechanical properties--in this case loss tangent
of silicone polymers. Figure 13 is a similar plot for carbon-black filled natural rubber,
relating chemiluminescence behavior to loss of tensile strength.

Table 1 shows data obtained for chemiluminescence from polytetrafluoroethylene. When
we observed chemiluminescence from polytetrafluoroethylene we were a bit concerned, because

(1) G. Ashby, J. Poly. Sci., 50, 99 (1961).
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TABLE 1. CHEMILUMINESCENCE OF POLYTETRAFLUOROETHYLENE
(HALON) MEASURED IN OXYGEN AT 80 C (176 F)

Sample Time (min)(a) Counts/sec(P)
Halon G-10 N
1. As received : A 7.5, 54 (max)
: ; i 40 48
2. Same 7.5 49 (max)
3. Extracted 24 hours : 2 3 21 (max)
60 11
110 11
4. Extracted 48 hours S . 14
40 4
Halon G-80
5. As received : 8 173 (max)
100 68
17 hours 38
6. Same 12.5 150 (max)
i/ 125 45
7. Surface abraded 8 46 (max)

(a)
(b)

Samples aged in chemiluminescence apparatus.

Unfiltered emission detected.

the conventional theories to explain the chemiluminescence emission did not seem to hold.
Oxidation of polytetrafluoroethylene is extremely slow at the temperatures of the experi-
ment, although reactions of non fluorinated-end groups might occur. We found, however,
that repeated extraction of the polymer removed the chemiluminescence which indicated to us
that the luminescence was primarily if not totally the result of impurities in the poly-
mer. (2) Analysis of the data indicated to us that the impurity was present in less than
0.5 percent.

Table 2 shows some chemiluminescent values for a urethane polymer aged 2 weeks at
95% RH and 85 C. It indicates a nice correlation between hardness values and the chemi-
luminescence intensity. However, at this point in this program with the Naval Air Systems
Command to determine the mechanism of moisture-induced reversion of epoxy and urethane
potting compounds such data is misleading. Table 3 indicates that for the same material no
correlation ‘exists between the hardness values and the chemiluminescence maxima, but one
can correlate the chemiluminescence values with weight gain. Obviously, the suitability of
chemiluminescence for the problem of moisture-induced reversion is not clear cut.

(2) G. D. Mendenhall, R. A. Nathan, and J. A. Hassell, J. Poly. Sci., in press.
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; TABLE 2. HEXCEL MIR 3113 EXPOSED

2 WEEKS AT 95% RH and 85 C

Hardness Chemiluminescence
; (Shore A) Maximum
59 612 ;
,’ 47 231
38 137

-

TABLE 3. HEXCEL URALITE 3113 EXPOSED
TO 95 PERCENT RH AND 85 C

‘ Hardness Chemiluminescence
Time (hrs) (Shore A) Wt Gain (%) Maximum
19.5 53 1.9 361

67.5 51 2.4 260

187.5 41 1.2 1033

Table 4 shows that chemiluminescence is very sensitive to the aging conditions of the
various epoxy materials. Notice that the greatest decrease in chemiluminescence intensity
is due to temperature and not to relative humidity, indicating that the process leading to
chemiluminescence might not be significant to the moisture-induced reversion.

TABLE 4. CHEMILUMINESCENCE VALUES (COUNTS/SQ CM)
FOR EPOXY POLYMERS SUBJECTED TO VARIOUS
CONDITIONS FOR 2 WEEKS

SCTH 280
Low Medium High
Conditions Cure Cure Cure EPOX
23 C, O percent RH 53 134 57 53 A .1
23 C, 95 percent RH 41 138 50 50
85 C, 0 percent RH 28 31 30 34 1
85 C, 95 percent RH 14 24 26 35 E

=
;
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At Battelle we have been looking at materials other than polymers. For example,
Figure 14 shows an Arrhenius plot from the chemiluminescence of a cold cereal. The company
indicated to us that after extended aging tests the lab cereal had been shown to be less
stable than the plant cereal even though the formulations were identical. Chemiluminescence
analysis, carried out in less than 4 hours, clearly supported this finding. At each tem-
perature the chemiluminescence intensity from the lab cereal was significantly greater than
the chemiluminescence obtained from the plant cereal. In addition, we found that the
Arrhenius plots became nonlinear above approximately 45 C. This was consistent with the
company's knowledge that accelerated aging tests carried out above about 45 C gave
erroneous results.

Table 5 shows chemiluminescence from shrimp and tuna fish samples obtained from the
Food and Drug Administration. These measurements were carried out with samples at dry ice
temperatures, and hence, for the shrimp little selectivity was found; probably simply
because the reactions were extremely slow at these temperatures. The tuna fish samples,
however, were more straight forward. Whether or not the samples were packed in oil or
water, we found that the good tuna samples gave chemiluminescence behavior 75 and 95
counts/sec after 5 minutes, while those determined to be decomposed generally gave counts
above 100. We hope to pursue this and to develop techniques for the rapid assessment of
tuna quality using this technique.

Table 6 shows some data from the chemiluminescence evaluation of soybean protein. The
protein was stored at 5° for up to 50 days. Not only did the absolute intensity increase
by about 40 percent over that period, but on measuring the spectral distribution of the
emission we found that there was a significant shift to shorter wavelength. Frequently
such spectral shifts can be used to determine details of the mechanism of the degradation
process.

Application
In summary chemiluminescence can be applied to materials in four ways:
Service life prediction
Materials evaluation

Understand degradation mechanism
Assess remedial action.

We feel chemiluminescence is an extremely powerful technique for studying degradatiom
processes, although a great deal of caution must be used in ite application. The chemi-
luminescence process is the result of at least four consecutive reactions, each of which
can be affected by the nature of the material. The nature of the substrate and the
reactions involved are rather complex, and the correlations between chemiluminescence and
changes of interest are frequently empirical. Because chemiluminescence tells you that
something is happening early in the process, it is quite useful. But it does not provide
knowledge of what is happening: it does not provide structural information. Hence, at
Battelle we are frequently using chemiluminescence in conjunction with spectral techniques
such as infrared and nuclear magnetic resonance to provide both kinetic and mechanistic
information about degradation processess.
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TABLE 5. CHEMILUMINESCENCE FROM FDA TUNA-FISH

AND SHRIMP SAMPLES
Average

Maximum Counts/Sec

Sample Quality Counts/Sec After 5 Min
Shiimp 1 Good 30 12
Shump 2 Bad 37 15
Shyimp 3 Worst 37 17
Tuna A (oil packed) Good 225 75
Tuna A (oil packed) Decomposed 370 155
Tuna B (oil packed) Good 133 95
Tuna B (oi) packed) Decomposed 473 415
Tuna B (water packed) Good 137 75
Tuna B (water packed) Decomposed 133 110

TABLE 6. EXAMINATION OF SOYBEAN PROTEIN(2)

Aging Time  Cutoff Filter(b),

at 5 C, days nm Counts/Gram-Sec F(A)(c)

0 None 299 1.0

442 292 0.98

490 143 0.48

526 76 0.25

592 4 0.01
50 None 359 1.0

442 308 0.86

490 150 0.42

540 50 0.14

(a) Measured at 25 C in an oxygen atmosphere,

(b) Filter has OD >0.50 at wavelengths shorter than Anm.,
(c) Fraction of unfiltered counting rate.
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THE EARLY STAGES OF ACTINIC DETERIORATION

D. M. Wiles

Chemistry Division
National Research Council of Canada
Ottawa, Ontario K1A OR9, Canada

INTRODUCTION

The deleterious effects of sunlight on a wide variety of materials are
well known and are the cause of considerable concern since these effects fre-
quently cause failure of these materials during use. This situation is a
particular problem when the materials are comprised of organic polymers -
plastics, fibers, rubbers, protective coatings, composites, etc. The reason
is that macromolecules derive their uniquely useful properties from their
very high molecular weights. The breaking of one bond (or sometimes even
less) per polymer molecule can have a disastrous effect on the physical pro=~
perties of polymeric materials. Since there is ample energy in the ultra-
violet (UV) part of terrestrial sunlight (especially in the "sunburn®™ region,
~