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FOREWORD 

T h e A D V A N C E S IN C H E M I S T R Y SERIES was founded i n 1949 by the A m e r i c a n 

C h e m i c a l Society as an outlet for symposia and collections o f data i n special 
areas of topical interest that could not be accommodated i n the Society's 
journals. It provides a m e d i u m for symposia that w o u l d otherwise be frag
mented because their papers w o u l d be distributed among several journals or 
not publ ished at all . 

Papers are reviewed critically according to A C S editorial standards and 
receive the careful attention and processing characteristic o f A C S publ ica
tions. Volumes i n the A D V A N C E S IN C H E M I S T R Y SERIES maintain the integrity 
of the symposia o n w h i c h they are based; however, verbatim reproductions o f 
previously publ ished papers are not accepted. Papers may include reports of 
research as w e l l as reviews, because symposia may embrace both types of 
presentation. 
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PREFACE 

JAL L A R G E V A R I E T Y O F A N A L Y T I C A L T E C H N I Q U E S for polymer characterization 
has been developed and reviewed under various conditions. However , no 
formal attempt has been made to correlate macromolecular structures wi th 
polymer properties. This book is intended to address these issues i n perspec
tive. It outlines the capabilities of F o u r i e r transform infrared and Raman, 
fluorescence, and mass spectroscopies of polymers, and builds a bridge 
between the molecular-level information obtained i n spectroscopic measure
ments and specific polymer properties. Molecular- level understanding of the 
macroscopic processes responsible for the behavior of polymers and other 
materials is needed to enhance our knowledge and to lead to further 
advancements i n the chemistry of polymeric materials. 

This volume continues the coverage of the pr ior books edited by C l a r a 
Craver on many aspects of polymer physical chemistry, chemical physics, and 
spectroscopy. T h e book is designed to assist newcomers to the field of 
polymer spectroscopy, as w e l l as to serve as a reference source for more 
experienced scientists. This goal is accomplished by starting w i t h a few 
introductory tutorial chapters on fundamental aspects of each technique, 
fol lowed by sections addressing specific polymer problems such as Crystall ine 
Polymers and Copolymers , Surfaces and Interfaces of Polymers, Spectro
scopic Approaches to Polymers i n Solutions and Polymer Networks, Spec
troscopy and Thermal ly Induced Processes i n Polymers, and Polymer Analysis 
and Surface Modifications. T h e chapters present discussions ranging f rom 
basic to applied topics i n polymers, coatings, and interfacial concepts. 

W e w o u l d l ike to express our sincere appreciation to al l who participated 
i n the 1991 Atlanta Symposium on Polymer Characterization and to the 
reviewers whose hard work hopefully enhanced the overall book quality. A 
special note of thanks is addressed to Professor Thomas Brenna of C o r n e l l 
University, Professor Gregory Gi l l i spie of N o r t h Dakota State University, and 
D r . B i l l Simonsick of D u P o n t , who agreed to contribute to the book without 
being involved i n the Symposium. The Div i s ion of Polymeric Materials; 
Science and Engineer ing and the Petroleum Research F u n d of the A m e r i c a n 
C h e m i c a l Society are acknowledged for the financial support of the sympo
sium. 

MAREK W. URBAN 

Department of Polymers and Coatings 
N o r t h Dakota State University 
Fargo, ND 58105 

June 16, 1991 

xi i i 

CLARA D. CRAVER 

Craver C h e m i c a l Consultants 
Box 265 
F r e n c h Vi l lage , MO 63036 
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1 

Fourier Transform Infrared and 
Fourier Transform Raman 
Spectroscopy of Polymers 
Principles and Applications 

Marek W. Urban 

Department of Polymers and Coatings, North Dakota State University, 
Fargo, N D 58105 

This chapter covers the fundamental principles and current applica
tions of Fourier transform (FT) infrared and Fourier transform Ra
man spectroscopies as utilized in the analysis of polymeric materials. 
The primary emphasis of the first part is on the principles and 
advantages of these interferometric methods, whereas the remaining 
sections illustrate numerous applications focusing on the structure
-property considerations in polymers. Particular attention is given to 
the most recent developments in FT analysis and includes examples of 
structural and conformational analysis of polymers, biological studies, 
and the applications of FT infrared and Raman microscopy to remote 
measurements. The differences and the complementary nature of in
frared and Raman spectroscopies are also presented. 

EJXPERIMENTAL SCIENCES HAVE BEEN PROFOUNDLY INFLUENCED by the 
development of novel instrumentation. Vir tual ly all scientific instrumentation 
is now under computer control , and sophisticated, faster data collection 
allows scientists to channel their resources more effectively toward particular 
goals. T h e sophistication of many current physical approaches mandates the 
use of highly sensitive, fast instruments and reasonably powerful data acquisi
t ion computers to attain insights about fundamental aspects of processes 
under investigation. Examples of such sophisticated interplay are infrared and 

0065-2393/93/0236-0003$ 10.50/0 
© 1993 American Chemical Society 
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4 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Raman spectrometers, w h i c h , used i n conjunction w i t h the fast Four ier 
transform ( F T ) algorithms, are key instruments i n modern vibrational spec
troscopy. This chapter w i l l first review the fundamental principles that govern 
infrared and Raman activity and then discuss the principles and applications 
of F T detection i n vibrational spectroscopy. 

Infrared and Raman Processes 

T h e normal modes of vibration of any molecule can be divided into three 
classes. Some modes may be observed i n the Raman spectrum, some i n the 
infrared, and some may not be seen i n either spectrum. F o r a molecule that 
possesses a high degree of symmetry, the rule of mutual exclusion states that 
no vibrational mode may be observed i n both the infrared and Raman 
spectra. This h igh symmetry is defined by a center of inversion operation. As 
the symmetry is reduced, and the molecule no longer contains a center of 
inversion, some vibrational modes may be seen i n both the infrared and i n 
the Raman spectra. However , the mode w i l l often have quite different 
intensity i n the two spectra. T h e quantum mechanical selection rules state 
that observation of a vibrational mode i n the infrared spectrum requires a 
change i n dipole moment dur ing the vibration. In other words, the vibration 
is infrared active i f the fol lowing condit ion is fulf i l led: 

[ μ ] ^ » Φ f « Μ ρ β ) μ < Μ ρ . ) dça ( ι ) 

where [ μ ] υ ' y is the dipole moment i n the electronic ground state; Φ is the 
vibrational eigenfunction; v' and υ" are the vibrational quantum numbers 
before and after transition, respectively; and Ç a is the normal coordinate of 
the vibration ( I ) . 

Infrared spectroscopy is based on an absorption process and involves 
measuring the amount of energy that passes through or is reflected off a 
sample and comparing this amount to that transmitted or reflected f rom a 
perfect transmitter or reflector, respectively. T h e plot of the relative transmit
ted or reflected energy as a function of energy is an infrared spectrum. In 
recent years, this o l d spectroscopic method has diverged into two apparently 
different approaches to measuring the infrared spectrum; one uses dispersive 
optics, and the second uses an interferometric technique. T h e interferometric 
approach, combined wi th fast F o u r i e r transform algorithms, provides several 
distinct advantages inc luding higher resolution, higher energy throughput, 
and better precision, and hence the technique called F o u r i e r transform 
infrared spectroscopy had dominated the field. 

T h e observation of a vibrational mode i n the Raman spectrum requires a 
change i n the electron polarizability resulting f rom the movement of atoms. 
Thus, a given vibrational mode w i l l be Raman active i f the fol lowing condi-
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1. URBAN Fourier Transform Infrared and Raman Spectroscopy 5 

t ion is fulf i l led: 

[«],..„- * fiAQ^AQJdQ* (2) 

Here , [ a ] is the polarizability tensor of the vibration and the remaining 
parameters are the same as for the infrared activity (eq 1) (1-6). These 
apparent differences i n the principles governing both effects have l e d to the 
development of two physically distinct experimental approaches to obtain 
infrared and Raman spectra. T h e molecular information obtained i n one 
experiment complements the other. 

As indicated i n equation 2, the detection of Raman scattering involves a 
completely different set of problems and is based on entirely different 
experimental principles. W h e n monochromatic radiation of frequency vQ 

strikes a transparent sample, the light is scattered. Most of this scattered light 
consists of radiation at the frequency of the incident fight but differs in the 
direction of propagation and polarization state. This port ion of the light is 
called Raleigh scattering. However , approximately 1 out of 1 0 6 photons that 
impinge upon the sample can be inelastically scattered, and this port ion of 
the scattered light is called Raman scattering. This inelastically scattered 
fraction of the light is composed of new modif ied frequencies (vQ ± v k ) , 
where (vQ — v k ) is referred to as Stokes scattering, and (vQ + v k ) is anti-
Stokes scattering. F igure 1 illustrates a schematic representation of the 
absorption and scattering processes leading to infrared and Raman spectra. 
T h e energy level diagram shows that the anti-Stokes scattering requires that 
the molecule start i n an excited vibrational state. T h e only means of populat
ing these excited vibrational states is thermally; therefore, the anti-Stokes 
intensities w i l l be very temperature dependent and normally quite weak at 
room temperature. If the anti-Stokes scattering can be observed, the sample 
temperature can be determined by the ratio of the Stokes to anti-Stokes 
intensities. 

T h e selection rules for Raman scattering allow only those transitions to 
be detected for w h i c h one of the elements of the polarizibil i ty tensor [a]Ay, 
or a combination thereof, belongs to a species of the point group to w h i c h the 
normal coordinate Qd also belongs. However , the induced dipole moment M 
of the ground state of a molecule is not only proportional to the strength of 
electric field E , but also depends on nonlinear terms, such as hyperpolarizibil-
ity β: 

Μ = α Ε + f β Ε Ε + ··· (3) 

Al though simple calculations show that the hyperpolarizibil i ty β is typically 
one mi l l ion times smaller than α , i n some situations β and Qd can transform 
identically, whereas α does not. U n d e r these circumstances, some vibrations 
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1. URBAN Fourier Transform Infrared and Raman Spectroscopy 7 

can be detected i n the hyper-Raman effect, but not i n an ordinary R a m a n 
scattering experiment. 

Various factors may alter the effectiveness of Raman scattering. T h e 
overall intensity of the Raman scattering ( Z R ) is proportional to the fourth 
power of vk and is given by the fol lowing equation: 

2*>n(v0±vk)\ 
h = 71 4 L l<v,v»l (4) 

OC V,V„ 

where IQ is the laser field intensity and c is the speed of fight. This process, 
just l ike the infrared absorption, is considered to be a linear process because 
the scattering intensity I R is proportional to the incident laser intensity IQ. 
U n d e r certain experimental conditions, however, nonlinear processes are also 
possible. If, instead of one quantum of energy v 0 , two quanta of incident 
laser beam 2 v Q are employed i n a pulse sequence, they may give rise to a 
two-photon absorption process. As a result o f perturbation of the i n d u c e d 
dipole moment of a molecule, a nonlinear optical process cal led hyper-Raman 
scattering ( H R S ) (7) can be induced. It produces a (2v G 4- vk) shift w i t h the 
intensity J H R proportional to the square o f molecular hyperpolarizibil i ty β 
derivative w i t h respect to the vibrational normal coordinates: 

2 6 i r 2 ( 2 v ± vk)4 _ 

Î H R - \ ° 5 42 Σ Ι β ^ , ^ Ι 2 (5) 
OC ν',ν",ν"' 

Although the first observation of H R S was made w e l l over 20 years ago 
(6), H R S had been used only occasionally i n chemical application (8-10), 
and only recently its use was demonstrated i n the surface-enhanced hyper-
Raman effect (11). I n spite of the fact that the H R S process is 1 0 6 weaker 
than already weak Raman scattering, its attractiveness comes f rom the 
differences i n selection rules. Special importance of the H R S lies i n the fact 
that many fundamental frequencies inactive i n both infrared and Raman may 
happen to be active i n H R S . O n e of the most illustrative examples is 
benzene, where no less than six frequencies are active i n hyper-Raman only, 
w h i c h can be distr ibuted as 2 B l u + 2 B 2 u + 2 E 2 u normal vibrational mode 
representation (12). Another example is the simple SF 6 - type octahedral (Oh) 
molecule, w h i c h possesses a tr iply degenerate frequency i n F 2 u w h i c h is 
hyper-Raman active, and inactive i n both infrared and Raman. In spite of 
many attractive features, the use of hyper-Raman for polymer analysis is stil l 
yet to be explored and should open new avenues for the future. 

Dispersive and Interferometric Detection 

The limitations on sensitivity and detection limits imposed by dispersive 
infrared instruments i n the past l ed to the development of F o u r i e r transform 
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8 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

interferometric infrared spectrometers. Interferometric detection is based 
u p o n splitting the source radiation into two equal beams of approximately 
equal intensity. This beam splitting is shown i n F igure 2, w h i c h also illustrates 
that the radiation f rom each path is reflected back by mirrors onto the divider 
cal led the beam splitter. T h e recombined two beams may either interact 
constructively or destructively depending u p o n the phase difference of the 
two optical paths. This constructive or destructive interference w i l l vary as 
the path length i n one of the arms is varied. T h e resulting pattern forms the 
interferogram that represents the relationship between the energy and the 
path difference i n the two arms of the interferometer. T h e interference 
pattern clearly w i l l be a funct ion of the wavelength of light because the 
relative path differences w i l l be expressed as different integral values of 
wavelength. Interferograms represent the interference of the incident wave
lengths, and hence they are converted into a spectrum by using a Four ier 
transform algorithm. T h e M i c h e l s o n interferometer, such as il lustrated i n 
F igure 2, was the first instrument to split a source radiation into two separate 
beams, change the path length of one of the paths, and recombine the 
radiation on the beam splitter to cause interference. References 13 and 14 
give further details regarding F T spectroscopy. 

A l t h o u g h the advantages of F o u r i e r transform over other techniques are 
w e l l documented, the fact that almost all incident radiation is used simultane
ously i n the transmission-absorption experiments is the major feature. Thus, 

IR D E T E C T O R 

IR SOURCE B E A M 
SPLITTER 

MOVING 
MIRROR 

STATIONARY MIRROR 

Figure 2. Schematic diagram of Michelson interferometer and Fourier transform 
spectrometer. 
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1. URBAN Fourier Transform Infrared and Raman Spectroscopy 9 

i n comparison to a scanning, single-channel dispersive experiment, a l l of the 
light is be ing used rather than a very small fraction (the light passed by the 
slits of a monochromator), and this feature resulted i n the selectivity and 
sensitivity enhancement of the surface techniques. 

T h e high sensitivity of interferometric instruments has i n turn brought 
about the development of new sensitive spectroscopic probes and enhanced 
the existing ones. T h e sensitivity enhancements of attenuated total re
flectance ( A T R ) , ref lect ion-absorption ( R - A ) , and further developments of 
diffuse reflectance ( D R I F T ) , emission, photoacoustic, photothermal beam 
deflection, or surface electromagnetic wave ( S E W ) spectroscopies are primar
i ly attributed to the enhanced sensitivity of the F T instruments. A schematic 
diagram of each technique along w i t h a br ief description is given i n F igure 3. 
Because many of the presented techniques are capable of surface-depth 
profi l ing, Table I provides the approximate depth-penetration ranges, and 
other characteristics for the surface techniques are illustrated i n F igure 3. 

I n spite of the fact that the step-scan interferometry has been w e l l 
documented i n the past (15, 16), only recently has the coupl ing between 
dynamic F T I R and step-scan interferometer been documented (17). I n an 
ordinary, continuous F T operation, a movement of the M i c h e l s o n interferom
eter mirror modulates each I R wavelength at the F o u r i e r domain frequency, 

/ = 2v/k, where υ is the mirror velocity of the M i c h e l s o n interferometer 
and λ is the wavelength of I R light. T h e step-scan mode of detection uses the 
same moving mirror , but the mirror moves i n steps, and upon complet ion of 
each step the mirror stops and data are collected. Al though the mirror may 
move slightly dur ing the data collection, the most recent designs provide a 
fixed mirror position. T h e uti l i ty of such step-scan interferometry was ex
tended to two-dimensional infrared spectroscopy, earlier introduced b y N o d a 
(18, 19), and photoacoustic depth profi l ing of polymer laminates (20). I n the 
recent studies (21) the phase photoacoustic signal analysis, w h i c h gives a 
constant thermal diffusion length across the photoacoustic spectrum, was 
examined. As opposed to the continuous F T scanning interferometer, such an 
approach makes the surface depth of penetration at all wave numbers the 
same and thus makes surface-depth profi l ing analysis of polymers simpler. 
This condit ion is not true for the spectra obtained w i t h the modulat ion 
frequency variations. 

I n Raman spectroscopy, the situation is quite different. This difference 
lies i n the nature of a nonresonant versus a resonant process. In the Raman 
scattering experiment, only a small fraction of the incident photons are 
inelastically scattered w i t h a change i n energy. Thus they contain information 
about the normal modes of vibration of the molecule, roughly one i n a 
mi l l ion . Because these incident photons can also participate i n other photo-
physical processes such as absorption and fluorescence, often unavoidable 
interference i n a form of fluorescence may result. It usually comes f rom 
impurities or the sample itself and can completely dominate the weak Raman 
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12 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Table I. Approximate Depth Penetration Ranges for Various Surface 
FTIR Techniques 

Depth Penetration Preferred Surface 
Technique Range Characteristics 

A T R 40 Â-7 μιη smooth, in good contact 
with an A T R crystal 

R - A monolyer-2 μ m coated, shiny metallic 
D R I F T monolayer to a few 

micrometers 
powder, rough 

Photoacoustic 100 Â-150 μιη no restrictions 
Photothermal similar to PA 
S E W monolayer metallic 
Emission 40 Â-few micrometers no restriction 

scattering. W h e n a laser source w i t h an excitation frequency i n the ultraviolet 
or visible range is used to produce Raman scattering, absorption processes 
that may cause fluorescence can be often several orders of magnitude 
stronger than the actual Raman component of the scattering process. M a n y 
approaches to avoid this problem have been tr ied, ranging f rom the addition 
of quenching agents to time-based discrimination between the fluorescence 
and Raman events. Notable successes have been achieved, but no universal 
solution. The only way to completely avoid fluorescence is to avoid the 
absorption process giving rise to the fluorescence. I f the excitation source is 
shifted into the near-infrared region of the spectrum, the incident photons 
may not have enough energy to exceed the threshold for absorption. This 
condit ion can be ensured by designing a Raman experiment using a long-
wavelength near-infrared laser. As a result, a Raman spectrum that is 
relatively free f rom fluorescence interference can be produced, although 
difficulty arises f rom the poor sensitivity of conventional near-infrared spec
trometers. As a matter of fact, the first such experiments, w h i c h were 
conducted by Chantry et al. (22) i n the 1960s, showed that Raman scattering 
due to iodine i n carbon tetrachloride can be achieved w i t h infrared excitation 
and an interferometer. Al though the quality of the spectra and resolution left 
m u c h to be desired, this was the first reported study i n the infrared region. 
However , good shot-noise-limited detectors available i n the visible region are 
no longer operative beyond 1 μ ιη . T o compensate for the poor detector 
performance, an obvious instrument to employ is an interferometer, w h i c h 
has a large multiplex advantage w h e n operated i n a detector-noise-limited 
experiment. 

As already stated, to induce fluorescence-free Raman scattering, mono
chromatic light i n the near-IR region must be used. This fight source can be 
achieved by replacing an ordinary infrared source of radiation wi th a N d : Y A G 
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1. URBAN Fourier Transform Infrared and Raman Spectroscopy 13 
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Figure 4. Schematic diagram of Fourier transform Raman spectrometer. 

{Reproduced from reference 24. Copynght 1986 American Chemical Society.) 

laser and the use of near-IR detector, such as that il lustrated i n F igure 4. 
Similarly w i t h F T I R spectroscopy, the fact that almost all light is used i n a F T 
Raman experiment is advantageous, although it has several associated prob
lems. A l l frequencies of light fall on the detector at once, and hence i n an F T 
Raman experiment, the dominant Rayleigh l ine (the photons scattered at the 
incident frequency) w o u l d cause detector saturation. This one strong line 
must be optically filtered out before striking the detector. T h e filter should be 
selective enough that associated Raman lines are not filtered out. C u r r e n t 
technology using either dielectric filters or holographic filters allows Raman 
spectra down to 100 c m - 1 . A l though the F T Raman approach minimizes 
fluorescence, the sensitivity is d iminished by a factor of 16 f rom that of 
a visible-based Raman experiment done w i t h an argon laser operating at 
514.5 n m . T h e Raman scattering has a v4 dependence (see e q 4 ( v 0 ± v k ) 4 ) , 
so use of a long-wavelength laser involves loss i n scattered intensity. In spite 
of these difficulties, recent studies (21) showed that obtaining Raman spectra 
using a N d : Y A G laser as an excitation source along w i t h proper filtering and 
detection systems, such as presented i n F igure 4, are indeed feasible. T h e 
importance of effective filtering of the Rayleigh line is demonstrated i n 
F igure 5, w h i c h shows F T R a m a n spectrum of bis(phenylimino)-
terephthaldehyde ( B P T ) w i t h single, double, and triple filtering. 

T h e experiments i n this field by H i r s c h f e l d and Chase (23, 24) opened 
new vistas i n the field of Raman spectroscopy by creating a Four ier counter
part of infrared, w h i c h appears to overcome certain limitations of the 
conventional Raman instrumentation. Subsequent improvements have l e d to 
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14 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

1 t < . ι . ι t t % J , ! I 
500 1000 1500 2000 2500 3000 

RAMAN SHIFT (cm"1) 
Figure 5. FT Raman spectrum of bis(phenylimino)terephthaldehyde (BPT) with 
single-stage filtering (À), double-stage filtering (B), and triple-stage filtering (C). 

(Reproduced from reference 24. Copyright 1986 American Chemical Society.) 

the use of F T Raman spectroscopy for qualitative and quantitative analysis of 
polymers and other materials, complementing F T I R spectroscopy established 
i n the early 1970s. T h e frequency diagram illustrating the location of vis
ible, near-infrared, mid- infrared, and far-infrared energy ranges is shown i n 
F igure 6. 
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16 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

FTIR Spectroscopy in Polymer Analysis 

A n immense amount of literature deals w i t h the analysis of polymer m i 
crostructures and characterization of polymers using both dispersive and 
interferometric infrared spectroscopy. As a matter o f fact, characterization o f 
various polymer functional groups through analysis of their vibrational group 
frequencies of individual polymers is a routine analytical task. The analysis of 
more subtle microstructural differences and changes w i t h i n the same poly
mer using infrared spectroscopy may provide such information as determina
t ion of distribution of copolymerized units i n polymer chains, determination 
of sequence length, configurational and conformational isomerisms, chain 
branching, end-group analysis, hydrogen bonding, chain order and crys-
tallinity, chain folding, and molecular orientations. T h e enhanced signal-to-
noise ratio available through the use of interferometry has resulted i n an 
extensive amount of work i n the infrared and Raman spectroscopy of poly
mers. B o t h the theory of vibrational spectroscopy and its applications to 
polymeric systems have been treated by many useful monographs (25-27). 
W e focus on polymer analysis, w h i c h w o u l d be difficult without interferomet
ric detection. 

O n e of the rules of thumb i n vibrational spectroscopy is that the fewer 
the bands, the more ordered the structures are expected. A n example is the 
F T I R spectrum of polyethylene shown i n F igure 7, trace A . In essence, it 
consists of three regions of fundamental vibrations, due to C - H stretching 
(3000 c m " 1 ) , bending (1400-1500 c m " 1 ) , and wagging (700-800 c m " 1 ) 
normal modes of the C H 2 and C H 3 units. B y fol lowing the 3 n — 6 formula 
(or 3 n — 5 for linear molecules, where η is the number of atoms i n one 
molecule) and calculating a number of vibrational degrees of freedom for a 
polyethylene molecule wi th a molecular weight of 100,000 that consists of 
more than 7000 C H 2 units containing approximately η = 21,000 atoms, 
more than 63,000 vibrational modes w o u l d be predicted. This number is of 
course, not observed because a h igh concentration of the long-range ordering 
of the C H 2 groups and the fewer terminal C H 3 groups is present. However , 
as the molecular weight decreases, the concentration of the C H 3 groups 
increases, and as a result of local environment changes, new symmetries 
impose new selection rules leading to more complex spectra. Furthermore , 
w h e n defects such as kinks, folding, or bending of the polymer chains occur, 
a local symmetry of the chain units contributing to the defects w i l l be 
disturbed. This disturbance w i l l be reflected not only i n the changes of the 
selection rules leading to new bands i n the 1 3 0 0 - 1 4 0 0 - c m " 1 region, but also 
i n the band intensity changes. These changes are evidenced by several 
increasing bands i n traces Β through Ε of F igure 7, w h i c h illustrates D R I F T 
transmission spectra of the m o d e l compounds, C 7 2 H 1 4 4 , C 1 6 H 3 2 , C 1 5 H 3 0 , 
and C 1 4 H 2 8 , respectively. 
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18 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

T h e sensitivity of F T detection can be advantageous w h e n it comes to the 
detection of a small number of the structural defects compared to a total 
n u m b e r of the main species i n a polymer. O n e of the illustrative examples is 
chain folding i n polyethylene, i n w h i c h concentration of the C H 2 units 
involved i n folding is significantly smaller than the remaining C H 2 units. 
Whereas theoretical foundations of infrared b a n d intensities i n polymers w i t h 
and without chain folding were addressed and carefully executed by Abbate 
et al . (28), experimental studies were possible w h e n model compounds 
became available. As was predicted by Abbate et al . and conf irmed experi
mentally, the C - H bending modes due to C H 2 units at the fo ld point w i l l 
absorb i n the 1 3 0 0 - 1 4 0 0 - e m - 1 region. B y taking integrated intensity of the 
defect band or bands i n the 1300-1400-cm ~ 1 region, and ratioing it to the 
defect-free C - H bending modes at 1460 and 1470 c m - 1 , a calibration plot 
can be made between this intensity ratio and a total number of carbons i n the 
model compounds. W i t h such a correlation, the unknown polyethylene 
sample can be analyzed. F igure 8 depicts a calibration plot obtained using 
mode l C 1 4 H 2 8 , C 1 5 H 3 0 , C 1 6 H 3 2 , C 7 2 H 1 4 4 , C 9 6 H 1 9 6 , and C 1 6 8 H 3 3 4 c o m 
pounds (29) . T h e low-density polyethylene film sample is also marked on 
F igure 8 and appears to contain approximately 90 C H 2 units between each 
chain folding. 

Because of preferential orientation of polymer chains, usually induced by 
processing, transmission infrared measurements of polymer films often ex
hibit a certain degree of anisotropy. This anisotropy is reflected i n a higher 
concentration of normal vibrations i n the polymer film plane perpendicular to 
the direction of the incident beam. If the incident light is polarized parallel to 
the transition moment responsible for I R activity, the intensity of such 
transition w i l l be at maximum, provided that the transition is al lowed by I R 
selection rules. W h e n the same electric vector is perpendicular to the 
transition, the transition w i l l not be seen i n the I R spectrum because 
absorption of I R radiation is not only dependent upon the selection rules and 
concentration, but also o n the transition moment orientation. This issue is 
particularly important i n polymer films because on drawing, polymer chains 
may become oriented i n a draw direction. F o r various practical reasons such 
orientations are often desirable; i n particular, the orientation of polymer 
chains perpendicular to a draw direct ion is important because it may affect 
not only surface morphological properties, but also relaxation behavior, 
dimensional stability, and others. 

Al though i n the past I R spectroscopy was extensively used to determine 
orientation of the polymer chains through dichroic ratio calculations 1 i n 
oriented polymer systems (30-35), only recently the issue of surface crys-

1 Dichroic ratio is defined as D = A^/A ± where D is the dichroic ratio and Ay and A ± are 
absorbances obtained parallel and perpendicular, respectively, to the polymer draw directions. 
For two-dimensional studies, Fresner's orientation function defined as /= (D — 1)/(D + 
2XD 0 + 2)/DQ + 1) is usually used; DQ = 2 cot2 α; α is the transition-moment angle. 
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1 I I I ! I I i I I 
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# of C A R B O N A T O M S 
Figure 8. Intensity ratio plotted as a function of the number of carbon atoms in 

model compounds. 

tallinity has been addressed (36) . A c c o r d i n g to these studies, using direct 
intensity measurements of strong bands due to C H 2 bending and rocking 
normal vibrations obtained i n A T R , the crystallinity content at the surface is 
higher than that of the bulk of polymer. However , the analytical approach 
used i n these studies d i d not account for the surface optical effects, w h i c h 
can often cause distortions of intense A T R bands. W h e n this possibility is 
taken into account using K r a m e r s - K r o n i g transformation ( K K T ) and FrensePs 
relationships for parallel and perpendicular orientations ( 3 7 - 3 9 ) , it appears 
that the crystallinity content near the surface may be different (40). F igure 9 
illustrates the C H 2 bending modes at 1474 (a) and 1464 (b) c m " 1 , along w i t h 
the rocking modes at 730 (a) and 720 (b) c m - 1 of polyethylene. Spectrum A 
was recorded i n a transmission mode of detection, w i t h the I R incident light 
polarized perpendicular (s-polarized) to a draw direction of the sample, 
whereas spectrum Β was i n the parallel direct ion ( p-polarized). Traces C and 
D represent the spectra recorded i n the A T R mode at a 45° angle of 
incidence. A comparison of the transmission traces A and Β indicates that the 
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20 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

3 

Wavenumber (cm*1) 
Figure 9. FTIR spectra of polyethylene films: A, transmission perpendicular 
polarization; B, transmission parallel polarization; C, ATR perpendicular 
polarization; and D, ATR parallel polarization. Peaks a and b at 1474 and 1464 
cm~1 are CH2 bending modes; peaks a and b at 730 and 720 cm~1 are 
polyethylene rocking modes. (Reproduced with permission from reference 40. 

Copyright 1992 Butterworth.) 

intensity ratios of the 730- and 7 2 0 - c m - 1 bands are inverted w h e n going 
f rom perpendicular (A) to parallel (B) orientations; namely (IA/IB) _L < 
( I A / J B ) II . A l though a similar t rend is observed i n the A T R measurements 
(traces C and D ) , the changes are not as pronounced. I n either case, the 
intensity ratio is sensitive to the orientation effect, but this sensitivity is 
d iminished i n the surface-sensitive A T R experiment because a higher content 
of the randomly oriented amorphous phase or less crystalline phase near the 
surface is expected. F u r t h e r considerations on the use of K K T i n A T R can be 
found i n references 41 and 42. 

T o establish the surface erystallinity content, scrupulous characterization 
of the surface molecular orientations is necessary. Several approaches, inc lud
i n g A T R measurements using ρ-polarized light (43), orientation function 
measurements w i t h the t i l ted angles (44), or polarization modulat ion (45), 
were used. As an example, the dichroic ratios obtained f rom the intensity 
measurements of the 730- and 7 2 0 - c m - 1 bands obtained i n transmission are 
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plotted as a function of the penetration depth at 720 c m - 1 i n F igure 10, A 
and B, and are compared to the corresponding A T R measurements shown i n 
F igure 10, A' and B\ Plot A of F igure 10 shows that wi th in a given range of 
the penetration depths, the dichroic ratio of the 7 3 0 - c m _ 1 band changes 
slightly but oscillates around unity. Because the transition-moment vector of 
this band coincides w i t h the orthorhombic unit cel l a axis, these results 
indicate that the a axis is either randomly oriented along the f i lm plane or 
preferentially oriented perpendicular to the film plane direct ion. I n contrast, 
plot A' indicates that the dichroic ratios of this band measured from the 
transition spectra are m u c h greater, reaching almost 1.4 values. These obser
vations suggest that, i n the core of the film, the a axis is predominantly 
oriented along the film draw direction. Similar results for A T R measurements 
are il lustrated by curves Β and B ' i n F igure 10. 

T h e use of dichroic and trichroic ratios to determine polymer orientation 
provides an additional dimension to the polarization experiments and was 
demonstrated i n the past. F o r example, the three-dimensional technique is 
based on a sample t i l t ing w i t h respect to the incident polar ized radiation. In 
recent studies, F i n a and K o e n i g (44, 46, 47) extended previous trichroic 
measurements by establishing the effect of refractive index dispersion and 
determination of the l imi t ing factors. The trichroic ratio technique was 
applied to poly (ethylene terephthalate) ( P E T ) films to calculate the trichroic 

1.40 

1,20 

1 loo 

ο 
"δ 

»-< 

!§ 0,80 
Q 

0.60 

0.4Q 
0.75 0.90 1.05 1.20 1.35 1.50 

Depth of Penetration (μπι) 
Figure 10. Dichroic ratios plotted as a function of penetration depth. 
(Reproduced with permission from reference 40. Copyright 1992 Butterworth.) 

A ' : 730 cm"1, Transmission 

A : 730 cm' 1, A T R 

• B: 720 cm'1, A T R 

B': 720 cm"1, Transmission 
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absorption on one-way drawn P E T films and to establish the distribution of 
vibrational modes i n the plane transverse to the draw direction. F o r example, 
F igure 11 illustrates the calculated thickness direct ion spectrum along w i t h 
parallel and perpendicular experimental spectra of P E T . O n the basis of these 
measurements, the morphological model of one-way drawn P E T was pro
posed. 

H y d r o g e n bonding i n polymers has been of interest for quite a whi le . 
C o l e m a n and co-workers (48, 49) init iated spectroscopic studies on the 
compatibil i ty of polymer blends i n w h i c h hydrogen bonding was a key player 
because its strength and concentration significantly affected compatibil i ty of 
two polymers. C a r b o n y l stretching vibrations have proven to be a straightfor
w a r d quantitative probe of molecular mixing for such b l e n d systems as 
poly ( 4 - v i n y l p h e n o l ) - p o l y (v inyl acetate) ( P V P h - P V A c ) , p o l y e t h y l e n e -
poly(v inyl acetate) ( P E - P V A c ) , and polyacetones. F o r the e thylene-v inyl 
acetate ( E V A ) blends, carbonyl normal stretching vibrations were employed 
as a probe of molecular mixing and showed high sensitivity of this band to 
intermolecular mixing. Because the strength of intermolecular interactions 
through hydrogen bonding is also affected by a kinetic energy of the system, 
simultaneously heating and cool ing the sample dur ing infrared measurements 

ta 
oc ο 
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^ 8 1 2 
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WAVENUHBERStoT1) 
Figure 11. Parallel and perpendicular polarized spectra of PET. The thickness 
direction spectrum (TH) was generated from the parallel and perpendicular 
measurements. (Reproduced with permission from reference 47 Copyright 1986 

Wiley Intersciences.) 
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provides a means of determining the strength of the interactions and misc ibi l -
ity of polymers. F o r example, F igure 12 illustrates a series of F T I R transmis
sion spectra recorded dur ing a heating cycle of 8 0 - 2 0 % (w/w) r e s o l - E V A 
b l e n d and shows that wi th increasing temperature the amount of hydrogen-
bonded carbonyl groups decreases. This effect is demonstrated by vanishing 
intensities of the band at 1710 c m - 1 at the expense o f the increasing free 
carbonyl band at 1735 c m - 1 . 

Elastomeric polymer networks are often prepared f rom oligomeric 
molecules by chemically jo ining prepolymer chains i n a fairly random fashion. 
F T I R spectroscopy has been used i n various polymeric studies, but the 
detection of network structures that develop dur ing cross-linking has often 
been l imi ted because a relatively small number of bonds forms, compared to 
the total number of bonds present i n the system. Al though under such 
circumstances photoacoustic F T I R detection described i n this book might be 
a useful alternative and, i n many cases, a more sensitive approach, recent 
transmission F T I R studies of polyester-styrene ( P E s ~ S ) cross-Hnking have 
shown that a fraction of styrene (S) monomer homopolymerizes to form the 
network consisting o f S - P E s and P S - P E s branches (50) . Furthermore , the 
homopolymerizat ion process results i n atactic polystyrene (PS), w h i c h forms 
physical cross-Hnking along w i t h the chemical reactions between C = C bonds 
of P E s and S. This process is demonstrated i n F igure 13, w h i c h compares 
F T I R transmission spectra of isotactic, syndiotactic, and atactic stereoisomers 
w i t h the S - P E s cured film spectrum. Clearly, the 7 6 0 - c m - 1 band due to the 
C - H bending out-of-plane normal vibrations of the phenyl groups i n spectra 
C and D is the same i n both spectra. Other spectral regions also confirm the 
presence of atactic polystyrene. These studies are i n contrast to the previous 
electron microscopy studies, w h i c h assumed polyester gel formation upon 
cross-linking and neglected the possibility of styrene homopolymerizat ion. 

0.75H 

1800 1760 1720 1680 1650 
cm"1 

Figure 12. Intensity changes of the carbonyl groups resulting from temperature 
increase. (Reproduced from reference 48. Copyright 1987 American Chemical 

Society.) 
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810 780 750 720 690 660 

Wavenumbers (cm-1) 
Figure 13. Transmission FTIR spectra of isotactic PS (A), syndiotactic PS (B), 
atactic PS (C), and styrene-polyester (D). (Reproduced with permission from 

reference 50. Copyright 1991 Butterworth.) 

FT Raman Spectroscopy in Polymer Analysis 

A s indicated i n the introduction, the pr imary motivation for the development 
of F T Raman spectroscopy is the minimizat ion of background fluorescence. 
O n c e this step is accomplished, F T R a m a n spectroscopy can be ut i l ized fully 
not only for the analysis o f polymer structures, but also i n monitor ing their 
formation. This use is particularly important w h e n the band-intensity changes 
due to totally symmetric vibrations (for example, C = C stretching) can be 
used as a measure of certain processes. T o illustrate this use, F igure 14 shows 
the spectra of methyl methacrylate polymerization done i n the presence of a 
highly fluorescent diazo initiator (B . Chase, private communication). T h e loss 
of double-bond intensity is clearly seen after 4 h of reaction. F igure 15 shows 
the intensity o f the C = C b a n d normal ized to the intensity of the C - C H 3 

deformation. This normalization is required because the scattering power of 
the reacting solution changes w i t h t ime and such change must be normal ized 
out i n order to observe the true loss i n intensity due to reaction. R a p i d data 
acquistion as w e l l as ease of sample handl ing make F T Raman spectroscopy 
an ideal tool for the study of such reacting systems. T h e advantage of no 
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TIME (min) 
Figure 15. A percentage conversion plot for the polymerization of methyl 
methacrylate at 65 °C in which C=C hand intensity at 1640 cm"1 is plotted as 

a function of time. 

sample preparation and the nondestructive nature of measurements place F T 
Raman and photoacoustic F T I R measurements i n a similar sampling cate
gory; namely, i n both cases m i n i m a l sample preparation is required. Because 
of that feature, the analysis of polyurethane- and polyurea-based forms as 
w e l l as advanced composites (51) was possible using F T R a m a n spectroscopy. 

Polyamides, commercial ly known as nylons, are synthesized by a self-con-
densation polymerization process to form - [ - N H - C O - ( C H ) n ] - , where η 
usually ranges f rom 3 to 12 (52, 53). T h e behavior of secondary amide 
groups is w e l l k n o w n (54), but the length of the C H sequence introduces an 
additional dimension to the properties o f nylons, because the C H 2 sequence 
may have a different degree of crystalhnity i n the different stereoisomer 
structures (55). F T Raman spectroscopy was used (56) to confirm previous 
spectroscopic findings on nylon fibers and illustrated that indeed F T Raman 
spectroscopy can produce fluorescence-free Raman spectra. Typica l spectra 
of nylon-6,6 and nylon-6,12 are shown i n F igure 16. E v e n without detailed 
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WAVENUMBERS (cm1) 
Figure 16. FT Raman spectra of nylon-6,6 (A) and nylon-6,12 (B). 
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identification of al l spectroscopic features, the presence of higher content of 
C H 2 groups is reflected i n th increased intensity of the C - H stretching 
bands around 3000 c m - 1 and relatively weak bands due to the C - O 
stretching bands at 1500 c m " 1 . This content w i l l certainly reflect the proper
ties of both polymers. 

M a n y commercia l polymers contain additives, such as chain terminators, 
antioxidants, and U V absorbers, and therefore the fluorescence problem is 
often quite severe i n such "less than p u r e " systems. In the past this prob lem 
has inhibi ted the use of Raman techniques for the study of such systems. T h e 
near-infrared ( N I R ) approach to Raman spectroscopy has permit ted the study 
of such systems. Another polymeric system that is of current interest i n many 
fields is the polyimides. These materials are finding applications i n compos
ites and electronic materials. The high level of fluorescence encountered i n 
these materials has made Raman spectroscopy impossible. 

Because of its nondestructive nature, F T Raman spectroscopy can be 
used for many sampling situations that do not permit sample modifications or 
i n situ studies. I n the first category, F T Raman spectroscopy was used i n the 
analysis of forest products (57) . T h e representative F T Raman spectra of 
redwood (soft wood) and oak (hard wood) are shown i n F igure 17. T h e band 
at 1269 c m - 1 i n trace Β is attributed to rosin (58), a characteristic compo
nent of soft woods. These studies showed that it is possible not only to 
differentiate between hard and soft woods, but the degree of hardness can be 
assessed by monitor ing the intensity changes of the 1 2 6 9 - c m - 1 band. Previ 
ous methods required the use of destructive extraction techniques. I n the 
second category, w h e n sampling situations do not permit i n situ studies, an 
illustrative example is the analysis of reaction-injection-molded ( R I M ) 
polyurethanes (59) shown i n F igure 18. T h e absence of fluorescence enabled 
a comparison of F T Raman polyurethane spectra that contain different 
hard-to-soft-segment ratios. T h e bands at 2974 c m - 1 ( C H 3 stretch), 2936 
and 2876 c m " 1 ( C H 2 stretch), and 1456 c m " 1 ( C H 2 bend) are attributed to 
soft segments consisting of polyethylene oxide and polypropylene. Other 
bands at 640, 900, 1184, and 1617 c m " 1 are due to aromatic rings o f hard 
segments, those at 1712 c m " 1 are due to carbonyl groups, and those at 1523 
c m " 1 are due to amide I. 

W h e n the Raman effect was recognized as a useful tool for studying 
biological systems, it was quickly realized that the band intensities were often 
too weak to be used for analysis. As a matter of fact, under many c i r c u m 
stances the bands due to solvent molecules w o u l d be the only spectral feature 
detected (unless weakly scattering water was a solvent). T h e situation changed 
very quickly w h e n resonance Raman (60) was brought up as one o f the 
alternatives (61-63). In this case, w h e n the electronic b a n d w o u l d match 
w i t h the excitation laser fine and a given transition was vibronically allowed, a 
strong band enhancement w o u l d be observed. Because many biologically 
active molecules or their models exhibit electronic transitions i n ul traviolet -
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(A) 

1269 
(B) 

1 1 1 1 1 "1 
500 1000 1500 2000 2500 3000 3500 

VftYENUHBER CM-1 
Figure 17. FT Raman spectra in the 3500-80-cm 1 region of redwood (A) and 
oak (B). (Reproduced with permission from reference 57. Copyright 1990 

Society for Applied Spectroscopy.) 

visible ( U V - v i s ) region, R a m a n bands recorded by using the U V - v i s excita
t ion laser l ine can be enhanced. However , w h e n the sample or impurit ies i n 
the sample induce strong fluorescence, even resonance Raman conditions 
cannot help. Because the near-IR excitation l ine is used to produce F T 
R a m a n spectra, leaving fluorescence beh ind i n the U V - v i s region, F T Raman 
measurements may be an attractive alternative for biological studies. A useful 
application of this technique was recently reported on photoactive proteins, 
i n w h i c h the photoability l imits the laser power used to generate resonance 
excitation i n the U V - v i s region (64). A n interesting feature found i n these 
studies was that the spectrum of bactriorhodopsin is dominated by a nonreso-
nant Raman scattering component due to the prote in-bound pigment retinal, 
whereas the dominating features i n the reaction centers are bacteriopheo-
phyl in , bacteriochlorophyll , and carotenoids. Furthermore , the relative band 
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Soft Block 
Hard Block 

Ρ* \ /? 0 Ç2H, \ 0 0 

I 1 1 1 1 1 1 1 
297.0 697.0 1097Λ 1497Λ IÔ97& ΖΖ97Λ 2097JÛ 0097J0 

R A M A N SHIFT (cm1) 
Figure 18. FT Raman spectra of RIM polyurethanes containing 35% (A) and 
12.5% (B) (W/W) hard segments. (Reproduced with permission from reference 

59. Copyright 1990 Society for Applied Spectroscopy.) 

intensities i n the spectrum o f retinyline recorded under nonresonant condi
tions were identical to those observed i n the resonance Raman spectrum of 
bacteriorhodopsin. 

M a n y biological macromolecules contain chromophores that are intrinsic 
parts o f the species of interest. U p o n exposure to visible light, such as i n a 
typical n o n - F T Raman experiment (65), chromophoric entities often fluo-
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DPPC/AMPHOTERICIN Β (24:1) 
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Figure 19. Raman spectra of DPPC with amphotericin (mole ratio = 24:1): A, 
dispersive spectrum; B, FT spectrum. (Reproduced with permission from 

reference 70. Copyright 1977 Elsevier.) 

resce and thus give rise to undesirable background that usually prohibits 
measurement o f a detectable Raman signal. F o r these reasons, F T Raman 
spectroscopy was chosen to study membrane structures, specifically as a 
sensitive probe of molecular fluidity manifested i n a form of rotational 
isomerism of the hydrocarbons i n phosphol ipid membrane components (66). 
I n another study (67), the same authors further enhanced the F T advantage 
to ehromophoric species and ut i l ized 90° scattering, w h i c h appears to pro
duce results similar to those obtained w i t h 180° geometry. 

T h e use of ordinary Raman spectroscopy of biological systems has been 
extensive (68). In an effort to elucidate molecular-level mechanisms responsi
ble for interactions between drugs and membranes, Lewis et al. (69) used 
fluorescence-free F T Raman spectroscopy and examined model polyene 
antibiotics i n the presence of model membrane l i p i d bilayers. Al though 
specific findings are beyond the scope of this chapter, F igure 19 illustrates a 
useful example of Raman spectra i n the C - H stretching region of polyene 
r ing system i n amphoteric in Β (70), a potential antifungal antibiotic. Interac
tions of this drug w i t h dipalmitoylphosphatidylcholine ( D P P C ) l iposomal 
bilayers may provide valuable insights into the drug mode of action as a 
putative membrane channel former. T h e dispersive Raman spectrum shown 
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by trace A of F igure 19 gives only fluorescence background, whereas F T 
Raman measurements shown i n trace Β provide a good signal-to-noise ratio 
Raman spectrum. T h e effect of poly(L-alanine) sequence lengths on struc
tural properties was examined by using F T Raman spectroscopy (71). In 
contrast to the previous studies (72), shorter oligomers do not exhibit β-sheet 
secondary structures, but contain a significant amount of α-helix. Apparently, 
the presence o f strong bands at 440 and 240 c m - 1 is responsible for β 
structures that are found i n oligopolypeptides containing 10 po ly (L-a lan ine ) 
units, and the species w i t h 40 units have characteristic bands at 375, 335, and 
120 c m - 1 attributed to the α-helical conformers (73). Because the C o - C 
b o n d i n photolabile methylcoenzyme Β plays a key role i n many biological 
processes, the determination of its strength was of pr imary importance (74). 
Studies using F T R a m a n spectroscopy showed that the C o - C vibrational 
frequency is at 500 c m " - 1 for methylcobalamin. This assignment was con
firmed b y detection of the band at 470 c m - 1 due to C o - C stretch i n 
deuterated methylcobalamin (75). I n other studies, Sommer and Katon (76) 
addressed the issue of Rayleigh rejection and spatial resolution wi th several 
examples of polyamide (Kevlar) and w o o d fibers. 

T h e problem of thin- f i lm analysis by Raman spectroscopy is basically one 
of sensitivity. T h e scattering volume is quite l o w i n a th in film, and w h e n the 
scattering cross section is reduced b y going to the near-IR, detection of the 
small number of scattered photons becomes extremely difficult . E i t h e r the 
scattering volume must be increased or the cross section increased. T w o 
alternatives exist for increasing the cross section: resonance Raman and 
surface-enhanced Raman spectroscopy. Resonance excitation requires an 
electronic absorption near the laser frequency. Al though the move to the 
near-IR region was prompted by moving away f rom electronic absorption 
bands w i t h a premise that it is not l ikely to find systems w i t h near-IR 
excitations, i n some cases the presence of absorption bands may be advanta
geous. F o r example, macrocyclic phthalocyanines and their polymeric coun
terparts have electronic transition bands i n the near-IR region, and the only 
possibility of obtaining I R and R a m a n spectra is to use photoacoustic F T I R 
and F T Raman spectroscopy, respectively (77-79). Surface-enhanced Raman 
spectroscopy ( S E R S ) has been shown to exist w i t h near-IR excitation. I n fact, 
the enhancement factors for gold and copper are larger i n the near-IR than i n 
the visible region. S E R S has also been used extensively to understand 
molecular mechanisms relevant to adhesion of polymers and p o l y m e r - m e t a l 
interactions. T h e major contributions i n this area are obviously credited to 
Boerio and co-workers (80-84), who successfully established the effect of 
substrates on various m e t a l - p o l y m e r chemical reactions. W i t h the use of F T 
Raman, S E R S may become an even more powerful approach to the analysis 
of polymers. A l t h o u g h local electromagnetic effects on rough A g , A u , or C u 
surfaces can enhance the Raman scattering signal f rom monolayers up to 1 0 6 

stronger (85), the enhanced near-IR excited S E R S spectra were reported to 
be 1 0 5 - 1 0 6 stronger than a normal Raman spectrum for pyridine (86). 
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FTIR and FT Raman Microscopy: Remote Measurements 

Continual ly increasing demand for i n situ and remote measurements of 
various chemical processes presents new opportunities for both F T vibra
tional spectroscopies. I n many sampling situations the amount of sample is 
l imi ted and thus does not permit the use of c o m m o n modes of detection. 
Al though a spectral collection using a microscope involves the same measure
ments, the difference is the necessity to use focused light to a desired 
diameter. Such applications require the use of a focusing apparatus, w h i c h 
narrows the incident beam to a diameter of the transmitting fiber optics and 
applies such modif ied light to a sample of interest. Al though focusing can be 
also accomplished w i t h a focusing microscope objective, the spatial resolu
tions for I R and Raman measurements vary substantially. F o r example, it is 
impossible to obtain I R spectra of objects smaller than 6 - 1 0 μπι because of 
interference l imits, as the diameter of the aperture begins to match the 
wavelength of I R light. T h e situation is different i n R a m a n microscopy i f 
visible light is the excitation source and a commonly accepted 1 - 3 μ m spatial 
resolution is expected. T h e use of F T I R microscopy to view and record I R 
spectra of Kevlar fibers (87) and polymer laminates (88) has been reported. 
As an example, F igure 20 illustrates a series of F T I R spectra recorded f rom 
the cross section of the multi layer polymer sample. F T Raman measurements 
have also been demonstrated (89), although further modifications are war
ranted. As another example, F igure 21 illustrates optical arrangements re
quired to obtain F T Raman spectra. W i t h this approach, good quality F T 
Raman spectra of 12-μπι thick Kevlar fibers, as wel l as other polymers, have 
been shown ( D . B . Chase, private communication). 

Once the feasibility of F T I R and F T Raman microscopy was demon
strated, a fiber-optic probe was developed (90, 91). F igure 22 illustrates the 
principle of fiber-optic arrangements for F T Raman experiments. I n this 
system, a single fiber at the center is used to deliver the laser light to the 
sample. This single fiber is surrounded by 18 collecting fibers, w h i c h , u p o n 
collection of scattered light, send the scattered light to the interferometer. 
A l t h o u g h a pr imary l imitat ion i n the m i d - F T I R range is sti l l l imi ted through
put of the fiber optics, F T I R fiber-optic measurements have received quite a 
bit of attention i n the near-IR region. A r c h i b a l d et al. (92) demonstrated 
remote near-IR reflectance measurements w i t h the use of a pair o f optical 
fibers and a F T spectrometer. Remote F T Raman measurements using 
near-IR have been also shown (93). 

Summary and Conclusions 
T h e primary objective of this chapter was to identify and outline the fun
damental principles and selected applications of F T vibrational spectroscopy 
for polymer analysis that are not covered i n the remaining chapters of this 
book. Al though the advantages of the F o u r i e r transform techniques are very 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

1

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



34 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

ι ι * i t 
4000 3000 2000 1000 

W A V E N U M B E R 
Figure 20. FTIR spectra of a cross section of a multilayer polymer laminate, 
(Reproduced with permission from reference 88. Copyright 1986 Society for 

Applied Spectroscopy.) 
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HeNe 
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Moving 
Mirror 

Beamsplitter 
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_ / Collimator 

Sample 
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Figure 21 A. The diagram of the macroscopic Raman collection system used for 
microscopic experiments shown in Figure 21R. (Reproduced with permission 

from reference 89. Copyright 1989 Society for Applied Spectroscopy.) 

powerful , new developments i n H a d a m a r d transform spectroscopy or redis
covery of step-scan mode interferometry and coupl ing it to a dynamic, along 
w i t h a rapid-scan F T I R spectrometer, make the field of polymer vibrational 
spectroscopy appealing not only to those who are engaged i n designing new 
instruments, but also to those involved i n structural and quantitative studies 
of polymers. 

Al though the advantages of using the near-IR excitation and interfero-
metric approach i n the F T R a m a n experiment have been w e l l documented, 
and new developments leading to a better signal-to-noise ratio are expected 
to occur, continuous developments are reported i n dispersive Raman spec
troscopy. T h e main disadvantage of the F T method comes f rom an i n c o m 
plete rejection of the Rayleigh l ine i n the near-IR region, resulting i n a 
reduced overall signal-to-noise ratio and i n the low-frequency region loss. 
A l t h o u g h the use of C h e v r o n 2 filters may improve F T detection (94), the use 

2 Chevron filter consists of four mirrors in the following configuration. 
They can be purchased from the Omega Optical Co. Brattleboro, VT. 

\ 
/ 
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REFLECTED LIGHT EYEPIECES 

(B) 
Figure 2 IB. For microscopic experiments B, the sample and ellipse shown in 
Figure 21A are replaced by this apparatus, which consists of an FTIR microscope 
accessory operating in the reflectance mode. (Reproduced with permission from 

reference 89. Copyright 1989 Society for Applied Spectroscopy.) 
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Collection fibres 

end 
3Ut fibre 

Figure 22. A schematic diagram illustrating the fiber-optic probe used with the 
FT Raman spectrometer. (Reproduced with permission from reference 91. 

Copyright 1990 Elsevier.) 

of near-IR excitation (95) and mult ichannel detectors for wavelengths shorter 
than 1 μπι is possible (96, 97) . 

W i t h the continually increasing computer capabilities, data processing, 
and information theories, two- and three-dimensional experiments both i n I R 
and Raman techniques w i l l become fairly c o m m o n . T h e instruments w i l l 
become even faster and allow monitor ing processes not observable. 
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Vibrational Spectroscopy of Polymers 
Analysis, Physics, and Process Control 

H . W. Siesler 

Department of Physical Chemistry, University of Essen, D 4300 Essen, 
Germany 

Improvements in rapid-scanning Fourier-transform infrared (FTIR) 
spectroscopy, the recent introduction of Fourier-transform Raman 
spectroscopy, and the more efficient exploitation of the near-infrared 
region launched vibrational spectroscopy into a new era of polymer 
chemical and physical applications. On the one hand, increased sensi
tivity led to breakthrough sampling techniques such as photoacoustic 
spectroscopy and diffuse reflectance measurements; on the other hand, 
improved time resolution largely enhanced the potential of FTIR 
spectroscopy for on-line combination with other techniques such as 
gas and liquid chromatography or thermal analysis. Significant 
progress also has been made in the characterization of time-dependent 
phenomena by the simultaneous acquisition of spectral and other 
relevant physical data (e.g., during mechanical measurements). Fur
thermore, multivariate data evaluation, which was restricted to near-IR 
multicomponent analysis of agricultural products for more than a 
decade, is increasingly applied in the field of polymer analysis. Last, 
but not least, the development of fiber optics for the near-IR wave
length range has opened up completely new areas for process control 
and remote sensing. 

\^IBRATIONAL SPECTROSCOPY IS AN IMPORTANT TOOL FOR CHARACTERIZATION 
of the chemical and physical nature of polymers. In principle , the comple
mentary techniques of infrared and Raman spectroscopy provide qualitative 

0065-2393/93/0236-0041$ 12.75/0 
© 1993 American Chemical Society 
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42 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

and quantitative information about the fol lowing structural details of a 
polymer: 

• C h e m i c a l n a t u r e a n d c o m p o s i t i o n : structural units, type and 

degree o f branching, e n d groups, additives, impurit ies 

• S t e r i c o r d e r : cis/trans ( Z / E ) isomerism, stereoregularity 

• C o n f o r m a t i o n a l o r d e r : physical arrangement of the polymer 
chains (planar or nonplanar), regular conformations 

• T h r e e - d i m e n s i o n a l state o f o r d e r : crystalline and amorphous 
phases, number of chains per unit cel l , intermolecular forces, 
lamellar thickness 

• O r i e n t a t i o n : type and degree of preferential polymer chain 
and side group alignment i n anisotropic materials 

Despite the uncontested importance of vibrational spectroscopy for the 
characterization of macromolecular structure, it should be emphasized that 
only a l imi ted number of problems may be solved by its exclusive application. 
In the majority of cases maximum information on the structural details i n 
question can be obtained only by an appropriate choice and combination of 
chemical and physical methods. I n this respect the introduction of rapid-scan
ning Fourier- transform I R ( F T I R ) and F T - R a m a n spectroscopy and the 
advantages of these methods over conventional dispersive instrumentation 
have revitalized the uti l ization of vibrational spectroscopy i n polymer re
search. In combination w i t h other techniques and the application of destruc
tion-free sampling procedures, F T I R and F T - R a m a n spectroscopy allow a 
better correlation o f the spectroscopic data w i t h the results obtained b y other 
methods f rom the original sample. 

T h e intention of the present chapter is to review some aspects of m i d -
and near-infrared and Raman spectroscopy i n polymer research w i t h special 
emphasis on selected examples of diffuse reflectance measurements, compar
ison of photoacoustic F T I R and F T - R a m a n spectroscopy, dynamic F T I R 
characterization o f t ime- and temperature-dependent phenomena, and the 
application of light-fiber optics to process control and remote sensing. 

Experimental Details 

T h e principles, theory, and instrumentation of F T I R spectroscopy have been 
covered i n detail i n several books and reviews (1-4). T h e F T I R spectra 
presented here were measured on spectrometers (Nicolet 7199 and R r u k e r 
IFS88) . 

Since the introduction o f laser sources dur ing the 1960s, a vast amount of 
work has been undertaken using Raman spectroscopy to probe a wide range 
of polymeric structures (4, 5-7). Convent ional Raman spectrometers that 
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2. SlESLER Vibrational Spectroscopy of Polymers 43 

were used to carry out this work generally consist of a visible laser source, an 
efficient double or triple monochromator, and a photomult ipl ier detection 
system. However , a number of problems are inherent i n the application of 
conventional laser Raman spectroscopy to polymer systems. F o r a large 
proport ion of samples, irradiation w i t h visible light caused strong fluores
cence of additives and impurit ies that was superimposed o n the weak Raman 
signal. A number of (sometimes very t ime-consuming) approaches were 
attempted to circumvent this problem, inc luding pr ior purification, burn ing 
out the fluorescence, shifting the excitation fine, or using pulsed lasers. These 
approaches, at best, have been only partially successful. A further prob lem 
w i t h conventional Raman spectroscopy is that highly colored samples or 
polymers that contain fillers may absorb the Raman photons w h i c h prevents 
the photons f rom reaching the detector and leads to thermal degradation of 
the investigated polymer. T h e foregoing difficulties are some of the reasons 
w h y the Raman technique is not as familiar as infrared techniques, despite 
the fact that, i n certain circumstances, Raman spectroscopy has a number of 
advantages over infrared spectroscopy. T h e recent development of F T - R a 
man spectroscopy (8-12), however, increases the l ikel ihood that this tech
nique w i l l become standard instrumentation i n spectroscopic laboratories. 

T h e main features of an F T - R a m a n instrument are as follows: 

• a n e o d y m i u m - y t t r i u m a luminum garnet ( N d - Y A G ) laser, oper
ated at 1064 n m w i t h a power output range of 0 - 2 W 

• an efficient dielectric filter system to remove the Rayleigh 
component of the scattered radiation 

• a F T I R spectrometer equipped w i t h a quartz or calc ium fluo
ride beam splitter for operation i n the near-infrared region 

• a photoelectric detector; usually a cooled germanium unit (at 77 
K ) or an i n d i u m - g a l h u m - a r s e n i d e ( InGaAs) detector operating 
at ambient temperature 

• a Raman sampling compartment w i t h 1 8 0 ° or 9 0 ° lens-based 
optics 

T h e use of near-infrared excitation confers a number of advantages o n a 
F T - R a m a n system. B o t h fluorescence and self-absorption of the Raman 
signal are very m u c h reduced and, due to the lower energy of the exciting 
fight, thermal degradation is also less of a problem. A further breakthrough i n 
this field is the development of a F T - R a m a n microscope system for small 
samples i n the micrometer range that offers the application of mapping 
procedures (13). However , compared to conventional Raman, F T - R a m a n 
does have some disadvantages and limitations. It is less sensitive because, due 
to the proportionality of the Raman scattering cross section to the fourth 
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44 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

power of the exciting frequency, the shift f rom the visible to the near-infrared 
region reduces the intensity of Raman scattering. Furthermore , as a conse
quence o f detector and filter limitations, the Raman shift can presently only 
be measured between ~ 3500 and 100 c m - 1 . This long-wavelength cutoff 
excludes the investigation of longitudinal acoustic modes i n lamellar polymer 
structures (4, 7) . 

T h e Raman spectra presented here were carried out using a F T - R a m a n 
accessory (Bruker F R A 1 0 6 ) that was interfaced to the F T I R unit (Bruker 
IFS88) . 

Diffuse Reflectance FTIR Studies of the Glass 
Powder-Coupling Agent Interface of a Composite 

T h e interface between the reinforcement and the polymer material is of 
crit ical importance to the mechanical properties and performance of compos
ites, and coupl ing agents are used to improve the interfacial bonding (14, 
15). Because of its nondestructive sample preparation procedure, and high 
sensitivity to surfaces, diffuse reflectance F T I R spectroscopy has proved to be 
one of the most successful techniques to study the reaction of a coupl ing 
agent w i t h either the resin matrix or the reinforcement material (16, 17). 
Frequently, organofunctional silanes are used to promote the adhesion be
tween the inorganic reinforcement and the organic polymer. I n feasibility 
studies concerning the substitution of amalgam-based dental filling materials 
by glass powder-polyacrylate composites, vibrational spectroscopy proved to 
be an extremely important method for investigation of the glass p o w d e r - c o u 
p l ing agent interface and the progress of the photoinitiated curing of the 
m o n o m e l i c diacrylate (18). F o r the composite under investigation, an appl ied 
7-methacryloxypropyltrimethyloxysilane coupl ing agent reacted w i t h the S i O H 
functionalities of the glass surface by condensation and formed bonds w i t h 
the diacrylate by polymerizat ion of the C = C double bonds (Structure 1). 

W i t h respect to a more detailed understanding of the microstructural 
changes at the glass p o w d e r - c o u p l i n g agent interface, the diffuse reflectance 
F T I R spectra of Aeros i l O X 50 (average particle diameter 50 n m ; 50 m 2 / g ) 
were studied as a function of increasing coupl ing agent coating. Attent ion was 
focused on spectroscopic changes of non-hydrogen-bonded and associated 
S i O H groups of the glass surface, the increase of O C H 3 and C H 2 functional
ities, and the variation of the proport ion of hydrogen-bonded and non-hydro
gen-bonded C = 0 groups. T h e amount of coupl ing agent was characterized 
by the organic carbon content determined independently by elemental analy
sis ( 1 % C corresponded to approximately 100 m m o l o f coupl ing agent o n 
100-g glass powder) . 

T h e spectra were measured i n a diffuse reflectance cel l (Harr ick) w i t h 
K C l as the inert reference matrix [sample:matrix about 1:2 (w/w)] and 500 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

2

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



-
S

i
-

O
H

 
/ ι

 g 
1 

a
s

s 

C
H

3
0 

D
 C

H
3 

\ 
II 

I 
C

H
3

0
-S

i-
(C

H
2

) 3
-D

-C
-C

=
C

H
2 

/ 
C

H
3
Q

 

c
o

u
p

li
n

g 
a

g
e

n
t 

p
o

ly
 m

er
 

i 
n

t
e

r
i

a
c

e 
i 

n
t

e
r

i
a

c
e 

St
ru

ct
ur

e 
1.

 T
he

 g
la

ss
 p

ow
de

r-
co

up
lin

g 
ag

en
t-

po
ly

di
ac

ry
la

te
 

co
m

po
si

te
 i

nt
er

fa
ce

s.
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

2

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



46 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

scans were accumulated at a resolution of 2 c m - 1 ( 0 . 9 6 4 - c m " 1 data point 
interval). Spectra of three selected samples w i t h organic carbon contents o f 0, 
0.95, and 1.8% are shown i n F igure 1 and reflect the fol lowing intensity and 
frequency changes w i t h increasing coating (F igure 2; ν denotes stretching 
vibration) (18): 

• T h e intensity of the sharp v ( O H ) absorption (3740 c m " 1 ) of 
non-hydrogen-bonded S i O H groups decreases drastically ( F i g 
ure 2a). 

• T h e intensity of the v ( O C H 3 ) absorption of the S i O C H 3 func
tionalities at 2848 c m - 1 increases (F igure 2b). 

• T h e intensity of the v ( C H 2 ) and v ( C = 0 ) t o t a l (F igure 2c) ab
sorptions i n the 2900- and 1 7 0 0 - 1 7 2 5 - c m - 1 regions, due to the 
coupl ing agent, naturally increase. A n absorption that can be 
assigned to free C = C resonance stabilized carbonyl groups 
gradually increases at 1718 c m " 1 at the expense of the init ial 
v ( C = 0 ) a s s o c i a t e d band at 1705 c m - 1 (F igure 2d). 

• T h e v ( O H ) absorption of hydrogen-bonded S i O H functionali
ties at 3666 c m " 1 slightly decreases. 

Thus, the mechanism for the chemisorption of the coupl ing agent at the 
glass powder interface can be outl ined. I n a first step, the free O H groups of 
the glass react completely w i t h the available S i O C H 3 functionalities of the 
siliconemethacrylate. As consumption of free S i O H groups increases, the 
hydrogen-bonded S i O H groups take over this reaction role (although to a 
smaller degree) and the percentage of unreacted S i O C H 3 groups increases. 
D u r i n g this process the percentage of non-hydrogen-bonded C = 0 groups of 
the coupl ing agent increases at the cost of the hydrogen-bonded moieties. 

T h e application of near-IR spectroscopy to determine the residual C = C 
double-bond content and enable estimation of the progress of the diacrylate 
cur ing process w i l l be discussed i n the section o n near-IR spectroscopy. 

FTIR Photoacoustic Spectroscopy Compared 
to FT-Raman Spectroscopy 

T h e request for rapid identification of unknown polymeric materials w i t h 
varying morphologies is a very c o m m o n problem i n analytical laboratories. 
D u e to the broader availability of F T I R instrumentation, the task is often 
accomplished using infrared spectroscopy even though there are frequently 
difficulties associated wi th finding a suitable sampling technique. Photoacous
tic F T I R as w e l l as F T - R a m a n spectroscopy offer a simple approach to this 
problem. Independently of the morphology, almost any polymer sample can 
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Figure 1. Diffuse reflectance FTIR spectra of Aerosil OX 50 coated with 
increasing amounts (0, 0.95, and 1.8% C) of coupling agent. Continued on next 
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Figure 1. Continued. 
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be placed i n the photoacoustic ( P A ) cel l or i n the laser beam to collect a 
spectrum i n a matter of minutes. T o demonstrate the preferential applicabil
ity of F T I R - P A and F T - R a m a n spectroscopy for the destruction-free ident i 
fication of polymer samples, some selected examples w i l l be discussed after a 
short introduction to the basic principles of photoacoustic F T I R spec
troscopy. 

T h e photoacoustic effect was first reported by B e l l i n 1881 (19), but the 
method remained i n the background unt i l a transducer more sensitive and 
selective than the ear could be found. It was not unt i l 1973 that a renaissance 
of photoacoustic spectroscopy occurred (20) , and since then numerous 
interesting applications of this technique have been reported i n the ultravio
let, visible, and near-infrared regions (21-25). T h e introduction of F T I R 
spectroscopy expanded the availability of P A spectroscopy to the mid- infrared 
region (25-28) where it is appl ied quite frequently to the investigation of 
polymers ( 2 9 - 3 0 ) . 

I n F T I R - P A spectroscopy the solid sample is placed i n an enclosed cel l 
w i t h an IR-transparent entrance w i n d o w and a bui l t - in sensitive microphone 
(Figure 3). T h e cel l contains air or, for increased sensitivity, another coupl ing 
gas, such as he l ium, under atmospheric pressure (25, 31, 32). This ce l l is 
mounted i n the sample compartment of the F T I R spectrometer and the 
microphone takes over the funct ion of a conventional F T I R detector. T h e 
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Figure 2. Intensity changes of selected absorption bands as a function of the 
amount of coating represented by the content of organic carbon. Continued on 

next page. 
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Figure 2. Continued 
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Figure 3. Scheme of a PA cell and principle of the photoacoustic effect. 

sample is irradiated w i t h polychromatic light that is modulated w i t h fre
quency / : 

f=2vv (1) 

where ν is the wavenumber (per centimeter) and ν is the mirror velocity 
(centimeters per second) of the Miche l son interferometer. W i t h a typical 
mirror velocity of 0.1 cm/s , the modulat ion frequencies vary between 800 
and 80 s - 1 i n the 4 0 0 0 - 4 0 0 - c m " 1 region, respectively. 

W h e n radiation of a certain wavelength is absorbed, the sample is excited 
to a higher energy level whence it can return to the ground state by emission 
of light or (more commonly) by nonradiative decay processes or heat release. 
T h e photoacoustic effect is based o n the heat release phenomenon. T h e 
released heat is transferred to the sample surface at a rate that depends on 
the thermal characteristics o f the sample. D u e to the modulat ion of the 
absorbed light, the nonradiative deactivation processes lead to a periodic 
sample heating that is coupled into the surrounding fill gas at the sample-gas 
interface and produces a pressure fluctuation w i t h i n the P A cel l . The acoustic 
wave is then propagated through a small connecting passage to the micro
phone chamber where the resulting P A s ignal—recorded as a funct ion of 
wavenumber—is correlated wi th the optical spectrum. 

P A spectroscopy has some limitations insofar as the frequency positions 
of absorption bands are reproduced but the band intensities cannot be 
interpreted according to the conventional rules of transmission spectroscopy. 
The signal saturation is a phenomenon that is important for understanding 
the P A effect and the interpretation of P A spectra (21, 23, 26, 32-34). T h e 
amplitude of the previously mentioned periodic heating is decreased by 
thermal damping processes dur ing propagation i n the investigated m e d i u m . It 
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can be shown (21, 23) that only the part of the sample wi th in a defined 
distance f rom the sample surface contributes to the heat transfer to the 
surrounding gas (23) and the intensity of the P A signal depends on the 
coefficients o f optical absorption and thermal diffusion. 

In the practical application of the P A spectroscopy method the spectrum 
of carbon-black is recorded as background and then ratioed against the P A 
spectrum of the sample under investigation. Because of the lower signal-to-
noise ratio for P A spectroscopy, longer scanning times ( in the range of 
minutes) are required compared to transmission spectroscopy. T h e P A spec
tra presented i n Figures 4, 5a, and 6 were taken i n a G i l f o r d - Nicole t 
photoacoustic cel l w i t h a mirror velocity of 0.11 cm/s and about 500 scans 
were accumulated w i t h a resolution of 4 c m - 1 ( 1 . 9 2 8 - c m _ 1 data point 
interval). Recent reproduction of the data i n a P A cel l ( M T E C M o d e l 200) on 
a F T I R spectrometer ( P e r k i n - E l m e r 1760X) w i t h a mirror velocity of 0.10 
cm/s and a resolution of 8 c m - 1 demonstrated that, despite a comparable 
signal-to-noise ratio, the number of scans could be pushed d o w n to 32, 
thereby reducing the analysis t ime considerably (35). 

T o demonstrate the potential o f photoacoustic F T I R and F T - R a m a n 
spectroscopy, the spectra of selected polymers i n different morphologies 

4000 3000 2000 1600 1200 
WAVENUMBERS 

800 4 00 

4000 3000 2000 1600 1200 
WfWENUMBERS 

800 400 

Figure 4. PA spectroscopy spectra of poly (vinylidene fluoride) granulate in the 
II (a) modification and fibers in the ΐ(β) modification. Asterisks denote 

characteristic absorption bands of the 11(a) form. 
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Figure 5. FTIR-PA (a) and FT-Raman (b) spectra of polyi^^phenylene 
terephthalamide) fibers. 
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Figure 6. FTIR-PA spectrum of a carbon-black-filled polycarbonate sheet. 
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were examined "as received." Notwithstanding the simplicity of sample 
preparation for both techniques, the F T I R - P A and F T - R a m a n spectra of 
poly(vinylidene fluoride) granulate and fibers shown i n Figures 4 and 7, 
respectively, clearly reflect absorption bands characteristic o f specific confor
mational states of order due to the differences i n the mechanical pretreat-
ment of the polymer dur ing the product ion process. Whereas the granulate 
occurs pr imari ly i n the T G T G conformation of the 11(a) form, the fibers have 
been transformed largely to the all-trans conformation of the Ι ( β ) modifica
t ion. 

i500 3000 2500 2000 1500 1000 500 

WAVENUMBER (cm-1) 

WAVENUMBER (cm"1) 

Figure 7. FT-Raman spectra of poly (vinylidene fluoride) granulate in the 11(a) 
form and fibers in the l( β) modification. 
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T h e phenomenon of saturation is demonstrated by the strongly reduced 
intensities (compared to a transmission spectrum) of the v ( C = 0 ) and 
v ( C - N ) + δ ( Ν - Η ) absorptions of the P A spectrum of poly(p-phenylene 
terephthalamide) fibers (F igure 5a). T h e excellent quality of the correspond
ing F T - R a m a n spectrum shown i n F igure 5b recommends F T - R a m a n spec
troscopy as the method of choice for such samples where saturation effects 
dominate the P A spectrum. D e p e n d i n g on the nature of the filler, either 
F T I R - P A or F T - R a m a n spectroscopy has advantages. I n the case of carbon-
black-f i l led polymers, F T - R a m a n spectroscopy usually fails to y ie ld useful 
spectra, whereas the excellent F T I R - P A spectrum obtained f rom a sheet of 
carbon-black-fi l led polycarbonate (Figure 6) emphasizes its value as a valu
able alternative. O n the other hand, highly infrared active filler materials such 
as glass fibers w i l l strongly overlap the actual polymer spectrum from 1400 
c m " 1 to longer wavelengths, whereas they do not significantly contribute to 
the F T - R a m a n spectrum (35). 

Depth-Profiling in Polymers by Attenuated-Total-Reflection 
FTIR Spectroscopy 

Although attenuated-total-reflection ( A T R ) spectroscopy is a well-established 
method for the characterization of polymer surfaces (3 , 4, 36), comparatively 
few available publications elucidate the detailed theoretical and practical 
background for depth profi l ing w i t h this technique ( 3 7 - 3 9 ) . 

T h e principle of A T R spectroscopy is based on the phenomenon of total 
internal reflection. F o r the experiment the sample (refractive index n2) is 
brought into direct contact w i t h the surface of a reflection element o f h igh 
refractive index nl (nl > n 2 ) . W h e n the angle of incidence of the light beam 
at the reflection e lement-sample interface exceeds the crit ical angle, total 
internal reflection takes place and the radiation slightly penetrates the 
optically rarer m e d i u m (4, 36). T h e penetration of the radiation into the 
sample is usually on the order of a few micrometers, w h i c h is sufficient to 
constitute a short absorbing path. Therefore, total internal reflection w i l l be 
attenuated i n the wavelength regions of sample absorption and the recorded 
spectrum w i l l be very similar to the transmission spectrum. 

T h e penetration depth (dP) for w h i c h the electric field component 
decreased to 1 /e o f its value i n the reflection e lement-sample interface was 
derived theoretically by H a r r i c k (36) : 

λ/η, 
d v = 7 1 (2) 

2 τ τ γ s i n 2 Θ - (%/%) 

H e r e , Θ is the angle of incidence, λ is the wavelength of radiation i n 
vacuum, and n1 and n 2 are the refractive indexes. This equation demon-
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/ 

Figure 8. Setup of the two-layer ATR measurements: surface layer of variable 
thickness, A; and detection layer, B. 

strates the dependence of penetration depth o n the wavelength of the 
radiation, the angle of incidence and the refractive indexes of the sample, and 
the reflection element. F o r the practical application of the A T R method i n 
p o l y m e r - p o l y m e r interdiffusion experiments, this theoretically derived pene
tration depth is o f l im i t e d value. W h a t is actually required is a measure of the 
depth to w h i c h the composit ion of the investigated polymer can be reliably 
determined by A T R spectroscopy under specified experimental conditions. 
T o this end, polymer films w i t h varying, definite thicknesses (surface layer) 
and a coating detection layer of " i n f i n i t e " thickness were measured by 
A T R - F T I R spectroscopy to determine the thickness of the surface layer (later 
referred to as information depth d^) at w h i c h characteristic absorption bands 
of the detection layer are no longer observable (40). T h e evaluation of these 
systematic measurements should then reveal the dependence of the informa
t ion depth on the wavelength of the incoming radiation. 

T h e arrangement of the surface and detection layers o n the A T R crystal 
is shown i n F igure 8, and detailed results w i l l be presented here w i t h 
reference to the system w i t h a polystyrene (PS) surface layer and a polyamide 
12 detection layer. T h e reflection element was a K R S 5 parallelepiped wi th a 
refractive index of 2.39, an angle of incidence of 45 °, and a total number of 
six reflections. T h e intensities of the v ( N H ) , amide I, amide II, and δ ( Ν Η ) 
absorption bands of the polyamide 12 detection layer were determined as a 
funct ion of increasing thickness of the polystyrene surface layer (Figure 9) 
and their normal ized intensities (Table I) plotted versus PS film thickness. 
Examples of such plots are shown for the v ( N H ) and amide I bands i n F igure 
10. A linear wavelength dependence of the information depth dx can be 
derived f rom these data (Figure 11), and comparison o f the theoretically 
derived penetration depth dT for polystyrene (1.59 refractive index) w i t h the 
experimentally determined information depth dl yields the relation (40) 

dl = 1.29 dv (3a) 
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This relation is very close to the relation determined for poly(2,6-dimethyl-
1,4-phenylene ether) ( P P E ) w i t h polyamide 12 as the detection layer (40, 
41), 

άλ = 1.33 άΈ (3b) 

and shows that a proportionality constant of about 1.31 can be used for any 
polymer system under the specified experimental conditions. I n more de
tai led investigations this information depth was used as the experimental basis 
for interdiffusion experiments of low-molecular weight polystyrene into 
poly(2 ,6-dimethyl- l ,4-phenylene ether) (41). 

PS-FILM 
THICKNESS 

0 μπα 

0 . 1 2 μ m 

0 .31 μπι 

0 . 6 4 μπι 

6 . 7 8 μπη 

3Ê00 3^00 3έϋϋ 3000 2 § 0 0 2 Ϊ θ Ο 
WAVENUMBERS 

Figure 9. ATR spectra of polystyrene (PS) surface layers with different thickness 
and a polyamide 12 detection layer. Asterisks denote evaluated absorption 

hands. Continued on next page. 
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'l7Q0 lèSu lèûO ië5G lèOÛ TÎ5Ô R oo 
WflVENUMBERS 

Figure 9. Continued 

Variable-Temperature FTIR Measurements and 
Hydrogen Bonding 

T h e role played by hydrogen bonds i n the structure and properties of 
polymers has been the subject o f numerous investigations (3 , 4, 42-44). 
H y d r o g e n bonds are of particular importance for the chemical , physical, and 
mechanical properties of polymers that contain amide (polypeptides, proteins, 
polyamides), urethane (polyurethanes), and hydroxyl [cellulose, poly(vinyl 
alcohol), poly (acrylic acid)] functional groups. 

Al though the energies of hydrogen bonds are weak (20-50 k j / m o l ) i n 
comparison to covalent bonds (of the order of 400 k j / m o l ) , this type of 
molecular interaction is large enough to produce appreciable frequency and 
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Table I. Normalized Integral (») or Peak-Maximum (p) Absorbances 
of Selected Polyamide 12 Absorption Bands as a Function of Polystyrene 

Film Thickness (x and y are integration limits) 

Sample 
Number 

PS Film 
Thickness v(N-H) v(C=0) 

v(C-N) 
+ δ(Ν-Η) 

Ap/Apmax 

δ(Ν-Η) 

0 0 1 1 1 1 
1 0.05 0.49 0.75 0.79 0.77 
2 0.07 0.51 0.82 0.72 0.84 
3 0.12 0.47 0.65 0.64 0.84 
4 0.31 0.10 0.34 0.33 0.53 
5 0.63 0.04 0.26 0.24 0.49 
6 0.64 0.09 0.27 0.25 0.53 
7 1.09 — 0.08 0.05 0.37 
8 1.33 — 0.09 0.08 0.42 
9 1.35 — 0.09 0.08 0.42 

10 1.49 — 0.03 0.02 0.37 
11 1.53 — 0.02 0.01 0.32 
12 1.79 — 0.04 0.01 0.28 
13 2.13 — — — 0.30 
14 2.31 — — — 0.23 
15 2.43 — — — 0.28 
16 2.45 — — — 0.23 
17 6.78 — — — — 
a χ = 3412 cm 

χ = 1687 cm 
~l y = 3160 cm 
~l y = 1610 cm 

- 1 A4 , '̂max 
- 1 A4 

= 24.28 
= 26.05 

c x = 1590 cm 
d v m a x = 720.6 

-1 y = 1503 c m " 1 A i m a x 

c m " 1 A p m a x = 0.43 
= 27.29 

intensity changes i n the vibrational spectra. In fact, the disturbances are so 
significant, that mid- infrared and Raman spectroscopy have become one of 
the most informative sources of criteria for the presence and strength of 
hydrogen bonds (3 , 4, 44-46). A n y variation of spectroscopic parameters, 
such as intensity, wavenumber position, and band shape, directly reflects the 
temperature dependence of the vibrational behavior of the investigated 
polymer as a consequence of changes i n the inter- and intramolecular 
interactions. Unfortunately, only few vibrational spectroscopists are aware 
that near-infrared spectroscopy offers a powerful alternative to gain insight 
into these phenomena. T o demonstrate the potential of variable temperature 
measurements for the elucidation of hydrogen-bonding effects, the results 
obtained from m i d - and near-infrared spectroscopic studies of thermoplastic 
polyamide 12 w i l l be outl ined. 

In polyamides and polyurethanes hydrogen bonding involves the proton-
donating group Ν H and the proton acceptor C = 0 . M a n y of the investiga
tions so far reported deal w i t h the observed frequency shift and intensity 
increase of the v ( N H ) stretching vibration band w h e n hydrogen bonding 
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I.OQ 

Ai /A i 

0.0 
0.0 O.S 1.0 

PS-FILM THICKNESS [μ m3 
(a) 

2.0 

A i / A i , 

3.5 4.0 1.0 1.5 2.0 2.5 3.0 
PS-FILM THICKNESS Εμπι3 

(b) 

Figure 10. Normalized integrated absorbanees (A/Aimax) of the v(NH) (a) and 
v(C = 0) (b) absorption bands of polyamide 12 versus polystyrene (PS) film 

thickness. The arrow marks the information depth d j . 
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10 

WAVELENGTH λ c μ m ι 

Figure 11. Information depth dj of polystyrene as a function of wavelength (the 
detection layer is polyamide 12). 

occurs (44-46). T h e frequency shift Δν(ΝΗ) , i n particular, has been corre
lated w i t h various chemical and physical properties of the hydrogen b o n d 
(e.g., enthalpy of formation, hydrogen-bond distance) (3 , 4, 45, 46). Increas
ing hydrogen b o n d strength decreases the Ν · · · Ο distance, and this decrease 
is reflected by an increase i n the shift between the v ( N H ) absorption 
frequency of the associated and nonassociated N H functionalities. 

T h e v ( N H ) region of the mid- infrared spectrum of the investigated 
polyamide is shown i n F igure 12. A c c o r d i n g to differential scanning calori-
metric ( D S C ) measurements polyamide 12 melts at about 450 Κ and the 
fol lowing spectral changes of the v ( N H ) band are observed wi th increasing 
temperature: 

• The intensity of the v ( N H ) a s s o c i a t e d band decreases. 

• The peak maximum of the v ( N H ) a s s o c i a t e d band shifts toward 
higher wavenumbers. 

• The half-bandwidth of the ν ( Ν Η ) ω 8 0 { ; ΐ α ί β < 1 band increases consid
erably. 

• A v ( N H ) f r e e band appears at higher wavenumbers. 

T h e wavenumber shift and increase i n bandwidth of the v ( N H ) a s s o c i a t e d 

band at higher temperatures are the result of a general weakening of the 
hydrogen bonds and a concomitant broader distribution of the hydrogen 
b o n d energies. Unfortunately, the intensity of the v ( N H ) f r e e band is very low 
i n the mid- infrared range and, additionally, at elevated temperatures the 
v ( N H ) absorptions o f the free and associated functionalities overlap. A total 
v ( N H ) absorbance procedure for the quantitative assessment of hydrogen 
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bonding i n polyamides and polyurethanes has been proposed by Sricha-
trapimuk and C o o p e r (47) . However , for aliphatic polyamides, C o l e m a n 
et al. (48) have shown that w h e n the strong dependence of the absorption 
coefficient up on band frequency (and, i n turn, the strength of the hydrogen 
bond) is neglected, the proport ion of nonbonded N H groups at elevated 
temperatures derived w i t h the foregoing procedure f rom mid- infrared spectra 
i n the v ( N H ) region is too high. Inspection of F igure 13 shows that 
near-infrared spectroscopy certainly offers an alternative b y evaluating the 
high-frequency w i n g of the 2 X v ( N H ) f r e e overtone absorption. F o r a quanti
tative evaluation of nonbonded Ν H groups, however, the phenomenon 
pointed out b y C o l e m a n et al . (48) as w e l l as the reversal of the intensity 
ratio between the fundamentals of the free and associated Ν H groups and 
their first overtones must be taken into account (44). Addit ional ly , contrary to 
mid- infrared spectroscopy, where the v ( O H ) absorption of water is superim
posed by the dominating v ( N H ) band of the polyamide, the loss of water 
dur ing thermal treatment of the polymer can readily be quantified by 
the intensity decrease of the ν ( O H ) + δ ( Ο Η ) combination band at about 
5150 c m " 1 . 

Recent investigations (49; H . W . Siesler, unpubl ished results) showed 
that variable-temperature F T I R spectroscopy w i t h polar ized radiation can 
also be advantageously applied to study the temperature-induced reorienta-
tional motion of the mesogenic groups i n l iquid-crystalline side-chain poly
mers w i t h polyacrylate main chains (50). T h e structure of the investigated 
polymer, poly( 1 -(6-(4 ' -cyanophenyl-4-benzyloxy)hexyloxycarbonyl)-ethylene), 
is shown i n F igure 14 along w i t h the polarization spectra measured at room 
temperature of a sample whose mesogenic groups were oriented i n the 
fr ict ion direction of polyimide-coated and mechanically pretreated K R r -
windows. The molecular weight of the polymer was 20,000 and the transition 
temperature f rom the nematic to the isotropic phase was 133 °C (49). T o 
study the relative orientational motion of the mesogenic groups, the spacer 
and the main chain as a funct ion of heating, the v ( C = N ) and ô ( C H 2 ) 
absorption bands (Figure 14) were evaluated i n terms of their orientation 
functions (see e q 5). T h e sample was subjected to a programmed heating of 
l ° C / m i n and 64 scans were taken i n 1-min intervals w i t h the polarization 
direction alternately parallel and perpendicular to the mechanical reference 
(friction) direction. D e p e n d i n g on the thermal pretreatment, i n repeated 
measurements a strong reorientational behavior was observed between the 
glass transition (33 °C) and clearing point (133 °C) beyond w h i c h the sample 
became isotropic. Al though this behavior is not clearly understood, the 
orientation funct ion-temperature plot proves that, compared to the meso
genic groups, the main chains exhibit only relatively small orientational 
effects obviously as a consequence of small coupling. T h e spacers demon
strate an intermediate behavior compared to the mesogenic groups and the 
main chain. 
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Eheooptical FTIR Spectroscopy 

T h e mechanical properties of polymeric materials are of considerable impor
tance to their engineering applications. Apart f rom the chemical structure 
and the thermal history, molecular orientation has a major influence on the 
mechanical properties of a polymer. The increased need for more detailed 
data and a better understanding of the mechanisms involved i n polymer 
deformation has l ed to the search for new experimental techniques to 
characterize transient structural changes dur ing mechanical processes. W i t h 
the advent of rapid-scanning F T I R spectroscopy, simultaneous vibrational 
spectroscopic and mechanical (so-called rheooptical) measurements during 
the deformation of polymers emerged. These rheooptical measurements were 
used as informative probes for the study of deformation and relaxation 
phenomena i n polymer films i n the late 1970s; since then they have been 
applied to obtain data on strain-induced crystallization and orientational and 
conformational changes dur ing mechanical treatment of a wide variety of 
polymers (4, 46, 51). 

Contrary to the technique of t ime-resolved F T I R spectroscopy, w h i c h 
has improved t ime resolution down to the microsecond range due to ordered 
interferometric sampling techniques (52), the application of rheooptical 
F T I R spectroscopy is not restricted to the characterization of reversible 
structural changes caused by small-amplitude oscillatory strains; therefore, 
irreversible phenomena over large elongation and recovery scales may be 
studied (46, 51). 

The experimental pr inciple of rheooptical F T I R spectroscopy is i l lus
trated i n F igure 15. The technique is restricted to a film geometry of the 
sample and the specimen to be tested is uniaxially drawn and recovered i n 
the sample compartment of the F T I R spectrometer. D u r i n g the mechanical 
treatment interferograms can be acquired i n small t ime intervals (down to 50 
ms). U p o n complet ion of the experiment the interferograms are transformed 
to the corresponding spectra for further processing of the conventional data. 
T h e electromechanical apparatus constructed for the deformation and relax
ation measurements is shown i n F igure 16. F o r orientation measurements the 
polarization direct ion of the incident radiation is alternately adjusted parallel 
and perpendicular to the stretching direct ion by a pneumatically rotatable 
wire -gr id polarizer that is also controlled by the computer. T h e construction 
of a heating cel l as a closed, nitrogen-purged system allows the deformation 
and stress relaxation to be studied under controlled temperature conditions 
( ± 0 . 5 K ) up to 523 K . 

Presently we are testing the application of F T - R a m a n spectroscopy for 
rheooptical measurements. F o r this purpose, the stretching machine shown 
i n F igure 16 is ut i l ized i n back-scattering geometry by rotating the clamp 
mechanism for 90 ° w i t h the Raman beam impinging onto the sample through 
the front w i n d o w of the stretching machine. T o improve the back-scattering 
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Figure 15. Experimental scheme of rheooptical FTIR spectroscopy of polymers. 

efficiency, a mirror was mounted behind the sample. H e r e , of course, the 
sample morphology is no longer restricted to a thin film, but conventional 
polymer tensile test samples w i t h thicknesses up to several mill imeters or 
polymer cables and fibers can be investigated. W i t h the increase of sample 
thickness, a stress transducer for higher loads must be ut i l ized. T o obtain an 
acceptable signal-to-noise ratio of the spectra acquired dur ing the mechanical 
tests, longer acquisition times u p to 3 0 - 4 0 s must be applied. Thus, for a 
Raman spectral data density comparable to rheooptical F T I R investigations, 
the elongation rate must be reduced accordingly. Nevertheless, prel iminary 
results indicate that this technique is also very valuable for the characteriza
t ion of phase transitions i n thermoplastic systems and the phenomenon of 
strain-induced crystallization i n polymer networks ( H . W . Siesler, unpub
lished results). 
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Figure 16. Variable-temperature and computer-controlled stretching machine 
for rheooptical FTIR and FT-Raman spectroscopy. 

Based on a uniaxial orientation model , the present F T I R data have been 
evaluated f rom the original spectra w i t h programs that automatically calculate 
(1) the structural absorbance A0 (4, 46) 

A 0 = ( A „ + 2 A x ) / 3 (4) 

and (2) the orientation functions f (4, 46) o f absorption bands. T h e transition 
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moment directions of these absorption bands are assumed to be parallel or 
perpendicular, respectively, to the polymer chain axis 

and 

/ l l = ( f l - l ) / ( R + 2) 

f ± = - 2 ( R - l ) / ( R + 2) 

(5a) 

(5b) 

T h e dichroic ratio R is defined as R = Α )( /A ± . F o r perfect parallel chain 
alignment / = 1, for perpendicular alignment / = —1/2, and for random 
orientation / = 0. T h e structural absorbance has been chosen as the intensity 
parameter because it eliminates the influence of changing orientation on the 
actual intensity of an absorption b a n d (4, 46). Changes i n sample thickness 
dur ing elongation were compensated by comparison against a suitable refer
ence band. 

T h e potential of rheooptical F T I R spectroscopy can very instructively be 
demonstrated w i t h reference to the elucidation of orientation phenomena 
and strain-induced crystallization of segmented polyurethanes and polyamides. 
In fact, these classes of polymers are particularly suited to such investigations 
because they contain functional groups w i t h characteristic I R absorptions that 
can be assigned to specific domain locations of the polymer under examina
t ion. T h e value of infrared spectroscopy, i n general, and orientational mea
surements w i t h polar ized radiation, i n particular, has been widely recognized 
for this class of polymers, and a sound basis of functional group- f requency 
correlations has been established i n the literature (47, 53). Addi t iona l 
information becomes available f rom measurements at elevated temperature 
and investigations of N H - d e u t e r a t e d samples because the isotope exchange 
offers a means to differentiate the hard segments into phase-separated 
species and moieties dispersed i n the soft segments (46, 51). 

T h e characterization of segmental orientation dur ing cyclic e longat ion-
recovery procedures of poly(ether-fe/ocfc-amides) ( Ρ Ε Β Α ) based on chain-
extended polyamide 12 (hard segments) and ofigotetrahydrofuran (soft seg
ments) w i l l be discussed. T h e structure of these polymers is given i n 
Structure 2 (54). A broad range of mechanical properties can be produced by 
the variation of the ratio of hard to soft segments. T h e sample detailed here 

+ ( C H ' ) 4 - ° - ] 7 ^ - ( C H A l ^ 

SOFT SEGMENT HARD SEGMENT 

Structure 2. General structure of poly (ether-block-amides). 
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has a hard to soft segment composit ion of 39.6:49.7 % (w/w) w i t h an 
oKgotetrahydrofuran molecular weight of 1000. T h e spectral assignment of 
absorption bands that are characteristic of different domains is out l ined i n 
F igure 17. 

T h e stress-strain diagram of a cyclic loading-unloading procedure r u n at 
room temperature w i t h an elongation and recovery rate of 100% strain per 
minute and the corresponding polarization spectra recorded dur ing this 
mechanical treatment i n 5-s intervals (10 scans w i t h a resolution of 4 c m - 1 ) 
are shown i n Figures 18 and 19, respectively. T h e orientation functions of the 
v ( N H ) , v ( C H 2 ) , v ( C = 0 ) e s t e r , and v ( C = 0 ) a m i d e absorption bands were evalu
ated for transition moment directions perpendicular to the chain axis, whereas 
the transition moment of the v ( C - O - C ) absorption of the oligotetrahydrofu-
ran segments was assumed parallel to the polymer chain. I n F igure 20 the 
orientation functions of the evaluated absorption bands are plotted versus 
strain; they reflect the different behavior of the individual chain segments. 
Thus , the init ial transverse orientation (/ < 0) is only observed for functional
ities located i n the hard segments ( N - H , C = O a m i d e ) . I n accordance w i t h 
Bonart's m o d e l (55), this behavior is characteristic for a lamellar hard 
segment morphology that is eventually broken up into smaller fibrillar sub-
units and leads to a positive orientation (/ > 0) at higher elongations. T h e 
orientation function of the v ( C - O - C ) absorption characterizes the soft 
segments that orient into the direct ion of stretch u p o n elongation and 
disorient u p o n recovery. T h e contribution of hard segments to the v ( C H 2 ) 
absorption and the interfacial character of the C = O e s t e r functionality results 
i n deviations f rom the orientation function behavior of the pure soft seg
ments. T h e irreversible structural changes—elongations and orientations—are 
reflected by the spectroscopic as w e l l as the mechanical data. 

T h e ability to monitor strain-induced crystallization i n the soft-segment 
phase of the investigated polymer is demonstrated i n F igure 21. F o r this 
purpose the integral structural absorbance ratio of the 9 9 7 - c m - 1 conforma-
tional-regularity band of crystalline ofigotetrahydrofuran segments (56) and 
the 2 8 0 0 - c m - 1 thickness-reference band has been plotted along w i t h the 
intensity of the reference b a n d versus strain. Apart f rom thickness changes, 
the graph clearly demonstrates the appearance and disappearance of strain-
induced crystallization as a funct ion of loading and unloading, respectively. 

Near-Infrared Spectroscopy 

Although the wavelength region of the near-infrared (10,000-4000 c m - 1 or 
1000-2500 nm) has been used over many decades for the quantitative 
analysis of compounds containing O H , N H , and C H functionalities (e.g., 
determination of O H number , water, protein, or residual double-bond con
tent) (4, 57-59), it has never been established as a widespread analytical and 
physical tool comparable to mid- infrared spectroscopy. 
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Figure 17. Spectral assignment of the IR spectrum of the investigated 
poly (ether-block-amide). 
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In the course of the 1970s and 1980s however, two new developments 
init iated a renaissance of near IR-spectroscopy i n analytical chemistry. O n the 
one hand, chemometric data evaluation techniques i n combination w i t h 
di f fuse-ref lect ion measurements have opened up the possibility of nonde
structive, rational mult icomponent analysis of solid samples. O n the other 
hand, the introduction of optical light fibers has contributed to an enormous 
instrumental expansion of conventional near-IR spectroscopy i n terms of 
remote control. F iber-opt ic probes allow a separation of the spectrometer 
and the sample measurement location over several h u n d r e d meters and 
greatly alleviate the analysis of toxic or otherwise crit ical samples inc luding 
process and reaction control . 

T h e basic difference between near- and mid- infrared (4000-400 c m - 1 ) 
spectroscopy is attributed to the fact that the absorption bands observed i n 
the m i d - I R spectrum can (with few exceptions) be assigned to fundamental 
vibrations of the investigated molecule, whereas the near-IR absorptions 
belong to overtone and combinat ion vibrations, pr imar i ly of O H , N H , and 
C H functionalities. This statement, however, may lead to an underestimation 
of the information content of a near-IR spectrum because (in analogy to a 
m i d - I R spectrum) the near-IR spectrum also contains information o n the (1) 
temperature, (2) inter- and intramolecular interactions, (3) thermal and 
mechanical pretreatment, (4) ionic concentration (aqueous solutions), (5) 
viscosity/molar mass (polymers), (6) density, and (7) particle s ize - f iber d iam
eter ( in the case of di f fuse-ref lect ion spectra) of the sample under investiga
t ion. 

T h e intensity of an absorption band decreases by a factor of about 
10-100 i n going f rom the fundamental to the first overtone, w h i c h necessi
tates larger optical pathlengths for the near-IR spectral region (about 1 - 2 
m m for undi luted samples; up to 100 m m for solutions). However , this leads 
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to a considerable advantage i n sample handling compared to conventional 
m i d - I R spectroscopy (4, 57). Thus , Figures 22 and 23 demonstrate the 
monitor ing of the U V - i n d u c e d polymerization o f a diacrylate by m i d - and 
near-IR spectroscopy, respectively. I n both cases, information o n the amount 
o f residual double bonds i n the c u r e d resin can be readily derived f rom the 
decrease of the 1 6 0 0 - c m - 1 p ( C = C ) absorption i n the m i d - I R region and the 

3500 3000 2600 

W A V E N U M B E R S 

W A V E N U M B E R S 

Figure 19. Polarization spectra recorded during elongation of the investigated 
poly (ether-block-amide) up to 300% strain. 
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W A V E N U M B E R S 

Figure 19. Continued 

2 v ( = C - H ) absorption at 1625 n m i n the near-IR region w i t h the advantage 
of a 200-fold increase i n thickness for the near-IR sample and a concomitant 
ease o f sample handling. Fur thermore , glass or quartz, w h i c h are insensitive 
to water, may be used as w i n d o w materials i n the near-IR region. Instrumen
tal advantages o f the light source and the detector allow near-IR spectra to be 
recorded w i t h a signal-to-noise ratio » 10,000 compared to the m i d - I R 
signal-to-noise ratio < 10,000. This observation supports the application o f 
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Figure 20. Orientation function-strain plots of selected absorption bands 
corresponding to the mechanical treatment outlined in Figure 19. 
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Figure 21. Monitoring of strain-induced crystallization in a poly (ether-block-

amide) by rheooptical FTIR spectroscopy. 

chemometrie data evaluation techniques (60). Last, but not least, the materi
als conventionally used as light fibers (glass, quartz) have an attenuation 
m i n i m u m i n the near-infrared region (61, 62). 

Near-Infrared Diffuse-Reflection Spectroscopy. Near- infrared 
spectroscopy has been used for almost two decades i n diffuse-reflection 
measurements for the analysis of agricultural and food products by filter 
instruments (58, 59) . Technological progress has developed to a point where 
this technique can be appl ied w i t h scanning instruments i n the area of 
chemical and pharmaceutical mult icomponent analysis o f l i q u i d and solid 
formulations and i n polymer analysis. I n pr inc iple , the method belongs to the 
discipline of chemometrics, w h i c h has been recognized since the mid-1970s 
(63, 64). T h e purpose of this discipline is to generate correlations between 
experimental data (e.g., absorption intensities i n the present case) and the 
chemical composit ion or physical properties o f the investigated samples by 
mathematical and statistical procedures [e.g., multi l inear wavelength regres
sion ( M L W R ) , pr inc ipal component analysis ( P C A ) , partial least squares 
(PLS)] . 

T h e principle of the measurement procedure for quantitative analysis is 
based on recording the near-IR transmittance or diffuse-refl ection spectra of 
reference samples (the number depending o n the number of components or 
parameters to be determined) o f k n o w n composit ion. These spectra are 
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Figure 22. Mid-infrared spectra of the UV-induced polymerization of a 
diacrylate. 

stored i n the computer of the spectrometer, and the levels o f the constituents 
or the physical parameters are determined by independent, conventional 
analytical or physical methods. T h e n the set o f reference spectra and the 
independently determined values of the parameters under investigation are 
used by the selected statistical method to b u i l d a calibration (57-60). Use of 
this existing standardization and the near-IR spectra enables the unknown 
samples to be evaluated w i t h regard to the individual parameters of interest. 
Once the calibration has been performed, the analysis t ime required for an 
unknown sample is drastically reduced to a few minutes i n comparison to the 
several hours or even days previously required. 

Promis ing applications have been reported ( 5 7 ) for the destruction-free 
analysis o f polymers of wide ly varying morphology inc luding the determina
t ion of characteristic chemical and physical parameters o f synthetic fibers. 
T h e experimental results on polyacrylonitrile fibers demonstrated here were 
obtained on a near-IR spectrometer (Bran and L u e b b e 500) w i t h the fiber 
bundles mounted i n a sample cup that is posit ioned under the integrating 
sphere. T h e measurement o f opaque solids is per formed i n diffuse reflection, 
whereas highly transparent solids, pastes, and liquids can be measured w i t h 
the transflection method, w h i c h is based o n a diffusely reflecting cel l bottom 
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Figure 23. Near-infrared spectra of the U\7-induced polymerization of a 
diacrylate. 
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that passes the radiation through the sample twice. T h e radiation directly 
reflected f rom the gold-coated inner surface of the integrating sphere serves 
as a reference intensity (Figure 24). A r o u n d 100 s are required to take a 
spectrum i n the 1100-2500-nm wavelength range. T h e concentration propor
tional value of log 1 /R is used as the ordinate scale: 

logl/B = l / s X > i C i (6) 

where R = I/I0 represents the intensity ratio of light reflected by the sample 
and the reference, respectively, s is the scattering coefficient, a{ are the 
absorptivities, and c{ are the concentrations of the individual components. 
Frequent ly the first derivative of log 1 /R is used to reduce the influence of 
sample inhomogeneity (57, 59, 60). 

T h e calibration was based o n the log 1 /R spectra of about 70 reference 
samples. T h e spectrum of such a reference sample is shown i n Figure 25. In 
Table II, the actual (A) and near- IR-predicted (P) values and their residuals 
(R) for the parameters under investigation are shown for three test samples. 
These values demonstrate the potential of this technique for rational chemical 
and physical mult icomponent analysis. 

SAMPLE 
REFERENCE MEASUREMENT 

Figure 24. Simplified optical scheme of a scanning near-infrared diffuse-
reflectance spectrometer. 
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Figure 25. Near-infrared diffuse-reflectance spectra of as-received 
poly acrylonitnle fiber bundles. 

Table II. Actual (A) and Near-IR-Predicted (P) Values and Their Residuals 
R (P - A) of the Dimethylformamide (DMF) Solvent Residues and the 

Preparation, Shrinkage, and Strain of Polyacrylonitrile Fibers 
Measured as Fiber Bundles in Diffuse Reflection 

Sample DMF (%) Preparation (%) Shrinkage (%) Strain (%) 

I P 0.9342 0.2715 4.7389 22.9778 
A 0.9200 0.2800 5.0000 22.8000 
R 0.0142 - 0 . 0 0 8 5 - 0 . 2 6 1 1 0.1778 

2 P 0.6661 0.2655 4.0705 20.4069 
A 0.7000 0.2600 4.0000 21.0000 
R - 0 . 0 3 3 9 0.0055 0.0705 - 0 . 5 9 3 1 

3 P 0.7107 0.2797 3.9485 22.8066 
A 0.7300 0.2700 3.9000 23.0000 
R 0.0193 0.0097 0.0485 - 0 . 1 9 3 4 

Near-Infrared Light-Fiber Spectroscopy. I n conventional 
transmission spectroscopy, the sample of interest is measured i n the sample 
compartment of the spectrometer, whereas the principle of fiber-optic spec
troscopy is based on the transfer of fight f rom the spectrometer via a suitable 
device—the fight fiber—to the sample and back to the spectrometer after 
transmission of, or reflection f rom, the sample. Such light fibers usually 
consist of quartz w i t h a length ranging up to several h u n d r e d meters. Details 
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POLYMER TEST SAMPLE 

(b) 

Figure 26. Optical scheme of a near-infrared light-fiber spectrometer with two 
applications of at-line monitoring: (a) At-line monitoring of process streams and 

(b) at-line monitoring of molecular orientation. 
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Figure 27. Near-infrared spectra of polystyrene-CCl4 solutions with different 
polystyrene concentrations measured on the flow. 

of l ight-fiber geometries, substrates, and optical properties are available i n 
the literature (61, 62). T h e obvious advantage of such a geometry is the 
ability to separate and vary the location o f measurement f rom the spectrome
ter w i t h i n the l imits given b y the length of the fight fiber. Various probes that 
can be integrated into different reaction vessels or bypasses offer a mult ipl ic 
ity of remote sensing on- and at-line process-control applications (65). 

T h e optical scheme of one of the instruments used for our studies (the 
G u i d e d Wave M 200 spectrometer) is shown i n F igure 26. F igure 26 also 
includes two applications of transmission monitor ing l i q u i d streams i n quartz 
tubes (a) and molecular orientation i n sol id polymer test samples (b). In both 
cases the transmitted light is refocused into the return waveguide via a 
biconvex lens. 

T h e spectra obtained by monitor ing p o l y s t y r e n e - C C l 4 solutions of vari 
ous concentrations o n the flow i n a 19-mm quartz tube are shown i n F igure 
27 (57, 65). I n combination w i t h a near-IR polarizer ( G l a n - T h o m p s o n 
prism) the same optical configuration offers a very elegant approach for the 
characterization of anisotropy i n polymeric solids. This anisotropy characteri
zation is achieved by evaluation of the dichroic effects of selected functionali
ties measured w i t h light polar ized parallel and perpendicular to the drawing 
direction of the investigated polymer. F igure 28 shows the near-IR polariza
t ion spectra of a 2 6 0 % drawn polyamide 12 specimen (thickness 1.3 m m ) . 
This spectra reflect significant dichroic effects o n the individual absorption 
bands (57, 65). Compar i son of the results derived f r o m samples w i t h 
different draw ratios shows that the dichroic ratios obtained f rom one 
overtone [e.g., 2 v ( C H 2 ) ] can also be transferred to the next overtone 
( 3 v ( C H 2 ) ] . N e a r - I R spectroscopy is unique for this purpose i n that i t offers 
a destruction-free investigation even of thick specimens i n their original 
morphology. 
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Figure 28. Near-infrared polarization spectra of a 260% drawn polyamide 12 
test specimen measured with light polarized parallel (II ) and perpendicular ( ±) 

to the stretching direction. 

Figure 29. Near-infrared light-fiber ATR sensor (see text). NA denotes the 
numerical aperture; n 0 , n l 5 and n 2 are the refractive indexes of air, the core, 

and the cladding, respectively. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

2

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



2. SIESLER Vibrational Spectroscopy of Polymers 85 

A n application that shows promise is the modification of a commercia l 
light fiber based on a quartz core, a poly(dimethylsiloxane) cladding, and a 
polyamide coating (Figure 29) to act as an A T R sensor i n the near-infrared 
region (66). Removal of the polyamide coating by dissolution (over distances 
of several meters) allows the remaining light fiber to be w o u n d around a 
Tef lon holder and immersed into the solution for analysis. This method is 
based principal ly on the effect that the c o m p o u n d to be determined can be 
enriched i n the poly (dime thylsiloxane) c ladding (with no interference f rom 
water, for example) and detected via total internal reflection of the near-IR 
beam at the c o r e - c l a d d i n g interface. T o compensate for the absorptions of 
the poly(dimethylsiloxane) cladding, a background has to be measured against 
air. A similar application has been described for the mid- infrared region w i t h 
a polymer-coated internal reflection element (67 ) and a Tef lon-cladding 
fluoride glass optical fiber (68). 
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Spectroscopic Characterization 
of Polymers 
Fluorescence Principles 

Gregory D. Gillispie 

Department of Chemistry, North Dakota State University, Fargo, N D 58105 

The principles of fluorescence that apply to the determination of 
polymer physical properties are covered in tutorial fashion. Fluores
cence is a sensitive technique for probing the microenvironment in 
large molecules and for following conformational changes and fast 
(microsecond or less) internal motion. This survey focuses on the 
spectroscopy of aromatic molecules commonly used as fluorescent tags 
on synthetic polymers. Individual sections cover the electronic struc
ture of aromatic molecules, absorbance and fluorescence spectroscopy, 
and the dynamical processes that control fluorescence intensity. 

The conformations of macromolecules i n dilute solution are typically charac
terized by such terms as flexible coils, r ig id rods, and globular particles. 
W h e n a polymer folds upon itself, chemically distinct microdomains and 
microenvironments are created. T h e number and distribution of such do
mains are a function of temperature, pressure, solvent dielectric constant, 
p H , ionic strength, and the concentration of the macromolecule itself. There 
is, therefore, a p r e m i u m on characterization techniques that (1) can be 
directly applied to the sample without any manipulation that might disrupt 
the polymer; (2) are highly specific i n their ability to sense different microen
vironments and the changes i n the microenvironment distribution as bulk 
conditions are modif ied; and (3) are extremely sensitive. 

Spectroscopic methods, inc luding infrared, Raman, Ν M R , and fluores
cence, are often superior to macroscopic techniques, such as viscosity and 
molecular weight determination, i n this regard. Fluorescence is the topic of 

0065-2393/93/0236-0089$ 10.75/0 
© 1993 American Chemical Society 
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this chapter; the other optical spectroscopies are covered elsewhere i n this 
volume. 

T h e vibrational spectroscopies, infrared and Raman, are applicable to 
polymer structure determination (structure i n the sense of chemical b o n d 
properties) because the stretching and bending vibrations i n a polymer 
closely resemble those i n monomers. O f course, i f the vibrational spectra 
were completely transferable, these spectroscopies w o u l d be worthless as 
microenvironmental probes. Because the spectral changes w i t h environment 
are rather subtle, accurate measurement of small changes i n band position is 
required. T h e greatest source of mode l uncertainty is often the vaf idi ty-re l ia-
bi l i ty of the proposed relationship between spectral posit ion and physical 
property. Details can be found i n the companion overviews of vibrational 
spectroscopy i n this volume. W e also note the extensive use of Raman 
spectroscopy as a probe of b iopolymer conformation ( I ) . 

Fluorescence, i n contrast, is an electronic spectroscopy that, as such, 
offers little information about individual b o n d properties, but otherwise has 
some extremely favorable features: 

• Fluorescence is extremely sensitive. 

• Fluorescence is inherently a mult idimensional , selective tech
nique. 

• T h e fluorescence excitation spectrum can readily be deter
m i n e d for strongly scattering or even opaque samples 
(amorphous solids, t u r b i d and frozen solutions, cracked glasses, 
etc.) for w h i c h the conventional absorbance approach is difficult 
or even impossible. 

• Fluorescence provides dynamical information o n a t ime scale 
relevant to polymer internal motions. 

• Wel l -deve loped and well -understood models are available for 
data interpretation. 

Fluorescence is the most sensitive optical spectroscopy. Usefu l signals 
routinely can be detected at nanomolar concentrations, and at the subpicomo-
lar level i n favorable cases. This sensitivity is crucial for experiments i n w h i c h 
a fluorescence probe is chemical ly attached to a nonfluorescent polymer 
backbone because the probe concentration can be kept low enough to avoid 
inf luencing the properties of the polymer itself. T h e mult idimensional fea
ture, that is, the intensity depends o n two wavelengths (excitation and 
emission) instead of just one, confers increased detection specificity and 
provides a wider choice of experimental configurations. 

T h e dynamical information is directly realized i n pulsed excitation experi
ments, but rates of some processes can also be inferred f rom steady-state 
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3. GILLISPIE Spectroscopic Characterization of Polymers 91 

polarization measurements. Almost every spectroscopic method can be ap
p l i e d to reaction kinetic studies. However , the information fluorescence 
provides on internal motions and rotational dynamics i n the microsecond to 
picosecond regime is unsurpassed. F inal ly , fluorescence experiments can be 
interpreted w i t h standard equations derived f rom essentially first principles 
models, such as those that describe S t e r n - V o l m e r quenching, orientational 
depolarization, and Forster and Dexter energy transfer processes (2-4). 

O n the debit side, whereas infrared absorption, R a m a n scattering, and 
nuclear magnetic resonance phenomena are exhibited by virtually every 
molecule, most synthetic polymers are not intrinsically fluorescent and must 
be tagged w i t h covalently attached fluorescence probes. Fluorescence poses 
an expanded m e n u of experimental configurations and a sometimes daunting 
array of new concepts and terminology. N o t e that fluorescence intensities are 
inextricably l i n k e d to molecular dynamics considerations (e.g., excited state 
radiationless processes, quenching, excimer formation, etc.) as opposed to the 
simple and direct intensity versus wavelength picture of infrared or U V - v i s i -
ble absorbance spectroscopy. 

This chapter was wri t ten as a tutorial o n fluorescence principles, not as a 
review article o n physical characterization of polymers by fluorescence; that 
aspect is covered by the research papers i n this volume. T h e goal here is to 
provide a compact introduction that serves as a reliable starting point for 
consultation of more advanced treatments of polymer photophysics (4). 
W h e t h e r or not polymer scientists per form fluorescence measurements them
selves, they need a basic understanding of the technique to fol low the 
literature. M o s t research papers are writ ten at a more specialized level than 
what is found i n the standard chapters o n fluorescence and phosphorescence 
i n instrumental analysis textbooks. T h e question " w h y " more than " w h a t " or 
" h o w " is often the main stumbling block to the nonspecialist trying to 
understand a fluorescence paper. Thus, the wr i t ing here has been guided by 
an attempt to anticipate and directly address those concepts that experience 
has shown to be potentially the most confusing. 

O w i n g to space limitations, selected f rom the entire range of lumines
cence techniques are those init iated by photon absorption; other light emis
sion methods (chemiluminescence, pulse radiolysis, bioluminescence) fol low 
similar principles. F o r convenience, fluorescence is used as a generic term for 
photoluminescence and only a few comments are made about phosphores
cence. O u r major emphasis is o n polymers that have been " tagged" or labeled 
w i t h polycyclic aromatic or heteroaromatic fluorescence probes such as 
naphthalene, anthracene, phenanthrene, pyrene, and carbazole. T h e probes 
can be placed directly into the polymer backbone, attached as pendant 
groups, or located as e n d caps o n chain polymers. 

Af ter a br ie f introduction to absorbance spectroscopy and electronic 
structure notation, the sequence o f steps that generate a Bol tzmann vibronic 
populat ion distribution i n the first excited singlet state, f rom w h i c h the 
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fluorescence process originates, are outl ined. These steps include photoab
sorption, vibrational relaxation wi t h in an electronic state, and internal conver
sion between excited singlet electronic states. This is fol lowed by a discussion 
of the fluorescence spectral distribution, the degree of structure i n the 
spectrum, what this structure does (or does not) mean, the possible mirror-
image relationship to the absorbance spectrum, and wavelength shifts as a 
function of solvent. 

T h e next section covers the decay processes (fluorescence emission, 
internal conversion to S 0 , intersystem crossing to T l 3 quenching, excimer 
formation, etc.) that depopulate the emitt ing excited state. T h e relative 
magnitude of the radiative and nonradiative rate constants controls the 
fluorescence efficiency (quantum yield) whereas their absolute magnitudes 
determine the l i fetime. T h e quantitative S t r i c k i e r - B e r g equation for radiative 
decay rates and the empir ical energy gap law for radiationless transitions are 
mentioned. Environmenta l effects on radiationless transition rates are ad
dressed briefly. 

Absorbance Spectroscopy of Aromatic Molecules 

Jablonski Diagrams and Piatt Notation. Photoabsorption is the 
usual mode for creating the excited electronic states f rom w h i c h fluorescence 
occurs. Absorpt ion and fluorescence are complementary photoprocesses that 
connect upper and lower electronic states: 

Absorption: Low-energy state 4- photon —> high-energy state 

Fluorescence: High-energy state -> low-energy state + photon 

E a c h electronic state has its own set of internal vibrational energy levels. 
Interstate vibrational transitions (as distinguished f rom the intrastate vibra
tional transitions of infrared spectroscopy) occur simultaneously w i t h the 
electronic excitation or deexcitation and are responsible for structure (bands, 
peaks, shoulders) i n the electronic spectra. Such vibronic (vibrational-elec
t ronic ) structure is never ful ly resolved i n solution spectra and is sometimes 
completely lost. 

T h e creation of populat ion i n the state that ultimately emits fluorescence 
begins w i t h absorption of a photon by the ground electronic state, w h i c h is 
conventionally labeled S 0 (S is the singlet and 0 is the numerica l index of 
relative energies). Al though the fluorescence almost always occurs only f rom 
SJL, the first excited singlet state, there are other, higher electronic states into 
w h i c h the molecule can be excited. A key concept of monomer solution 
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fluorescence is the fol lowing: 

T h e fluorescence spectral distribution (i.e., relative intensity as a 
function of wavelength) does not depend on w h i c h electronic 
state is initially excited. 

T h e n u m b e r of excited molecules created, and, hence, the number of 
fluorescence photons subsequently generated, is nearly always a funct ion o f 
the excitation wavelength, but the fluorescence spectral shape is not. 

T h e standard molecular orbital m o d e l considers that an excited state is 
derived f rom the ground state via promot ion of an electron f rom an occupied 
orbital to a vacant, higher energy orbital . I f al l the electrons are spin-paired i n 
S 0 , w h i c h is usually the case for organic molecules, a one-electron promot ion 
creates two singly occupied orbitals. I f the electrons i n these two orbitals are 
spin antiparallel, a singlet state results. I n triplet states the two electron spins 
are parallel . T h e excited singlet states i n order of increasing energy 
are labeled S 1 ? S2, S 3 , . . . ; the excited triplet states are similarly labeled 
T j , T 2 , T h e lowest triplet state is conventionally designated Tx, not T 0 , as 
might be expected, because the first excited singlet state and the lowest 
triplet state are nominal ly der ived f rom the same electron configuration: 

. . . ( H O M O ) 1 ( L U M O ) 1 

where H O M O and L U M O refer to the highest energy occupied molecular 
orbital and lowest energy unoccupied molecular orbital , respectively ( in the 
ground electronic state). In reality, Sl and T1 often arise f rom different 
electron configurations, especially i f SY is an η-ττ* state. This is commonly 
the case for aromatic carbonyls. 

T h e electronic absorbance spectra o f organic molecules are safely inter
preted solely i n terms of transitions to excited singlet states owing to the 
extreme weakness of the spin-forbidden s inglet- tr iplet transitions. Incorpora
t ion of "heavy atoms" into the molecular framework increases s p i n - o r b i t 
coupl ing and thereby partially lifts the spin-forbiddenness, but not nearly 
enough to invalidate the previous sentence. N o t e that although the phe
nomenon is referred to as the heavy atom effect, i t is a nuclear charge 
dependence, not a mass effect, per se. A n external heavy atom effect can be 
realized w i t h solvents that contain one or more high atomic n u m b e r atoms 
(e.g., bromoform, ethyl iodide); however, the internal heavy atom effect is 
usually more effective. Extensive discussions and data tabulations on heavy 
atom effects and s p i n - o r b i t coupl ing are available (5) . 

T h e wide variation i n absorption strengths for the various electronic 
transitions connected to S 0 is evident f r o m the spectra of phenanthrene and 
anthracene shown i n F igure 1. F o r example, the peak molar absorptivity is 
about 200 times lower i n the phenanthrene S x <- S 0 transition between 350 
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Figure 1. Absorbance spectra of phenanthrene and anthracene in heptane 
solution at room temperature. The upper states of the various electronic 
transitions are labeled according to the Piatt notation. Phenanthrene, A; 

anthracene, B. 

and 300 n m than i n the transition that peaks at 251 n m . T w o other electronic 
transitions of intermediate strength can be identif ied. O n e begins w i t h a 
wel l -def ined b a n d at 293 n m and the other is centered around 215 n m . 

Attempts to systematically account for the U V - v i s i b l e absorbance spectra 
of aromatic molecules have a long history. C l a r (6 ) and others (see literature 
c i ted i n reference 7) achieved some successful empir ical classifications, but 
the real breakthrough i n understanding came w h e n Piatt and his co-workers 
refined the perimeter-free electron mode l and provided a simple quantum 
mechanical underpinning to the observations (7, 8). T h e perimeter-free 
electron m o d e l is essentially just a particle-on-a-ring elaboration of the 
particle-in-the-box analysis taught i n undergraduate physical chemistry. It is 
remarkable that after the passage of more than four decades, dur ing w h i c h 
t ime theory has ever increased i n sophistication and predictive capability, the 
Piatt analysis has maintained its vitality. T h e reader is strongly urged to 
consult the collected original papers (9 ) of the Piatt group for details; 
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reference 5 is also recommended for its clear discussion and data presenta
tion. 

I n the Piatt scheme, the first two excited singlet states i n an unsubsti-
tuted aromatic hydrocarbon are labeled LLA and L L B . T h e i r relative order is 
not fixed. As the chain length of the linear polyacenes is increased, the energy 
of LLA drops relative to L L B , w h i c h is the lower energy state i n the series for 
only benzene and naphthalene. Absorpt ion to the LLA state is predicted to be 
moderately strong, whereas the transition to LLB is weak. A very strong 
transition to the LBB state lies at shorter wavelength than the LLA and 1LB 

transitions and there are no intervening states expected between them and 
LBB. Addi t iona l transitions to other states (LCB, LBA, LCA) at shorter wave
lengths f rom LBB are unimportant for our purposes. As a guideline, transitions 
to L L B , 1 L A , and LBB f rom S 0 are, respectively, weak [100 < e < 1000 
L / ( m o l cm)], m e d i u m (e « 10,000), and strong (e « 10 5 ) . 

T h e counterparts to three of the electronic transitions observed for 
phenanthrene are easily identif ied i n anthracene (Figure I B ) . T h e missing 
absorption to the LLB state i n anthracene is unquestionably b u r i e d i n the 
short wavelength tai l o f the m u c h stronger LLA transition. Identification of the 
1LB transition is m u c h easier w h e n it is SX than w h e n it is S 2 . Several of the 
other aromatic chromophores commonly used to label polymers also have LLB 

as the lowest excited singlet state; they include naphthalene, pyrene, car-
bazole, and fluorene. T h e LLB state is also the lowest excited state i n benzene 
and its methyl- and halo-substituted derivatives, but the S r S 2 gap is so large 
i n those molecules that there is no potential for confusion. 

A s the spectra are v iewed f rom longer to shorter wavelength, a reason
ably wel l -def ined onset to most of the electronic transitions is observed. T h e 
longest wavelength band i n a structured absorbance region is commonly 
referred to as the 0-0 band. T h e notation implies that it represents a 
transition between the zero-point (vibrationless) levels of the upper and lower 
states. W i t h the further reasonable approximation that the zero-point energy 
is the same i n the two states, the photon energy corresponding to the 0-0 
band equals the electronic energy of the excited state. T h e energy level 
diagrams shown i n F igure 2 were constructed i n this fashion f rom the spectra 
of F igure 1 and are commonly referred to as Jablonski diagrams. T h e energy 
of the lowest triplet state, relevant to SL deactivation via intersystem crossing, 
is determined f rom the phosphorescence spectrum. Once TX is positioned, 
higher triplet states can be placed w i t h the aid of t r ip le t - t r ip le t transient 
absorbance data. 

N o t e the structure f rom the simultaneous vibrational transitions that 
accompany electronic transitions. F o r example, the S 1 ( 1 L a ) <- S 0 absorbance 
spectrum of anthracene (F igure I B ) contains a series of bands separated by 
1460 ± 40 c m - 1 , w h i c h is i n the appropriate range to be assigned to an 
aromatic ring stretching vibration. A t least five members of the progression 
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Jablonski Diagrams 
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Figure 2. State energy level diagrams for phenanthrene (top) and anthracene 
(bottom). States positioned from the spectra of Figure 1 and the phosphorescence 

spectra. The horizontal lines represent the electronic energies of the states. 

are readily observed and more can be found w i t h second-derivative spectral 
processing. W i t h the standard assumption that only the zero-point level i n S 0 

is appreciably populated at thermal equi l ibr ium, it is c o m m o n practice to 
calculate SL vibrational energy levels f rom the band spacings. A n example is 
shown i n F igure 3 for anthracene. T h e corresponding S0 vibrational levels 
could be deduced f rom the fluorescence spectrum. There are six vibronic 
bands i n the phenanthrene SX(LLB) <- S 0 transition (Figure 1A). T h e spacing 
is smaller than i n anthracene and the structure is less regular. 

T h e extent of vibronic structure varies widely f rom one electronic 
transition to another. W h e t h e r to assign a given spectral region to two or 
more excited state transitions or to vibronic structure w i t h i n a single elec
tronic transition is not always an easy decision. Polar ized absorbance and 
fluorescence excitation spectra, low-temperature measurements to enhance 
the resolution, solvent shifts, the results of molecular orbital calculations, and 
the infamous "chemica l in tu i t ion" al l play a role. A n early paper b y Becker 
and co-workers (10), w h i c h exemplifies the application of most of these 
techniques, is still representative of the approaches taken today. 
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Figure 3. Representation of the anthracene S1 vibrational levels from the 
solution absorbance spectrum. 

A n y quasidiatomic (i.e., single vibrational mode) depict ion similar to 
F igure 3 grossly underestimates the total number of available vibrational 
levels. T h e true vibronic structure is far more complicated than the solution 
spectra suggest (vide infra) owing to incomplete resolution. Moreover , only a 
fraction of the total set of S x levels can be optically accessed f rom the S 0 

zero-point level . T h e inaccessible " d a r k " levels play a key role i n the various 
vibrational relaxation and radiationless transition processes. 

Solvent Effects. T h e solvent effects o n an absorbance spectrum can 
be separated into three categories: wavelength shift of the entire spectrum, 
modification of the vibronic structure (spectral shape), and a change i n the 
overall absorption strength. The last factor requires an extremely strong 
interaction between solvent and solute, one that significantly distorts the 
solute's electron distribution. There is also the possibility that solvent interac
tions lift the symmetry forbiddenness of a given molecular transition (see the 
subsequent discussion of the H a m effect), but such cases are usually better 
v iewed as changes i n vibronic structure because the integrated absorption 
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strength of the entire electronic transition is little affected. T h e magnitude o f 
the wavelength shifts depends on the polarity o f the solvent and the dipole 
moment difference between the S0 and SX states. T h e literature o n charge 
transfer transitions (both intra- and intermolecular) a n d donor-acceptor 
complexes is extensive ( I I ) , but comments are l imi ted here to the mi lder 
interactions evident for aromatic chromophores. 

F o r characterization of the physical properties o f polymers, interest is 
often i n the difference between hydrocarbon and aqueous solution environ
ments. F igure 4 is inspired b y the classic work o f L a w s o n et al . , w h o 
compared the absorbance spectra of benzene i n the gas phase, and i n 
perfluorohexane and hexane solution (12). W e have remeasured the solution 
spectra and added one for water as solvent. T h e similarity between the 
absorbance i n the gas phase and i n perfluorohexane solvent (12) is remark
able and indicative o f almost no interaction o f benzene w i t h the fluorocarbon. 
E v e n though hexane is usually considered a "nori interact ing" solvent (and it 
certainly is w h e n compared, for example, to methanol), it does wash out the 
vibronic structure and shift the entire spectrum about 2 n m to longer 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

3

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 
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wavelength. T h e higher polarity of water as a solvent further reduces the 
vibronic structure (the valleys between the maxima are not as deep), but the 
band positions agree to wi th in 1 n m (relative to alkane solvent) and the 
overall intensity pattern is not markedly affected. 

As a component of an environmental analysis project i n our laboratory, 
we have extensively studied the electronic spectroscopy of aromatic hydrocar
bons i n aqueous solutions. T h e results for the other polycyclic aromatic 
hydrocarbons are similar to those for benzene w i t h regard to solvent depen
dence of the absorbance spectra. 

Absorbance Spectra in Labeled Polymers. T h e foregoing p r i n 
ciples for monomers apply nearly without modification to polymer systems 
tagged w i t h aromatic substituents. Shifts of the absorbance spectra, relative to 
those of the mode l m o n o m e l i c chromophores i n the same solvent, are small . 
F o r example, consider the almost completely superimposable absorbance 
spectra of polystyrene and ethylbenzene shown i n F igure 5. T h e c o m 
p e n d i u m of absorbance and fluorescence spectra b y B e r l m a n (13) includes 
additional monomer spectra for toluene, n-propylbenzene, isopropyl ben
zene, sec-butylbenzene, diphenylmethane, bibenzyl , and phenylcyclohexane; 
all monoalkyl derivatives of benzene absorb U V light i n similar fashion. T h e 
presence of a single methylene spacer between a phenyl r ing and another 
aromatic group (as, for example, i n diphenylmethane) isolates them electroni
cally to a large degree. T h e electronic isolation is even greater i f there are 
additional methylene spacers. 

Nonetheless, the existence of at least a m o d i c u m of electronic c o m m u n i 
cation across a single - C H 2 group is revealed i n the diphenylmethane and 
ethylbenzene spectra shown i n F igure 6; the 9 -nm relative shift to longer 
wavelength i n diphenylmethane is indicative of some conjugation extension 

I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 
230 240 250 260 270 280 290 

Wavelength (nm) 

Figure 5. Comparison of the absorbance spectra of polystyrene (MW = 600) 
and ethylbenzene in heptane solution. 
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225 250 275 300 325 

Wavelength (nm) 

Figure 6. Comparison of the absorbance spectra of ethylbenzene and 
diphenylmethane in heptane solution. Note that the two compounds exhibit very 
similar spectra but that the diphenylmethane spectrum lies about 9 nm to longer 

wavelength. 

f rom one phenyl group to the other across the methylene spacer. Compar ison 
of either the benzyl acetate or benzyl alcohol spectra i n Ber lman (13) to the 
ethylbenzene absorbance shows similar shifts. Admittedly , the effect is not 
very dramatic i n any of these cases. 

M a n y bichromophoric molecules have been synthesized for spectroscopic 
study. F o r example, pyrene is commonly used to e n d cap polymers to explore 
end-to-end cyclization dynamics via the pyrene excimer fluorescence (14). 
T h e absorbance spectrum of a nonconjugated polymer labeled w i t h pyrene 
closely resembles that of the corresponding alkyl-substituted pyrene. 

Energy transfer studies of a bichromophoric system by the Gui l le t group 
(15, 16) provide the spectra for F igure 7. T h e absorbance spectrum of 
polymer I contains separate naphthyl and anthracenyl contributions (the 
absorption of the phenyl substituent lies to shorter wavelength of the range 
shown i n the figure), but only the naphthyl absorption applies i n polymer II . 
T h e composite (superimposed) spectrum generated f rom separate spectra for 
polymer II and 9-methylanthracene fits the spectrum of polymer I extremely 
w e l l . T h e authors d i d find it necessary to reduce the molar absorptivity of 
9-methylanthracene by 1 2 % to achieve the best fit i n the composite spec
t rum, but this could easily reflect the influence of the nearby carbonyl group 
o n the molar absorptivity of the anthracene moiety (per the preceding 
comments about electronic communicat ion across a methylene spacer). 

Relaxation Steps Leading to the Emitting State 

Vibrational Relaxation after Sx Excitation. A n individual pho
ton absorption event populates an excited state vibronic level. Consider first 
the case of direct excitation into the SL state. A c c o r d i n g to the F r a n c k - C o n -
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Figure 7. The absorbance spectrum of a bichromophoric polymer and its 
decomposition into monomer components. (Reproduced with permission from 

reference 15. Copynght 1990.) 

don principle , the photoexcitation step occurs over such a short t ime interval 
(less than a femtosecond) that the sluggish nucle i lag b e h i n d the redistribu
t ion of electronic charge associated w i t h the S x <— S 0 transition. 

A l l molecular properties sensitive to electronic charge distribution (e.g., 
dipole moment, chemical reactivity) are changed by the photoexcitation. 
E v e n though the connectivity of the atoms i n S1 is the same as i n S0 ( in the 
absence of photochemistry or photoisomerization), the force constants for 
b o n d stretches, bends, and torsions and the b o n d lengths can change signifi
cantly. Thus, the so-called F r a n c k - C o n d o n or vertical excitation creates an 
imbalance because the initially created excited state electron distribution is 
prepared on the framework of the ground electronic state nuclear geometry. 
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102 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Figure 8. Caricature illustrating the ori
gin of Stokes shift between the fluores
cence and excitation transitions. Straight 
lines signify radiative transitions and 
wiggly lines in excited state illustrate 
relaxation cascade. Note that O-O band 
is the only vibronic transition common to 

the excitation and fluorescence. 

T h e molecule must rearrange its relative nuclear positions to accommodate 
the new electronic distribution. N o t e that the nuclei are driven to their new 
positions by the changed electron distribution, not vice versa. 

T h e notion of a specific, single ground-state geometry is an oversimplif i 
cation, albeit usually not a crucial one. Classically the molecule spans a range 
of geometries as it executes its vibrational motions. [The quantum mechanical 
description invokes vibrational wavefunctions, the squares of w h i c h y ie ld the 
probabil i ty that the molecule is i n a certain geometry (conformation).] A 
familiar example is that o f a ground state w i t h a (vibrationally averaged) 
planar arrangement, say about a C = C double bond, but an intrinsically 
twisted excited state; ethylene is the obvious paradigm. Despite the foregoing 
quibble, there is little harm i n saying that the ethylene S x excited state is 
created planar by photoexcitation and must then relax to its nonplanar 
equi l ibr ium geometry. B i p h e n y l represents the reverse case; the torsional 
angle about the central C ~ C b o n d is substantial i n S 0 , but the molecule tends 
toward planarity i n the excited state. 

A photoexcited molecule achieves greater energy stability as it relaxes 
into its opt imal excited state geometry. T h e process is commonly depicted as 
a cascade d o w n the manifo ld of vibrational levels (Figure 8) and is referred to 
as a vibrational relaxation. I n condensed media, vibrational relaxation causes 
dissipation of a certain amount of energy to the solvent on approximately the 
picosecond t ime scale. T h e vibrational relaxation is complete w h e n a Bol tz-
mann populat ion distribution over the excited state vibronic levels is reached. 
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3. GILLISPIE Spectroscopic Characterization of Polymers 103 

Again , recall that the density of S x vibronic levels available to participate i n 
the relaxation is enormously greater than that w h i c h is revealed by the 
absorbance spectrum. 

Internal Conversion from Sn (n > l) to Sv T h e possibility of 
excitation into higher energy states than S x also exists. T h e empir ica l observa
t ion that fluorescence f rom singlet states above S x is generally not observed is 
referred to as Kasha's rule. Al though several "v iolat ions" of Kasha's rule 
(which never was promulgated as an absolute edict) have been observed (see 
reference 17, for example), truly marked departures are rare. T h e phe-
nomenological interpretation for the weak fluorescence f rom Sn (n > 1) is 
that radiationless processes rapidly take the molecule d o w n the ladder of 
excited singlet states to S± before the radiative decay can occur. T h e t ime 
scale of these internal conversions is generally i n the subpicosecond range, so 
the Sn —> S x internal conversion occurs simultaneously w i t h intrastate vibra
tional relaxations. Radiationless processes w i l l be discussed i n more detail i n a 
later section. W e note here that the fast internal conversions d o w n to Sx are 
consistent w i t h the small electronic energy gaps between the higher excited 
singlet states. Internal conversion f rom Sx to S 0 is m u c h slower because of 
the large S 1 - S 0 energy gap; refer to F igure 2. 

As a photoexcited molecule i n fluid solution rapidly relaxes to an S1 

Bol tzmann distribution, any molecular memory of how the emitt ing state was 
created is lost. Accordingly, nearly al l of the fol lowing text applies equally 
w e l l to fluorescence emission i n chemiluminescence, bioluminescence, and 
pulse radiolysis experiments, i n addition to photoluminescence. 

Fluorescence Spectroscopy of Aromatic Molecules 

Stokes Shift and Mirror Image Symmetry. T h e degree of struc
ture i n a room temperature solution fluorescence spectrum often, but not 
always, resembles that of the corresponding Sx <- S 0 absorbance spectrum. 
T h e collective excited state populat ion undergoes statistical decay on a t ime 
scale that is typically nanoseconds, but the interval over w h i c h an individual 
photon emission event occurs is still governed by the Frânck-Condon 
principle ; that is, the emission takes place i n vertical fashion. Immediately 
fol lowing the photon emission, the ground (electronic) state reassumes its 
normal electronic charge distribution, albeit mapped onto the excited state 
nuclear geometry. Subsequent rearrangement of the nuclear positions to the 
ground-state equihbr ium geometry releases energy to the solvent via another 
vibrational relaxation. 

F igure 8 is a typical i l lustration of the vertical photoprocesses and 
vibrational relaxation for a highly stylized polyatomic w i t h a single geometric 
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104 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

coordinate. Molecular cartoons of this type are often drawn to rationalize the 
vibronic structure of spectra similar to those i n F igure 1. However , poly
atomic molecules formally require mult idimensional geometric coordinate 
descriptions because there are 3N-6 vibrational modes, where Ν is the 
n u m b e r of atoms i n the molecule. A t best, F igure 8 has some sort of 
qualitative validity i f the abscissa is identif ied as some total (and usually totally 
undefined) geometrical coordinate. T h e reader is urged to remember that 
polyatomic molecules possess a dense manifo ld of vibrational levels i n any 
given electronic state. 

O w i n g to the F r a n c k - C o n d o n principle (vertical photon transitions) the 
excitation takes place to higher energy f rom the SrS0 electronic energy gap 
(the energy difference between the two zero-point levels), whereas the 
fluorescence occurs at lower energy f rom the electronic energy gap. Conse
quently, the emission is red-shifted relative to the excitation (absorbance). 
T h e larger the geometry difference between S0 and S l 5 the greater the 
displacement o f the S x <— S0 absorbance pattern to higher energy and the 
SJL -> S0 emission to lower energy, relative to the electronic energy gap. T h e 
separation between the absorbance and emission maxima is commonly re
ferred to as the Stokes shift. Qualitatively, the greater the Stokes shift, the 
greater the S r S 0 geometry difference. [See Ber lman (13) for more precise 
definitions of the Stokes shift.] Unfortunately, it is a practical impossibil ity to 
turn the qualitative inference into quantitative interpretation for any but the 
smallest molecules owing to the mult idimensional nature of the vibrational 
motions. 

F igure 8 further indicates that the 0-0 transition is the only one c o m m o n 
to both the absorbance and the emission spectra. Another concept impl ic i t i n 
the figure is that of mirror- image symmetry between the absorbance (excita
tion) and fluorescence spectra. T h e better the mirror-image symmetry, the 
more nearly identical the S 0 and SX geometries and bonding (and hence their 
vibrational frequencies) are assumed to be. Note that the only meaningful 
assessment of the mirror- image symmetry is comparison of the fluorescence 
w i t h the S x <— S 0 absorbance (or excitation) spectrum, not w i t h absorbance to 
any higher state. A depict ion of normal ized absorbance and fluorescence 
spectra on the same graph is useful for assessment o f the Stokes shift and 
mirror- image symmetry. Berlman's book (13) includes over 100 examples and 
the reader is urged to consult this resource, whose value is enhanced because 
al l the spectra presented therein were taken under the same conditions. 

Excitation versus Absorbance Spectra. I n the literature, it is 
often the excitation spectrum, not the absorbance spectrum, that is pre
sented. W e shall, therefore, first identify the similarities and differences 
between the two presentations of essentially the same information before 
turning to actual examples. 
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3. GILLISPIE Spectroscopic Characterization of Polymers 105 

A n excitation spectrum is operationally obtained by fixing the emission 
wavelength of the detection system and varying the wavelengths of light to 
w h i c h the sample is subjected. Because the fluorescence spectral shape (i.e., 
the relative intensity at various wavelengths) is independent of excitation 
wavelength, the emission intensity for a given solute and solvent is directly 
proportional to the number of molecules photoexcited via absorbance w i t h i n 
the collection volume of the detection system. This number, i n turn, depends 
on the intensity of the light source as a funct ion of wavelength and the 
sample absorbance, w h i c h is also wavelength dependent. 

T h e fluorescence intensity, I F , at emission wavelength X e m and excita
t ion wavelength X e x can be wri t ten as 

h(Km,KK) = U O / a b s ( k e x ) ( Q Y ) ( G C ) g ( x e m ) d(\em) ( l ) 

" R e a d i n g " the r ight-hand side of the equation f rom left to right (which is also 
the order of the photon paths), we have the n u m b e r of photons incident on 
the sample ( i e x ) , the fraction actually absorbed (/a b s) to create potentially 
fluorescent molecules, the fraction of excited molecules that actually emit 
photons ( Q Y is the quantum yield), the fraction of emitted photons that enter 
the emission monochromator ( G C is the geometrical collection factor), the 
fraction g of the total emission spectrum that falls wi th in the bandpass of the 
emission monochromator, and finally the wavelength-dependent sensitivity of 
the detection system (d). 

T h e fraction of incident photons absorbed is 1 — Τ where Γ , the 
transmittance, is related to the absorbance A b y 

Γ = Μ Γ A = exp ( - 2 . 3 0 3 A ) (2) 

F o r dilute solutions (say absorbances less than 0.05), the series expansion of 
the exponential funct ion is adequately truncated at the l inear term 

e x p ( - 2 . 3 0 3 A ) « 1 - 2 . 3 0 3 A (3) 

and i F is proport ional to A ( X e x ) : 

h(Km,Kx) = 2 . 3 0 3 A ( \ e x ) U ^ x ) ( Q Y ) ( G C ) g ( X e m ) d ( X e m ) (4) 

I f the fluorescence intensity is then div ided by the excitation intensity, the 
resulting ratio i F / l e x is directly proportional to the absorbance. N o t e that the 
choice of emission wavelength does not affect the X e x dependence of the 
excitation spectrum apart f rom an overall scale factor. T h e usual practice is to 
choose the monitor ing wavelength to correspond to the maximum fluores
cence intensity, but other choices are sometimes convenient. 
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W h y w o u l d one go to al l this extra trouble to s imply recover the 
absorbance spectrum? T w o important reasons are sensitivity and sample 
versatility. T h e excitation spectrum of a moderate to strongly emit t ing 
molecule can be measured at concentrations several orders of magnitude 
lower than that for w h i c h an absorbance measurement is feasible. T h e 
advantages of measuring a small signal against an even smaller background 
(as i n the fluorescence-detected excitation spectrum) versus searching for a 
small change i n a large light signal, as i n absorbance, are considerable. 
Moreover , as noted i n the introduction, the excitation spectrum can readily 
be determined for strongly scattering or even opaque samples (amorphous 
solids, t u r b i d and frozen solutions, cracked glasses, etc.). 

Discrepancies between the excitation and absorbance spectra can usually 
be traced to either instrumental factors or the presence o f more than one 
emitt ing species. T h e most c o m m o n instrumental factor is noncorrection of 
the excitation spectrum for wavelength variation i n source intensity. C o m m e r 
cial spectrofluorimeters w i t h quantum counter accessories are now routinely 
available for the acquisition o f corrected spectra. M a n y older instruments lack 
this capability, but an inability to correct the excitation spectrum is generally 
not a great handicap. 

T h e second instrumental source that causes deviation of the excitation 
spectrum f rom the absorbance spectrum is associated w i t h absorbance values 
be ing sufficiently large to invalidate truncation of the exponential funct ion 
expansion at the l inear term. As the excitation spectrum is scanned, the 
exciting fight penetrates to different depths i n the ce l l according to the 
varying absorbance values. [In very dilute solutions, the exciting fight attenua
t ion is negligible and the excitation is uni form along the beam path.] T h e 
geometry of the photon collection system is fixed and the collection efficiency 
is not uni form over the entire excitation volume, so a spectral distortion is 
introduced. H e r e , too, this poses little problem for data interpretation as long 
as one realizes the mechanism is operative. F o r very h igh concentrations, 
such as can be obtained for d o p e d polymers, front face (as opposed to right 
angle) detection is a good way to eliminate most of the variation i n geometric 
collection efficiency. 

A molecular source for differences between excitation and absorption 
spectra is dependence of the fluorescence quantum yie ld o n excitation 
wavelength, but true examples for monomers i n solution are extremely rare. 
Whenever this mechanism is suspected, one is advised to scrupulously 
eliminate other possibilities first. T h e presence of two or more absorbing 
species w i t h different fluorescence efficiencies at the monitor ing wavelength 
is far more likely. I f the fluorophor of interest is not a strong emitter or 
present at low concentration, then the possibility of impuri ty emission must 
always be considered. I n fact, recommended procedure is to compare the 
absorbance and excitation spectra whenever possible to test for impurit ies . 
Similarly, it is a good idea to verify that the emission spectral shape is 
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independent of excitation wavelength and that the excitation spectrum is 
independent of the wavelength at w h i c h the emission is monitored. 

Mul t i component absorbance and fluorescence can still arise i n a high 
puri ty sample owing to ground-state dimerizat ion. F o r example, the d imer o f 
benzoic acid formed by hydrogen bonding absorbs at slightly different 
wavelength than the monomer and there is a similar fluorescence shift. O f 
course, i n bichromophoric systems like those shown i n F igure 6, differences 
between the absorbance and excitation spectra are highly l ikely. 

Excitation and Emission Spectra of Aromatic Chromophores. 
A few examples w i l l serve to illustrate the concepts introduced to this point. 
T h e anthracene spectra i n F igure 9 represent a high degree of mirror-image 
symmetry. T h e 0-0 bands i n emission and excitation are easily identif ied and 
coincide to w i t h i n 2 n m . Perylene, w h i c h also has an 1LaS1 state, is another 
example of excellent mirror-image symmetry (18). 

T h e phenanthrene spectra i n F igure 10 illustrate h o w problems can 
easily arise i n the interpretation of fluorescence data. I f the l L b transition 
between 350 and 300 n m is carelessly overlooked (or i f it gets lost i n the 
noise), the erroneous conclusion that there is a very large Stokes shift and 
hence, large S 1 - S 0 geometry difference, might easily be reached. A complete 
gap between the excitation (absorbance) and emission spectrum does occur, 
for example, i n molecules that undergo excited state proton transfer (19), but 
that is not the case here. In reality, anthracene and phenanthrene have nearly 
identical Stokes shifts. W h e n the l L b features of phenanthrene are shown o n 
an expanded basis i n the inset to F igure 10, we find that the 0-0 bands are 
actually even more coincident than i n anthracene; the separation is just over 1 
n m . T h e mirror-image symmetry, however, breaks down considerably. F i 
nally, we note the excellent agreement between the phenanthrene excitation 

Wavelength (nm) 

Figure 9. Fluorescence and fluorescence excitation spectra of anthracene in 
heptane solution at room temperature, illustrating a high degree of mirror-image 

symmetry. 
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spectra i n F igure 10 w i t h the absorbance spectrum shown i n F igure 1 even 
though the solvents are not the same. As noted i n an earlier section, many 
aromatics (naphthalene, pyrene, carbazole, and fluorene) commonly used to 
label polymers also have LLB as the lowest excited singlet state. 

O u r final fluorescence spectrum example is b iphenyl (F igure 11), w h i c h 
has been termed unusual (20) because there is more structure i n the 
emission than i n the excitation spectrum. It is tempting to associate this 
behavior w i t h the nonplanar ground state and the fact that the excited state is 

1 1
 1 1 1—1 1 ' ^ 1—I 1

 1 1—1—I 1 1 1 1 I 
225 275 325 375 425 

Wavelength (nm) 

Figure 10. Fluorescence and fluorescence excitation spectra of phenanthrene in 
aqueous solution at room temperature. On the scale of this figure the l L b 

transition between 350 and 300 nm in excitation is barely discerned. Inset: 
Expansion of the initial portion of the excitation spectrum with renormalization 
of the fluorescence reveals a small Stokes shift but a significant departure from 

mirror-image symmetry. 

Figure 11. Fluorescence and fluorescence excitation spectra of biphenyl in 
aqueous solution at room temperature. Arrows indicate origin positions of the 
S j and S2 states, as revealed in the low-temperature fluorescence excitation 

spectrum. 
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expected to tend toward planarity. Actually, the state w i t h maximum near 248 
n m is at least S 3 (and perhaps even a higher singlet state!); the very weak 
transitions to S x and S 2 do not show up i n the low-resolution fluid solution 
spectra, but are clearly revealed i n low-temperature work (21). O n e should 
be extremely cautious about ascribing too m u c h significance to vibrational 
structure (or lack thereof) i n fluid solution spectra. 

A Further Caution on the Interpretation of Vibronic Struc
ture. T h e vibronic structure provides the most conveniently obtained, and 
sometimes virtually the only, experimental information o n excited state 
geometries. Appl icat ion of the structure-yielding diffraction techniques (neu
tron, electron, X-ray) to species that exist for only nanoseconds poses obvious 
problems. Some excited electronic state infrared and R a m a n spectra have 
been measured, particularly for the relatively long-l ived triplet states, but 
those experiments require highly specialized instrumentation. Thus , the 
temptation to attempt analysis of the vibronic structure f rom solution ab
sorbance and fluorescence spectra is great, but nonetheless one that should 
be resisted. T h e higher resolution afforded by low-temperature matrix or 
supersonic jet studies reveals that the actual vibronic structure is far more 
complicated than what the room temperature spectra indicate. 

This point is strikingly made i n F igure 12, w h i c h compares the fluid 
solution anthracene fluorescence spectrum w i t h the corresponding emission 
of anthracene i n a frozen η-heptane solution (Shpol 'skii matrix) at 10K. T h e 
1450-cm ~ 1 progression-forming " m o d e " shown i n F igure 3 is actually the 

ο . 

in s 

380 390 400 
Λ (NM) 

410 

Figure 12. Laser site-selected fluorescence spectrum of anthracene in an τι-
heptane ShpoVskii matrix at 10 Κ The dashed line indicates the room 

temperature fluorescence spectrum. 
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overlap of many active fundamental vibrations w i t h frequencies i n the range 
1100-1650 c m ' 1 . 

O n e commonly finds statements i n physical chemistry textbooks along 
the lines of " the populat ion of excited vibrational levels at 298 Κ is usually 
very l o w . " W h e n made i n the context of diatomic molecules, the statement is 
true. However , w h e n the statement is extended to polyatomics w i t h more 
than just a few atoms, it is quite erroneous, and there is probably insufficient 
appreciation for the breadth of the thermal distribution i n a large molecule. 
F o r example, even though the anthracene zero-point level for a 300-K 
Bol tzmann distribution is more populated than any other vibrational level, its 
fraction of the total population is far less than 1 % . T h e room-temperature 
spectrum of a large molecule represents the overlap of individual transitions 
f rom hundreds (and even thousands) of levels, each of w h i c h can participate 
i n absorption or fluorescence transitions to several vibrational levels i n the 
other electronic state. 

A l o n g the same vein, one must be similarly cautious about assessments o f 
mirror- image symmetry. Several years ago we reported fluorescence and 
excitation spectra for 1-aminoanthraquinone i n a low-temperature n-heptane 
matrix (22). T h e spectra under these conditions are highly structured w i t h 
bands that are only a few-hundredths of a nanometer wide and the mirror-
image symmetry appeared excellent. W h e n we recently examined the corre
sponding gas phase spectra, it was discovered that despite the mirror-image 
symmetry, there must be significant differences between the bonding and 
vibrational properties i n S 0 and S 2 (23). 

Solvent Dependence. Fluorescence properties can be markedly 
sensitive to the choice of solvent. T h e literature on solvent effects is exten
sive. F o r example, biochemists use solvent effects to probe the local environ
ment i n biological macromolecules that have been labeled w i t h fluorescence 
probes (20); a similar approach is clearly applicable to synthetic polymers. 
T h e variation i n the fluorescence can take the form of a wavelength shift o f 
the entire fluorescence spectrum, a modification of intensity (fluorescence 
quantum yield), and i n a few cases, such as pyrene, a predictable variation i n 
the vibronic structure. 

W i t h regard to the fluorescence wavelength shift, the solvent depen
dence is associated w i t h differences between the ground- and excited-state 
electron distributions. T h e usual starting point for discussion is the L i p p e r t 
equation (24), w h i c h draws attention to the dipole moment difference 
between S 0 and SV M o r e often than not there is a substantial dipole moment 
increase associated w i t h photoexcitation. B y once again applying the 
F r a n c k - C o n d o n vertical excitation principle , this t ime to a "supermolecule" 
of the solute and its solvation sheath, one deduces that the effectively 
instantaneous creation of the excited electronic state electron distribution 
w i t h the solvent sheath at its ground-state arrangement is destabilizing. As the 
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3. GILLISPIE Spectroscopic Characterization of Polymers 111 

solvent shell rearranges to accommodate the increased solute dipole moment, 
the supermolecule relaxes to lower energy. Consequently, the fluorescence 
exhibits a shift to longer wavelength. F igure 13 shows a particularly dramatic 
example of a popular fluorescence solvent polarity probe. A n extensive 
discussion of solvent dependence, the L i p p e r t equation, and related concepts 
can be found i n Lakowicz (20) . 

F o r polycyclic aromatic hydrocarbons w i t h alkyl or other relatively n o n -
polar substituents, the dipole moment difference between S 0 and S x is small 
and may even be restricted to zero by symmetry. F o r these molecules, solvent 
effects o n the fluorescence wavelength distribution are small, as may be 
verif ied by comparing the aqueous solution spectra for phenanthrene and 
biphenyl i n Figures 10 and 11 w i t h the corresponding spectra for cyclohexane 
solvent (13). 

T h e solvent effect on fluorescence intensities is not as easily predicted or 
explained. F o r example, i n unpubl ished work f rom our laboratory, we showed 
that the fluorescence quantum yie ld of benzene i n aqueous solution is m u c h 
lower than i n aliphatic solvents, yet other aromatics are little affected or their 
fluorescence even intensified by the change f rom a nonpolar organic solvent 
to water. T h e solvent effects on fluorescence quantum yields are pr imari ly 
related to changes i n the radiationless transition rates, for w h i c h quantitative 
theories are not nearly as w e l l developed as the L i p p e r t equation. 

W e note, however, a well -understood solvent effect on intensities for 
heterocyclic aromatics, w h i c h often have close-lying η-ττ* and ττ-ττ* states as 
S x and S 2 . H y d r o g e n bonding solvents interact strongly w i t h the nonbonding 
lone-pair electrons of the heteroatom, but to a different degree for each 

Γ ' ' ' ^ Τ ^ ι ι I I I [ i I Τ I I I I I 1*1 ι ι ι ι ι I 

360 400 440 448 520 560 600 640 

Wavelength (nm) 

Figure 13. Solvent dependence of the fluorescence spectrum of Prodan, a 
popular solvent polarity probe. From left to right the solvents are cyclohexane, 
chlorobenzene, dimethylformamide, ethanol, and water. (Sprectra reproduced 

from reference 24. Copyright 1990 American Chemical Society.) 
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electronic state. F o r example, i n acridine there are two in-plane lone pair 
electrons on the nitrogen atom i n the ground state and ττ-π* excited state, 
but only one nonbonding electron i n the η-ττ* excited state. Thus, i f the 
solvent is changed f rom a nonhydrogen-bonding solvent such as cyclohexane 
to a strongly hydrogen bonding solvent such as methanol, the ττ-π* excited 
state is lowered preferentially relative to the η-ττ* state. This differential 
stabilization may be enough to invert the η-ττ* and ττ-ττ* states (Figure 14). 
T h e ΤΓ-ΤΤ* state is m u c h more intrinsically fluorescent owing to both its 
higher radiative decay rate and lower radiationless Sl —> TX decay rate (see 
fol lowing discussion of El-Sayed's rule below), and the increase i n fluores
cence efficiency can be dramatic. Enhancements by several orders of magni
tude are possible. 

Pyrene is often used as a photophysical probe for polymers owing to its 
proclivity for excimer formation, a topic discussed i n the next section. A 
different aspect is noted here. Pyrene exhibits a reasonable degree of 
structure i n its fluorescence spectrum (Figure 15). F ive major bands, labeled 
I through V , are readily identif ied. R a n d I, the shortest wavelength major 
feature, is conventionally cal led the 0-0 band and nominally represents the 
transition between the S 0 and Sx zero-point levels. As was discussed earlier, 
this " b a n d " is actually the overlap o f many vibronic transitions. Nevertheless, 

ππ 
ηπ* 

S o 

M 
«β ο 

f 

• ηπ, 
•ππ 

bû I 
C5 Ο 

APROTIC HYROGEN-BONDING 
S O L V E N T S O L V E N T 

Figure 14. Illustration of the inversion of the η-ττ* and π-π* states of a 
heteroaromatic molecule as the solvent is changed from an aprotic to a 

hydrogen-bonding solvent. 
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I Y 

Γ 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 M 1 1 1 1 I 
360 370 380 390 400 410 420 

Wavelength (nm) 

Figure 15. Fluorescence spectra of pyrene in water and in heptane. The spectra 
have been normalized to the same intensity at band III. 

it retains considerable true 0-0 character. N o w according to molecular 
symmetry, the 0-0 band i n an isolated molecule (i.e., gas phase) of pyrene is 
forbidden. Solvent perturbation can lift this forbiddeness, and i n strongly 
polar solvents band I is considerably intensified relative to the other bands. 
T h e phenomenon is sometimes referred to as the H a m effect i n honor of its 
discoverer (25). T h e standard practice is to use the ratio of band I to b a n d III 
intensity; this ratio forms the basis of a solvent polarity scale (26). I n this 
fashion pyrene can reveal the polarity of microenvironments, as i n a labeled 
polymer system, or w h e n the pyrene is solvated i n a micel le . 

Deactivation of the Emitting State 

The Jablonski Diagram Revisited. T h e discussion n o w turns 
f rom the energetic aspects (state diagrams, wavelength distribution) of fluo
rescence to a consideration of the rate processes that deactivate the emitt ing 
state. Fluorescence temporal behavior yields the most detailed picture avail
able on the mot ion of polymer systems o n the fast ( 1 0 " 6 - 1 0 ~ 1 2 -s) t ime scale. 
This section provides an overview of the important radiationless processes 
that compete w i t h fluorescence emission and how the rate constants are 
determined f rom experiment. 

T h e kinetic processes that deactivate the S x state can be separated into 
radiative (fluorescence), unimolecular nonradiative (internal conversion to S0 

and intersystem crossing to 7\), and bimolecular nonradiative (quenching, 
excimer-exciplex formation, energy transfer) contributions. T h e fluorescence 
( fc F ) , intersystem crossing ( J t I S C ) , and internal conversion ( k l c ) processes 
fol low first-order kinetics and each is therefore associated w i t h a t ime-inde
pendent rate constant, as is i l lustrated i n F igure 16A. T h e bimolecular steps 
are vital aids i n revealing the details of macromolecule internal motion, but 
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(A) (B) 

Figure 16. A: Conventional "vertical" representation of radiationless and 
radiative intramolecular decay paths from S. B: Schematic energy level diagram 
indicating that radiationless transitions are horizontal (isoenergetic) processes, 
but they are followed in solution by much faster vibrational relaxation processes 

with average rate constant KVR. 

we w i l l first consider the case of a single chromophore i n dilute, degassed 
solution, i n w h i c h the intermolecular processes can be neglected. 

T h e directly measurable fluorescence parameters are quantum yie ld and 
lifetime. T h e fluorescence quantum yield, Φ Ρ , is the ratio of number of 
photons emitted to the number of photons absorbed, or equivalently, the 
ratio of the number of emitted photons to the number of excited molecules 
initially created by photoexcitation. Fluorescence quantum yie ld is related to 
the first-order radiative and nonradiative rate constants by 

Φ Ε = kF/(kF + klc + *ISC) = kF/(kF + k N R ) (5) 

where fcNR is the total nonradiative decay rate constant. Equat ion 5 can be 
readily derived f rom a photostationary state treatment, but it is applicable to 
pulsed experiments as wel l . T h e sum i n the denominator of e q 5 represents 
the total rate constant for the exponential decay of the S x population. T h e 
reciprocal of that sum is the fluorescence l i fet ime ( T F ) : 

T F = (kF + feIC + k l s c ) ~ l = (kF + kNR)~l (6) 

N o t e that the term "fluorescence l i fe t ime" is slightly misleading. M o r e 
properly, T f is the Sx l i fetime. Reference is made to T f as the fluorescence 
l ifetime s imply because fluorescence is the usual (and by far the most 
convenient) way to fol low the Sx populat ion decay. I f transient absorption 
from S x were fol lowed, the same 8Χ l i fetime should be found. 

Equat ion 5 can be writ ten more compactly: 

Φ Ρ = kFTF (7) 
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A t this stage there are two measurable quantities ( Φ ρ , τ ρ ) , but three rate 
constants ( fc F , klc, fcISC). T h e radiative decay rate, kF, can be determined 
from e q 7; then the total nonradiative decay rate, fcNR, can be determined 
from e q 6. A t h i r d measurement, usually that o f the quantum yie ld for triplet 
formation via intersystem crossing, is necessary for a determination of the 
individual nonradiative rate constants. M a n y times the approximation is made 
that internal conversion is negligibly slow compared to intersystem crossing i n 
w h i c h case 

* i s c s FCNR = (1 - * F ) A F (8) 

Results for selected polycyclic aromatic hydrocarbons der ived o n this basis 
are given i n Table I. However , note that there are cases for w h i c h nonradia
tive decay is dominated b y Sx -> S 0 internal conversion (e.g., stilbenes, 
polyenes, β-carotene, etc.). 

I n a strict sense, internal conversion and intersystem crossing ought to be 
represented as isoenergetic processes, as opposed to the " v e r t i c a l " depict ion 
of F igure 16A. F o r example, i n the S x -> Tx intersystem crossing, electronic 
energy equal to the Sl-Tl electronic energy gap is converted into Τλ excess 
vibrational energy (Figure 16B). However , the radiationless transitions are 
fol lowed by m u c h faster vibrational relaxation. T h e internal conversion and 
intersystem crossing might be v iewed as rate-l imiting steps i n a conventional 
kinetic picture of the sequential "reactions": 

Di °o °o 

Sx -» Tf -> 2\ 

where Sf and Tf represent vibrationally excited states w i t h the same total 
vibronic energy as that o f the S 2 state undergoing the radiationless 
transition(s). 

Table I. Photophysical Data for Aromatic Molecu les " 

Molecule ΦΡ Tf (ns) ^(s-1) e(S1 S 0 ) 

Benzene 0.07 29 2.4 Χ 10 6 3.2 Χ 10 7 210 
Naphthalene 0.23 96 2.4 Χ 10 6 8.0 Χ 10 6 300 
Anthracene 0.36 4.9 7.3 Χ 10 7 1.3 Χ 10 8 10,000 
Phenanthrene 0.13 57.5 2.3 Χ 10 6 1.5 Χ 10 7 220 
Pyrene 0.32 290 1.1 X 10 6 2.3 Χ 10 6 

Biphenyl 0.18 16.0 1.1 X 10 7 5.5 Χ 10 7 

Fluorene 0.80 10 8 Χ 10 7 2 .X 10 7 10,000 
Perylene 0.94 6.4 1.5 Χ 10 8 6 Χ 10 6 39,000 
Benzo[ ghi Jperylene — 107 — — — 
Carbazole 0.38 16.1 2.3 Χ 10 7 3.9 Χ 10 7 4,300 
Chrysene 0.14 44.0 3.1 Χ 10 6 1.9 Χ 10 7 700 

a Data taken from reference 13. 
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T w o points to note: 

1. T h e experimentally determined nonradiative rate constants are 
truly those of the intersystem crossing and internal conversions 
themselves because the vibrational relaxation is so m u c h faster. 

2. T h e radiationless transitions are fundamentally intramolecular 
processes (i.e., solvent-assisted vibrational relaxation is not 
necessary) as is demonstrated by supersonic jet studies of gas 
phase isolated molecules (27) . 

Fluorescence Quantum Yield and Lifetime Measurements. 
T h e fluorescence quantum y i e l d is a branching ratio between radiative and 
nonradiative decay, and its value must therefore He between 0 and 1. 
Al though this chapter is not intended as a methods document, a few words on 
quantum yie ld measurements are appropriate here. M o s t often fluorescence 
quantum yields are determined i n a relative sense b y comparing the inte
grated fluorescence intensity for the molecule of interest to that of a 
standard. O n e approach is to balance (i.e., match) the absorbances of sample 
and reference c o m p o u n d at a wavelength where both absorb wel l , to record 
their separate fluorescence spectra excited at that wavelength (thereby ensur
ing that sample and reference each absorb the same number of photons), and 
to measure the areas under the respective fluorescence curves. B e aware, 
however, that subleties abound i n the process. Unless the sample and 
reference fluorescences are closely overlapped i n wavelength, the spectra 
must be corrected for wavelength response of the detection system as w e l l as 
converted to an intensity versus wavenumber format (which, i n turn, intro
duces a slit correction). Other sources of error include too great a variation o f 
the absorbance of either sample or standard over the excitation bandpass or 
differential sensitivity of the sample and standard to oxygen or self-quench
ing. References 28 and 29 should be consulted for details. 

Moreover , the issue sti l l remains of how to determine the absolute 
fluorescence quantum y ie ld of the standard, w h i c h is usually accomplished via 
integrating sphere techniques. T w o examples emphasize the intricacies of 
absolute quantum yie ld determination. T h e first is the case of 9,10-diphenyl-
anthracene, used as the standard by B e r l m a n (13). Over the years the 
recommended value has j u m p e d back and forth between 0.83 and 1.00 and 
there stil l appears to be less than unanimity on the subject (30) . T h e second, 
and i n many ways more striking, example is the recent meticulous work b y 
Johnston and L i p s k y (31) that suggests the long-accepted fluorescence quan
t u m yie ld of benzene vapor may be too high by a factor of almost 4. 
Nevertheless, w i t h reasonable care it should be possible to generally obtain 
fluid solution relative fluorescence quantum yields accurate to w i t h i n 2 5 % . 
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The most straightforward way to determine lifetimes is to populate S x 

m u c h faster than the subsequent excited state depopulation occurs via 
fluorescence and radiationless decay. If al l the decay paths are first order, the 
S x population decreases exponentially i n t ime. A plot of the natural logarithm 
of fluorescence counting rate versus t ime is then linear and the l ifetime is 
simply extracted as the negative reciprocal of the slope. 

W h e t h e r the excitation step is sufficiently separated i n t ime from the 
subsequent decay depends on the l ifetime value and the nature of the 
excitation source. There are many different possible excitation sources and 
the reader is directed to Demas (32) for details. W e w i l l ment ion four types 
here: (1) gas-filled discharge lamps that operate at a few kilohertz w i t h a 
pulse duration of a few nanoseconds; (2) low-repetit ion rate pulsed excimer, 
nitrogen, and N d - Y A G lasers w i t h typical pulse durations also i n the few 
nanosecond range; (3) high repetition rate picosecond duration laser systems 
(e.g., mode- locked and cavity d u m p e d ion and N d - Y A G systems; (4) continu
ous excitation sources, commonly xenon arc, w i t h their output sinusoidally 
modulated at tens of megahertz w i t h acoustooptic or electrooptic devices. 
Sources of this type form the basis of phase-resolved fluorescence spec
troscopy (33). T h e most attractive feature of phase resolved methods is that 
w i t h a commercia l spectrofluorimeter one can measure both conventional 
luminescence and excitation spectra as w e l l as lifetimes. 

I f the fluorescence l ifetime is not long compared to the excitation pulse 
duration, it is necessary to extract the l ifetime by deconvolution, a mathemati
cal processing of the data to give the best agreement between the experimen
tal decay curve and those calculated for various assumed lifetimes. U n d e r 
favorable conditions, lifetimes as short as 1/10 the excitation pulse w i d t h 
have been extracted. T h e precision w i t h w h i c h lifetimes can be measured is 
m u c h higher than for quantum yields. Uncertainties of less than 1 % for 
lifetimes above 10 nanoseconds are routinely achieved. 

F igure 17 presents illustrative data for anthracene i n solution. In this 
experiment the laser pulsewidth has a duration comparable to the excited 
state l ifetime so deconvolution w o u l d be required to extract the l i fetime. 
Note that the decay is extended i n t ime w h e n the solution is degassed to 
eliminate oxygen quenching (see later discussion of the S t e r n - V o l m e r equa
tion). 

The Radiative Decay (Fluorescence) Process. T h e rate con
stant for fluorescence radiative decay f rom Sx to S 0 can often be accurately 
estimated because the spontaneous fluorescence and absorbance processes 
are related through the E ins te in A and Β coefficients (34). Strickler and B e r g 
(35) generalized the E ins te in treatment to molecular systems and derived an 
equation for kF that contains the so-called integrated absorbance spectrum 
(necessarily l imi ted to the S x <- S 0 transition). Agreement between the 
S t r i c k l e r - B e r g kF value and that derived directly f rom experiment via e q 6 is 
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Figure 17. Fluorescence lifetime traces for anthracene in degassed and air-
saturated cyclohexane solution, along with the laser excitation time profile. 
Excitation source was a dye laser and temporal data acquired with a digital 

oscilloscope. 

excellent. I f the experimental value is more than a factor of 2 lower than the 
calculated value, a weakly absorbing S x state bur ied i n the long wavelength 
tail of a stronger transition to S2 should be suspected. A number of 
misassignments have been cleared up i n this fashion. 

A s impli f ied version of the S t r i c k l e r - B e r g equation suitable for rough 
estimates is 

fc^s"1) = 3 X 1 0 - V e m a x Δ ν 1 / 2 (9) 

where ν is the average wavenumber of the fluorescence, € m a x is the maxi
m u m molar absorptivity i n units of liters per mole per centimeters, and Δ ν 1 / / 2 

is the half -width of the electronic transition. T h e average half -width reported 
by B e r l m a n (13) is 3600 c m - 1 . W e may take e m a x = 100 as the m i n i m u m 
molar absorptivity to be expected i n aromatics. F o r a typical emission 
wavelength of 350 n m , the radiative decay rate is therefore approximately 1 0 6 

s - 1 ; equivalently, the lifetime w o u l d be 1 μ 5 i f fluorescence were the sole Sx 

decay path. A n y higher molar absorptivity ( if S x is l L a , for example) or any 
contribution of nonradiative decay w i l l shorten the lifetime. Thus, the long 
time l imit of processes that can be monitored by fluorescence is about 1 μ Ξ . 
Slower processes can be monitored via the longer-l ived phosphorescence. In 
part, the popularity of pyrene as a photophysical probe for polymer physical 
properties is its long intrinsic fluorescence lifetime [ca. 300 ns for the 
monomer i n dilute solution (36)]. 

T h e reciprocal of kF is sometimes referred to as the radiative l i fetime or 
pure radiative l i fetime. In other words, it is the excited state l ifetime that 
w o u l d fol low i n the hypothetical case where the nonradiative decay is 
suppressed. 
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Intramolecular Decay: Radiationless Transitions. There is no 
reliable radiationless transition rate constant formula analogous to the Strick-
l e r - B e r g equation; a pr ior i predictions of internal conversion rates and 
intersystem crossing rates are beyond reach now and the situation is not 
expected to change soon. Fortunately, there do exist very useful empir ica l 
correlations and we w i l l touch u p o n these briefly. 

T h e theoretical description of a radiationless transition f rom an init ial 
state i to a final state f begins w i t h Fermi 's G o l d e n Rule : 

fcNR = 2 i r A l V t f | 2
P f ( E , ) (10) 

i n w h i c h the coupl ing matrix element V i f is a measure of the strength of the 
interaction between the init ial and final states and p f is the density of final 
vibronic levels at the energy of the init ial state (E{). T h e modern era o f 
radiationless transition theory dates to the seminal Robinson and F r o s c h 
paper (37) . M a n y formal theory papers and review articles (38) were writ ten 
on the topic i n the 1970s and early 1980s. Unfortunately, first pr inciple 
calculations have proven impossible. There is no reliable theoretical alterna
tive to experimental measurements or estimates based on experimental values 
i n chemically similar systems. 

In this regard, the correlation of radiationless transition rate w i t h elec
tronic energy gap, first presented by Siebrand (39) has been extremely 
useful. As discussed earlier, internal conversion and intersystem crossing are 
energy-conserving processes, where in the electronic energy difference be
tween the init ial and final states must be converted into vibrational energy i n 
the final (accepting) state. T h e conversion efficiency is enhanced b y the 
presence of a large number of final states to accept the energy (the density of 
states term i n the G o l d e n Rule) and by a strong coupl ing between the init ial 
and final states (the matrix element term). 

T h e coupl ing matrix elements can be cast into a form that contains 
F r a n c k - C o n d o n factor type terms, again between the init ial state (with small 
vibrational quantum numbers) and the final states, w h i c h are characterized b y 
large vibrational quantum numbers. T h e larger the electronic energy differ
ence between the two states, the larger the change i n vibrational quantum 
number required by the radiationless transition, and, accordingly, the smaller 
the F r a n c k - C o n d o n factor. T h e density of states and coupl ing matrix ele
ments, as a function of electronic energy gap, follows opposite trends. F o r 
electronic energy gaps more than a few thousand c m " 1 , the electronic energy 
difference factor dominates, and i n this range the radiationless transition 
rates decrease nearly exponentially w i t h increasing electronic energy gap. 

T h e electronic energy gap i n the Siebrand correlation is scaled to account 
for the relative proport ion of C - H to C - C oscillators i n the molecule. T h e 
importance of C - H stretches is a consequence of their efficiency i n accepting 
energy. O w i n g to their high frequency, fewer accepting quanta are required. 
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Simpli f ied energy gap plots without scaling are shown i n F igure 18. E v e n 
though the conformance to a straight l ine is not quite as impressive as for the 
scaled plots, the energy gap law is still very clearly revealed. 

Despite the fact that it is a spin-forbidden transition, Sx -> Τ intersystem 
crossing i n aromatic molecules competes very effectively w i t h the Sx —» S 0 

internal conversion and, i n many cases, dominates. There are both obvious 
and subtle reasons why this is so. T h e obvious reason is that the T x state has a 
m u c h smaller energy gap w i t h S x than does S 0 . A more subtle reason is that 
the intersystem crossing from S x can proceed through higher triplet states 
than Tv 

W e had noted earlier that the rapid internal conversion cascade f rom 
higher singlet states slows d o w n at Sx instead of proceeding all the way to S 0 . 
T h e SrS0 electronic energy gap is almost always m u c h greater than the gaps 
between excited singlet states. Note , too, the possibility of spectroscopically 
unobserved singlet states contributing to the Sn -> S x internal conversion 
cascade. 

T h e invariably c i ted and most striking exception to Kasha's rule is 
azulene i n w h i c h the S2 ~> S0 fluorescence quantum yie ld is itself reasonably 
strong, 0.03, and, moreover, orders of magnitude stronger than the Sx —> S 0 

quantum y ie ld (41). However , azulene is really less anomalous for its S 2 

fluorescence than it is for its exceptionally large S 2 - S x energy gap. I n fact, the 
most anomalous feature of azulene is that the S x -> S 0 internal conversion is 
about 2 orders of magnitude faster than the energy gap correlation predicts 
(42). 

The energy gap correlation shown i n F igure 18 applies to planar aromatic 
hydrocarbons. W h e n η-ττ* states are involved, intersystem crossing f rom S1 

is often greatly enhanced. El-Sayed's rule states that intersystem crossing 

12 ι 1 

-4 1 " • • ' 
5 10 15 20 25 30 35 

Δ Ε ( c m 1 χ 103) 

Figure 18. Illustrations of energy gap law for T1 -> S 0 intersystem crossing and 
S j -> S 0 internal conversion. Data taken from references 39 and 40. 
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between an η-ττ* singlet and ΤΓ-ΤΓ* triplet state (or vice versa) is m u c h faster 
than intersystem crossing between two η-ττ* states or two ir-ττ* states (43). 

Environmental Effects on Radiationless Transitions. T h e ca
pacity of an aromatic solute to absorb radiation and become electronically 
excited is not a strong function of temperature or solvent. A l t h o u g h individual 
vibronic bands become narrower and better resolved at reduced temperature, 
the integrated absorption strength is nearly constant. A c c o r d i n g to the 
S t r i c k l e r - B e r g equation, therefore, any substantial environmental effects o n 
luminescence intensities must be ascribed to radiationless transitions or 
bimolecular factors. In this section we comment briefly on the role of 
environment on radiationless transitions. 

A notion that seems to have become rather firmly entrenched is that 
radiationless transitions are strongly affected by the rigidity of the m e d i u m or 
the structural rigidity of the emitter itself. Several authors have commented 
on the "loose bo l t " effect (13), w h i c h expresses the notion that floppy mot ion 
enhances radiationless transition rates, whereas the imposit ion of rigidity 
suppresses nonradiative decay. I n our opinion, too m u c h has been made of 
this point. F o r every comparison of two structurally similar molecules i n 
w h i c h the more rigid one has a higher fluorescence quantum yie ld , a 
counterexample can be offered. Witness the very high quantum yie ld of 
9,10-diphenylanthracene (0.8-1.0) versus the value of ca. 0.3 for anthracene. 

T h e preceding paragraph is not a denial of the experimental fact that 
luminescence yields are often higher i n rigid media, but i n most cases 
"Soppiness ," per se, is not the reason. F irs t consider the observation of 
phosphorescence, for w h i c h the usual experimental condit ion is " i m m o b i l i z a 
t i o n " of the molecule i n a rigid matrix such as an organic glass at l i q u i d 
nitrogen temperature; 3-methylpentane, methylcyclohexane, and the polar 
mixture of solvents that is commonly referred to as E P A are popular choices 
for glass-forming solvents. B y way of contrast, phosphorescence i n fluid 
solution is a comparatively rare phenomenon. I n general, however, freezing 
the sample to l i q u i d nitrogen temperature does not markedly slow the 
TX —> S 0 intersystem crossing. The impact of the rigidity imposed by freezing 
the sample is to prevent diffusion of oxygen, w h i c h otherwise quenches the 
long-l ived phosphorescence; triplet-triplet annihilation, similarly a diffusional 
process, is also suppressed (44). Samples that are very carefully degassed w i l l 
show phosphorescence i n fluid media. I n fact, any change i n conditions that 
inhibits oxygen diffusion enhances the phosphorescence: T h e possibilities 
include immobi l izat ion of the molecule i n a polymer host (which is, o f course, 
just another form of organic glass), adsorption on filter paper or other 
substrates, or incorporation into cyclodextrins. B y and large it is the oxygen 
quenching that is inhibi ted, as opposed to a significant reduction of the 
intramolecular radiationless decay rate constants. 
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Temperature effects on fluorescence quantum yields can be quite large 
and the usual (but not exclusive) direct ion of change is that increasing 
temperature tends to reduce the fluorescence. There is s imply not enough 
space here for a f u l l discussion, but we w i l l ment ion two classic examples; 
meso-substituted anthracenes and fmas-sti lbene (and higher polyenes). In 
both cases there is a strong temperature variation of fluorescence quantum 
yie ld , but the cause is the presence of an excited state that promotes efficient 
radiationless decay lying just above the emitt ing state. 

M o s t meso - anthracenes have fluorescence quantum yields of unity to 
wi th in experimental error at l i q u i d nitrogen temperature, but values of only 
0.01-0.1 at room temperature. F o r the parent anthracene the S x —> Tl 

intersystem crossing, i f forced to occur over the fu l l energy gap of about 
11,000 c m " 1 , w o u l d be quite slow. However , a higher triplet state lies just 
below Sx and acts as an intermediate state i n the intersystem crossing. 
Changes i n solvent do not change the S 1 - T 2 energy gap substantially and 
therefore have little effect on the intersystem crossing rate. T h e room 
temperature fluorescence quantum yie ld o f anthracene is about the same i n 
hexane as i n ethanol and not m u c h different i n either solvent at m u c h lower 
temperatures. I n raeso-anthracenes the S 1 state is shifted to lower energy 
owing to extension of conjugation along the short in-plane axis (45). T h e shift 
is just enough to br ing the S x state below T 2 . A t room temperature the broad 
Bol tzmann distribution still allows T 2 to be accessed and the intersystem 
crossing can efficiently proceed. A t low temperature this channel is closed off 
and only the direct (and slow) S x —» Tx intersystem crossing remains. 

In the case of frans-stilbene, the Bu excited state that carries h igh 
oscillator strength is just slightly lower i n energy than an A g state, w h i c h is 
radiatively one-photon forbidden but two-photon al lowed w i t h the ground 
state. As the molecule is twisted about the central C ~ C bond, the Bu state 
rises i n energy and the A g state falls (of course the g and u symmetry labels 
only apply for the planar molecule). T h e r m a l activation f rom Bu to A g leads 
to very efficient internal conversion. T h e literature on the topic is very 
extensive (46) and we w i l l not discuss it further here. 

Intermolecular Decay Processes. T h e electronically excited S x 

state can easily " f i v e " long enough to undergo bimolecular interactions, 
as was discussed i n the context of phosphorescence i n the last section. 
O f course, a l l solvent interactions w i t h an excited molecule are essentially 
of a bimolecular nature, but we w i l l make some very br ie f comments 
o n the interactions w i t h other solutes ( including self-interaction of a b ichro-
mophore) . There are three main cases: quenching of the excited state (es
pecially b y dissolved molecular oxygen), excimer or exciplex formation, 
and energy transfer. F u l l chapters o n these topics can be found i n Guil let 's 
monograph (4). 
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Quenching. T h e data i n Table I show that typical fluorescence l i fe
times for polycyclic aromatic hydrocarbons are i n the range 1-100 ns, 
corresponding to total decay rates of 1 0 7 ~ 1 0 9 s _ 1 . T h e diffusion control led 
second-order rate constant i n fluid media is o n the order of 1 0 1 0 M _ 1 / s . 
Thus , i f quenching occurred on every coll ision, a quencher concentration of 
1 0 " 3 M w o u l d be sufficient to cut the fluorescence intensity i n half. T h e 
concentration of dissolved oxygen i n most air-saturated solvents is o f that 
magnitude and oxygen quenching of fluorescence is not inconsequential . T h e 
extent of fluorescence quenching strongly correlates w i t h fluorescence l i fe
t ime (13). In alkane solvent at room temperature, the fluorescence reduction 
for air-saturated solutions compared to degassed solutions is about 2 0 % for 
anthracene (lifetime near 5 ns), a more than 10-fold reduction for naphtha
lene (lifetime near 100 ns), and stil l m u c h larger yet for the very long-l ived 
pyrene. 

Q u e n c h i n g processes are easily incorporated into the kinetic analysis. 
T h e Sx (fluorescence) l i fet ime is shortened by the quenching for w h i c h a 
pseudo-first-order rate constant can be wri t ten i n terms of a second-order 
rate constant, K Q , and the quencher concentration [Q]. Equat ion 6 is 
rewritten to incorporate the additional deactivation mechanism: 

and the fluorescence quantum yie ld is similarly reduced because e q 6 is stil l 
val id . 

T h e S t e r n - V o l m e r expression 

F 0 / F = 1 + fcQTF[<?] ( 1 2 > 

is often applied to steady-state data; F 0 is the fluorescence intensity i n the 
absence of quencher, F is the intensity w h e n the quencher is present at a 
concentration [Ç>], and T f is the l ifetime for zero quencher concentration. 

Excimer Formation. T h e interaction o f two identical polycyclic aro
matic hydrocarbon molecules, each i n its ground electronic state, is p r e d o m i 
nantly repulsive. W h e n one o f the molecules is electronically excited, an 
attractive force for its ground-state counterpart may develop. T h e resulting 
excited-state stabilized d imer that forms is k n o w n as an excimer (excited state 
aimer). T h e corresponding term for chemically distinct species that are 
attractive i n the excited state but repulsive i n the ground state is exciplex. 

E x c i m e r formation is a c o m m o n phenomenon for aromatic molecules, 
especially i f the singlet state l ifetime is long. T h e popularity of pyrene for 
excimer fluorescence studies is thus explained; it combines a long monomer 
Sx l i fetime and favorable excimer emission properties. T h e excimer emission 
occurs at longer wavelength than the monomer emission by an energy 
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roughly corresponding to the stabilization energy i n the excited state and the 
destabilization energy i n the ground state (which is expected to be larger). 
Because excimer emission occurs to a repulsive ground-state surface, excimer 
emission is characteristically unstructured. 

T h e kinetic behavior of excimer formation and decay is described at great 
length i n the literature and w i l l not be discussed here. W e do point out that 
the excimer has its own radiative and nonradiative decay rates, and w h e n 
these rates are added to the previously presented decay paths, the kinetic 
scheme can become quite complicated. T h e usual starting point is the 
wel l -known Birks m o d e l (47). 

As a final comment o n excimers, we consider the expected excitation 
spectrum of a molecule that undergoes excimer formation. First note that 
there is only one absorbing species (the monomer) . T h e init ia l chronology 
remains as before: excitation into some chromophore or monomer singlet 
state, fol lowed b y internal conversion-vibrat ional relaxation into a (monomer) 
SJL Bo l tzmann distribution. F r o m that point options for the excited molecule 
are fluorescence, internal conversion to Sl9 intersystem crossing to Tl9 

quenching by dissolved oxygen, and excimer formation (via interaction w i t h a 
ground-state species). T h e efficiencies of the excimer formation and decay 
paths are independent of excitation wavelength. Thus, the excitation spec
t rum w i l l be the same whether monomer or excimer emission is monitored. I f 
there is a deviation between the monomer and excimer excitation spectra, 
then the ground-state interactions are not negligible. 

Energy Transfer. W e previously considered the absorbance properties 
of a polymer labeled w i t h two distinct chromophores, as shown i n F igure 7. 
N o w consider the fluorescence properties of bichromophoric systems such as 
an alkane chain tagged w i t h anthracene at one e n d and naphthalene at the 
other. F o r excitation wavelengths of greater than 380 n m , no absorbance (and 
therefore no fluorescence) occurs. F o r excitation between 320 and 380 n m , 
only the anthracene absorbs and its corresponding fluorescence w i l l be 
observed. However , at excitation wavelengths shorter than about 320 n m , 
both the naphthalene and anthracene w i l l absorb and their relative degree of 
excitation is easily predicted. F r o m their k n o w n fluorescence efficiencies, a 
total fluorescence spectrum can be predicted. 

Usual ly the chromophore w i t h the higher Sl state energy exhibits re
duced fluorescence relative to the predict ion, whereas the fluorescence of the 
chromophore w i t h the lower S X state energy is intensified. T h e obvious 
conclusion is that the electronic excitation of the naphthalene has somehow 
been transferred to the anthracene via a donor-acceptor ( D - A ) mechanism, 
usually represented 

D * + A -> D + A * (13) 

where the asterisk denotes electronic excitation. 
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There is, o f course, a trivial mechanism i n w h i c h the naphthalene 
emission is s imply reabsorbed by the anthracene. However , experiments have 
shown unequivocally that the same effect can be achieved without an 
intermediate photon actually be ing emitted. F o r this nonradiative energy 
transfer, there are two main mechanisms: resonance transfer (Forster mecha
nism) and electron exchange mechanism (Dexter mechanism). In both cases, 
theoretical expressions for the rate of transfer involve the overlap of the 
donor emission and acceptor absorbance spectra and the separation i n space 
of the donor and acceptor. E l e c t r o n exchange is a short-range interaction 
whereas the Forster mechanism occurs over longer distances, fol lowing 
an K ~ 6 distance dependence. Measurement of the efficiency of energy trans
fer allows determination of the separation of donor and acceptor and this 
is the basis of the "spectroscopic ru ler " approach (15). A f u l l discussion of 
energy transfer fluorescence characterization of polymers can be found i n 
Gui l l e t (4). 

Concluding Comments 

T h e goal of this tutorial has been to present the principles of aromatic 
molecule solution fluorescence spectroscopy i n a compact fashion. I have 
especially emphasized vibronic energy level structure and its role i n determin
ing the shape of the spectra and the rates o f the radiationless transitions. 
Someone who has assimilated this material ought to have a reasonable 
background for reading the literature and further study. F o r anyone who 
wishes a more intensive program, the fol lowing approach is suggested for 
background reading to accompany exploration of Guil let 's monograph (4). 

First , I r ecommend a thorough perusal of the first 100 pages of B e r l m a n 
(13). T h e fact that the instrumentation details are now outdated detracts little 
f rom the book's value. A n especially profitable exercise is to leaf through the 
spectra and draw your o w n conclusions and correlations. Next, I suggest 
consultation o f the collected papers f rom the Piatt group (9) and the 
monograph by M c G l y n n et al . (5) , w h i c h , although it is nominal ly directed at 
the triplet state, contains m u c h material relevant to energy levels and 
radiationless transitions i n aromatic molecules. 

F o r those readers w h o are vitally interested i n technical details of 
solution luminescence spectroscopy, the monograph by Parker (3) is enthusi
astically recommended. A l t h o u g h it is more than 20 years o l d (and unfortu
nately now out of print) , this book has withstood the test o f t ime very w e l l . 
C a r e f u l study of Parker w i l l significantly a id proper execution and interpreta
t ion of fluorescence experiments. 

T h e bible of photophysical principles is the monograph by Birks (2) . It's 
a bit curious that Ber lman, M c G l y n n et a l , Parker, and Birks were al l 
publ ished wi th in a span of a few years and have not been superseded i n the 
intervening two decades. 
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Laser Fourier Transform Mass 
Spectrometry for Polymer 
Characterization 

J. Thomas Brenna 1, William R. Creasy2, and Jeffrey Zimmerman 2 

1Division of Nutritional Sciences, Cornell University, Savage Hall, 
Ithaca, NY 14853 
2 I B M Corporation, P.O. Box 8003,D/T67, Endicott, NY 13760 

This review focuses on laser-based Fourier transform ion cyclotron 
resonance mass spectrometry (FTMS) for polymer structure determi
nation and identification of industrially important polymers on sur
faces. In structural studies, laser desorption has been used as a gentle 
ionization technique to desorb and ionize intact polymer molecular 
ions of intractable polymers. Spatially resolved studies involving higher 
laser fluences cause more fragmentation and recombination but retain 
sufficient information to permit identification at spatial resolution of 
about 10 μm. Molecular fragments appear most often in negative ion 
spectra. Recombination products and carbon clusters are prominent in 
positive ion spectra. Three distributions of carbon clusters are ob
served in separate mass ranges, the highest of which are identified as 
fullerenes first observed in laser ablation of graphite. Ongoing ad
vances such as postionization techniques are expected to make laser 
FTMS an increasingly attractive and convenient tool for polymer 
analysis. 

COMBINING L A S E R - I N D U C E D VAPORIZATION w i t h some form of mass spec
trometry to analyze solids has been practiced for over 20 years. In fact, an 
exhaustive bibliography of the field, now 6 years old, contains 1461 references 
(1), 60 of w h i c h are to polymer-related papers. In a number of fields, laser 
mass spectrometry has become the analytical method of choice including, for 

0065-2393/93/0236-0129$07.50/0 
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130 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

instance, particle isotopic analysis. T h e technique continues to develop and 
provide answers to a widening array of questions even though it is not yet a 
routine tool i n polymer analysis. Ongoing investigations of novel instrumenta
t ion w i t h strategic improvements over older designs show promise for dif f i 
cult analyses. In particular, the introduction of high performance analytical 
F o u r i e r transform mass spectrometry ( F T M S ) permits many types of experi
mental strategies to be executed for polymer analysis that were impossible 
w i t h previous systems. Al though this work is i n its early stages of develop
ment for polymer applications, experiments to date have yie lded useful 
results. W e present here a representative (not exhaustive) review of the field, 
inc luding discussions of instrumentation for spatially resolved analysis devel
oped i n the recent past and several applications f rom our laboratory and 
others. 

Laser Mass Spectrometry. T w o broad classes of laser mass spec
trometry experiments have developed independently. T h e y are most conve
niently classified as (1) laser-microprobe experiments, w h i c h require spatial 
resolution and are a imed at identification and localization of polymeric 
materials on the surface, and (2) laser-desorption experiments, the goal of 
w h i c h is to maximize the amount of structural information, inc luding molecu
lar weight distributions, i n the mass spectrum. T h e two experiments are not 
mutually exclusive, but competing analytical issues most often force a choice 
between the two analysis modes for optimization. F T M S has been applied to 
both sorts of experiments. T h e traditional commercia l instrumentation for 
laser microprobe, w h i c h is based on time-of-flight analysis that has existed for 
a decade, w i l l be described briefly. 

Laser-microprobe mass spectrometry ( L A M M S ) has been used for the 
past 20 years for elemental and molecular identification o f solids. The field is 
referred to by a number of names, w h i c h include the earliest, laser-micro
probe mass analysis ( L A M M A ) and laser ionization mass analyzer, both o f 
w h i c h are now associated wi th commercia l instruments. Fundamental ly, 
L A M M S is a spatially resolved surface or near-surface (few nanometers to 
micrometers) sensitive technique w i t h the chief advantage of applicability to 
all solids regardless of electrical conductivity. T h e technique was developed 
initial ly to serve the needs of the b iomedical research community for localiza
t ion of easily ionized elements, such as the alkali metals, alkaline earths, or 
halides. As commercial instrumentation appeared i n the late 1970s and early 
1980s, the technique was appl ied to a wide variety of solids. Polymers were 
among the first class of engineering materials to be analyzed by L A M M S 
( 2 - 5 ) . These early applications focused on the ability of the technique to 
provide fingerprint mass spectra for identification of small quantities of 
polymeric material (1 pg) on surfaces as w e l l as to provide polymer structural 
information. 
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4. BRENNA ET AL. Laser Fourier Transform Mass Spectrometry 131 

F r o m the first instruments reported i n the early 1970s unt i l 1988, 
L A M M S systems were based almost exclusively o n time-of-flight ( T O F ) mass 
spectrometry. I n the L A M M S experiment, a beam of laser fight (usually but 
not exclusively i n the U V ) is focused to a small spot [typically 10 μ m or less 
(6)] and directed onto a solid surface. As a result of this single laser pulse, 
ions are ejected f rom the surface and extracted into a mass spectrometer. T h e 
laser pulse is typically about 10-ns duration, and ion emission is usually on 
this order. Therefore, scanning quadrupoles or magnetic sector (without array 
detectors) mass spectrometers cannot capture a complete mass spectrum 
from a single pulse. T h e T O F instrument does acquire an entire mass 
spectrum, w i t h a theoretically unl imi ted mass range, f rom a single pulse. 

T o minimize fragmentation, the laser power is often adjusted to the 
m i n i m u m level at w h i c h ion emission occurs. However , because of the 
requirement for spatial resolution, ionization efficiency must be high, and the 
m i n i m u m power level usually causes extensive damage and molecular rear
rangement dur ing the vaporization process. This mode of laser vaporization is 
often referred to as "p lasma ionizat ion" (7 ) or "ablat ion" (8) to differentiate 
it f rom gentler laser experiments. Gent le ionization, used i n "desorpt ion" 
experiments, tends to be less efficient and, therefore, must sample a wider 
surface area to produce sufficient signal. 

Positive i o n T O F - L A M M S spectra are generally characterized b y exten
sive fragmentation; only major structural moieties, such as aromatic rings, 
appear i n the spectra. Of ten , low-mass hydrocarbon ions appear u p to mass 
~ 200 μ , w i t h scattered structure-specific peaks. Because the energy spread 
of ions emerging f rom the surface is h igh (up to hundreds of electronvolts), 
the mass resolution of T O F - L A M M S spectra is rarely better than 1 μ . In 
many cases the poor mass resolution causes hydrocarbon peaks to obscure 
minor peaks of greater structural significance. It is pr imari ly for this reason 
that T O F - L A M M S polymer spectra rarely are used for structural studies and 
only can be used to distinguish polymers w i t h major structural differences by 
gross fingerprint. I n fact, recent reports suggest pattern-recognition tech
niques are most effective for this task (9 , 10). These limitations suggest that a 
laser microprobe interfaced to a more powerful form of mass spectrometry 
w i l l y ie ld more detailed information. 

Fourier Transform Ion Cyclotron Resonance Mass Spec
trometry. F T M S i n its present form was first demonstrated i n 1974 by 
Comisarow and Marshal l (11), and commercia l instrumentation first appeared 
i n 1981. Outstanding reviews of the fundamentals o f the technique are 
available (12-17). Briefly, F T M S is an ion-trapping technique i n w h i c h ions 
formed by any means are trapped i n an intense magnetic field [typically 3 
tesla (T)] crossed w i t h a weak electric field ( 1 - 1 0 V ) . It is a fact of elementary 
physics that charged particles i n a uni form magnetic field orbit w i t h 
a characteristic motion. This orbital frequency is t e rmed the " cyc lo t ron" 
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frequency, and i n a static magnetic field it depends inversely on the mass-to-
charge ratio of the particle as 

w = 
m 

where w is the cyclotron frequency, q is the electrical charge carried by the 
ion, m is the ionic mass, and Be is the static magnetic field. In the F T M S 
experiment, the frequency is independent of the ion kinetic energy and 
dependent only on m/e, to the first order. (Accurate mass calibration 
requires that a second-order term involving the electric field be included.) 
This fact permits h igh- and ultrahigh-resolution measurements of the cy
clotron frequency and hence the ion mass. C o m m e r c i a l instrumentation 
achieves mass resolution i n excess of 1 part i n 1 mi l l ion and accurate masses 
to < 1 p p m . These capabilities allow resolution of ions at the same nominal 
mass and assignment of elemental composit ion on the basis of mass alone. 
Furthermore , because the F T M S is an ion trap, a complete mass spectrum 
can be obtained f rom a single pulsed event such as a laser pulse. Complex 
manipulations of ions also are possible, for example, selective ion ejection and 
col l is ion-induced dissociation, or photodissociation wi th a second laser. A l l 
these capabilities are used to derive structural information about ions. 

Pr ior to the availability of commercial instrumentation, F T M S w i t h 
home-bui l t systems became one of the methods of choice i n the field of gas 
phase ion/molecule chemistry. Since the advent of commercia l instruments 
i n 1981, gas (18), l i q u i d , and supercritical f lu id chromatography (19) inter
faces have been developed for chemical applications. Numerous sources for 
high molecular weight analysis have been designed and implemented for 
F T M S inc luding C s i o n secondary ion mass spectrometry ( S I M S ) (20, 21) 
and fast atom bombardment; 2 5 2 C f fission fragment plasma desorption 
(22-24); and electrospray ionization (25-27). F o r the most part, these 
sources have been applied to biological samples, particularly peptides, n u 
cleotides, and oligosaccharides, although a polystyrene spectrum has been 
reported for the S I M S source (20). 

Laser sources have been used i n conjunction w i t h F T M S since the 1970s, 
and a C 0 2 laser ( λ = 10.6 μ m) source was available soon after introduction 
of the first commercial instrument. This source directed a broad beam of 
~ 10-μ m diameter onto the surface, but had no provision for i n situ 
specimen viewing. 

F T M S - L A M M S . In 1988, three laboratories, working indepen
dently, reported the design of a laser-microprobe system for Four ier trans
form mass spectrometry ( F T M S ) (28-30). T h e instruments at I B M - E n d i c o t t 
and I B M - S a n Jose have similar optical paths. T h e University of M e t z system 
(30) is a very different design that uses an excimer laser ( K r F ; 247 nm) w i t h 
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4. BRENNA ET AL. Laser Fourier Transform Mass Spectrometry 133 

a h e l i u m - n e o n pilot laser for visualization of the laser ablation spot, Cassegrain 
optics for focusing the laser onto the specimen, and different provisions for 
specimen handling. W e w i l l discuss i n detail the I B M - E n d i c o t t instrument 
(28), the optics of w h i c h are similar to a commercia l system offered by 
E x t r e l - M i l l i p o r e F T M S (Madison , W I ) . 

Instrumentation. A schematic of the instrument is shown i n F igure 
1. A n N d : Y A G laser system (Quantel International, w h i c h is now C o n t i n u u m , 
Santa Clara , C A ) operated at λ = 266, 532, or 1064 μιχι is directed through 
an optical attentuator, w h i c h permits continuous adjustment of power level 
without moving the beam. T h e output passes through a telescope for fine 
focusing, and then enters the vacuum system. T h e beam passes through a 
75 -mm focal length objective lens, reflects off a mirror , passes through the 
space between the cel l plates, and is focused onto the sample surface. T h e 
sample is posit ioned about 3 m m from one of the trap plates, and, dur ing 
ablation, ions enter the F T M S cel l and are trapped for analysis. A separate 
high-vacuum compatible fiber optic directs i l luminat ion light through the cel l 
and onto the sample at the corner opposite to the entry of the laser light. 

F o r viewing, light reflected off the sample follows the laser optical path 
i n the opposite direction. A f t e r leaving the vacuum chamber, light is directed 
to an ocular piece for viewing by a sl iding mirror . Alternatively, a dichroic 
mirror can be used instead of the fully reflecting mirror to allow the sample 
to be viewed dur ing the 266-nm ablation. Typically, an uninteresting area of 
the sample is laser-ablated several times to make a crater to allow determina
t ion of the precise position of the beam. The crater then can be located 

Vacuum Chamber 

Eyepiece 
4 ~ H Attenuator 

Telescope 

Fiber Optic 

ι 

75 mm 
lens 

FT1CR 

ELECTRONICS 

IBM 

PC AT 

LASER 
ELECTRONICS AW: YAG LASER 
LASER 
ELECTRONICS AW: YAG LASER 
LASER 
ELECTRONICS 
LASER 
ELECTRONICS 

Figure 1. Schematic diagram of the IBM-Endicott FTMS -LAMMS instruments. 
Details given in the text. (Reproduced with permission from reference 46. 

Copyright 1989 San Francisco Press, Inc.) 
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relative to crosshairs i n the ocular piece and interesting areas can be 
posit ioned for analysis. 

Briefly, we ment ion two systems i n addit ion to the optics that are 
necessary for operation of the microprobe. T h e electronics of the laser and 
the F T M S must be t i m e d under computer control for optimal performance 
of each device. C o m m u n i c a t i o n between the electronics is mediated by a 
personal computer ( I B M P C A T ) equipped w i t h a laboratory interface board. 
T h e board contains programmable counter/timers to trigger the laser flash-
lamps and the Q-switch. T h e P C is interfaced to the F T M S computer 
(Nicolet 1280) via an RS232 l ine, and interfaced to the laser electronics by 
three lines that trigger pulse sequences. This arrangement permits the F T M S 
electronics to demand a laser pulse w i t h 1 - μ 8 accuracy, w h i c h is necessary for 
carefully t i m e d pulse sequences. 

Specimen mot ion is another issue of importance for the F T M S micro-
probe. F r o m a handle outside the vacuum system, the sample can be moved 
by rotation of the solids probe o n w h i c h it is mounted. This mot ion does not 
affect the focus of the laser beam on the sample surface. A second degree of 
freedom can be conveniently obtained by adjusting the sample distance f rom 
the trap plate, w h i c h has the effect of sweeping the probe beam across the 
surface because it impinges on the surface at an angle. This convenience 
comes at a price, however, because the beam focus is compromised w h e n this 
stage position is adjusted. W e have pursued a superior but mechanically more 
complex approach i n w h i c h a miniature spring-loaded sample stage is moved 
i n the lateral direct ion b y a plunger system. This approach works w e l l i n 
practice but is somewhat delicate. 

Structural Studies: Laser-Desorption FTMS 

R a p i d and sensitive analysis of polymer molecular structure is crit ical to 
determination of functional properties. Specific structural data provide infor
mation for opt imizing synthetic schemes and understanding the relationships 
of macroscopic properties to molecular characteristics. This information is the 
pr imary objective of laser desorption ( L D ) experiments, although it is ob
tained occasionally wi th microprobe instruments. Instrumentation for 
L D - F T M S is similar to that previously described for F T M S - L A M M S except 
that no provision is made for specimen viewing or precise laser focusing. 

Structure/Cure Conditions: Polycyclic Polymers. In a series 
of several papers, C . B r o w n and co-workers (31-38) reported substantial 
structural and mechanistic information for a variety of polymers analyzed i n 
L D - F T M S . These studies were conducted wi th a commercia l system inter
faced to a C 0 2 laser ( λ = 10.6 μ m) and were specifically a imed at obtaining 
structural information without regard to spatial resolution. This work repre-
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4. BRENNA ET AL. Laser Fourier Transform Mass Spectrometry 135 

sents the most comprehensive series of polymer F T M S experiments p u b 
l ished to date. 

T h e most carefully studied polymer among those considered by C . 
B r o w n et al. is poly(para-phenylene) ( P P P ) , an intractable highly conjugated 
polymer that is resistant to environmental attack and that attains electrical 
conduction u p o n doping. T h e structure and molecular weight o f P P P s 
prepared by various routes w i t h various monomers were investigated by 
L D - F T M S . Sample preparation consisted o f producing a pellet o f P P P by 
compression w i t h a 10-lb sledgehammer. 

P P P is desorbed predominantly as molecular ions (without fragmenta
tion), w h i c h means that ol igomer distributions are directly determined wi th 
each laser pulse and number and weight average molecular weights can be 
calculated f rom the mass spectra. F igure 2 is a section of the mass spectrum 
f rom a P P P 12-mer, where in the unbranched dodecamer (12-mer) 
Η - ( φ 1 2 ) - Η appears at mass 914. T h e peaks appearing at masses 912 and 913 
are apparently analogues of this molecule, w h i c h are deficient i n two hydro
gen atoms (at mass 912), plus its 1 3 C isotope peak. T h e peaks provide 
evidence for a chain termination structure generated by intramolecular ring 
closure as shown i n Structure 1. T h e proposed P P P end-group configuration 
shown i n Structure 1 is based o n the mass spectrum i n F igure 2. T h e data 
also show variable degrees of halogenation dependent o n synthetic details. 
These studies l ed to the conclusion that electrical conductivities of various 

910 920 930 940 9 5 0 

Figure 2. Section of the positive ion LD-FTMS mass spectrum of poly (para-
phenylene) (PPP) in the region of the dodecamer (12-mer). 
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polymers cannot be explained by models of electron interaction that rely 
exclusively on homogeneous linear P P P structures. Similar conclusions were 
reached i n studies of heterocyclic aromatic polymers (with N , S, and Se 
substitution). In related L D - F T M S spectra of aromatic polymers containing 
heteroatoms [e.g., poly(phenylene-sulfide)], high-mass carbon clusters ( n = 
150-400) that resemble fullerenes (discussed later) were observed. N o 
anomalously stable ions were observed i n these spectra, although ions d i d 
appear at exclusively even masses as is observed i n the laser vaporization of 
graphite. 

Extent of Cure: Polyimide. T h e extent of cure is often monitored 
spectroscopically; for example, b y selected monitor ing o f I R bands specific to 
the uncured or cured material. These experiments often are l imi ted i n 
sensitivity and reveal differences i n cure state greater than 1 % ; however, 
unwanted selectivity based on three-dimensional b o n d orientation i n space 
may be exhibited. Al though laser microprobe F T M S polymer spectra are 
complex (to be discussed), they are also highly sensitive to subtle details o f 
polymer structure and may be used as a sensitive monitor of cure state. 

A n example of the use of 266-nm F T M S - L A M M S to distinguish poly
imide cure state was reported by Creasy and Brenna (39, 40). Po lymer ized 
[molecular weight ( M W ) » 25,000] but uncured polyamic acid of pyromelfit ic 
dianhydride-oxydiani l ine ( P M D A - O D A ) was compared to the cured poly
imide . T h e structures of polyamic acid and polyimide are shown i n Structures 
2 and 3, respectively. T h e negative i o n mass spectra are shown i n Figures 3a 
and 3b, respectively. T h e degree o f polymerization is identical for cured and 
uncured polymer because the cur ing process involves a dehydration reaction 
w i t h accompanying changes i n intermolecular packing. However , the mass 
spectra are quite different because many higher mass peaks are present f rom 
ablation of polyamic acid than f rom the polyimide. The extra peaks i n F igure 
3a can be assigned to fragments of the polymer chain smaller than a 
monomer (40). These negative ions may be stabilized b y a large number of 
carbonyl or carboxyl groups. T h e polyimide spectrum i n F igure 3b, on the 
other hand, contains only the characteristic C N ~ , O C N ~ , and C n N ~ peaks, 

HO-f ^ *-0H 
H )6X H 

v - y x — 7 0 0 

0 0 . 

d b " 

Structure 2. Polyamic acid. 

n Structure 3. Polyimide. 
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I ' ' 1 ' I 1 1 1 1 I 
100 200 300 400 

Mass (amu) 

Figure 3. Negative ion LAMMS-FTMS spectra of pyromellitic 
dianhydride-oxydianiline (PMDA-ODA) polyamic acid (a) and polyimide (h). 
High-mass ions can be assigned to fragments of the polymer. (Reproduced with 

permission from reference 39. Copyright 1988 Elsevier.) 

along w i t h some carbon cluster peaks. T h e reason for the smaller number of 
fragment peaks for the imide is not known, although it may be related to the 
greater structural rigidity of the imide compared to the acid, w h i c h may give 
rise to greater fragmentation. These studies show that molecular information 
about the polymer morphology is obtained f rom the F T M S - L A M M S mass 
spectrum. 

Molecular Weight Distributions. In addition to the oligomer 
distributions described for P P P , several other groups have publ ished mass 
spectra f rom w h i c h molecular weights can be calculated. R. B r o w n and 
co-workers (36) have publ ished spectra of polyethylene glycols ( P E G ) of 
several molecular weights (600, 1000, 1450, 3350, 6000), P E G methyl ester 
( P E G M E ; M W = 5000), polystyrene (PS; M W = 2000), poly(caprolactone-
diol) ( M W = 2000), p o l y p r o p y l e n e glycol) ( P P G ; M W = 4000), and 
poly(ethylenimine) ( P E I ; M W = 600, 1200). In most cases, n u m b e r and 
weight average molecular weights are w i t h i n 1 0 % of the values obtained by 
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conventional methods, and i n no case is the variance more than 2 0 % . In 
related work, molecular weight distributions of aleoxylated pyrazole and 
hydrazine polymers (41) (with varying degrees of polymerization) y i e l d 
molecular weights that compete favorably w i t h weights obtained via other 
methods. C o p o l y m e r distributions were also reported by this method (42). 

It should be emphasized that the molecular weight distributions ob
tained i n these analyses reveal far more than average molecular weight. Some 
oligomers appear more abundant than their nearest neighbors, w h i c h may 
reveal subtle property differences induced by details of the synthesis. W e 
conclude f rom the literature that molecular weight distributions can be 
obtained for a wide range of polymers using C 0 2 laser d e s o r p t i o n - F T M S for 
polymers of modest molecular weight. 

T h e preceding studies were conducted wi th a 3-T magnet, w h i c h is the 
most c o m m o n magnet field employed i n F T M S at this t ime. In a study 
specifically a imed at testing the mass range of a 7-T magnet, molecular 
weight 8000 P E G was desorbed b y a C 0 2 laser (43). Ions up to mass 10,000 
were observed, and the spectrum peaks around mass 8600 (molecular weight 
calculations were not reported). T h e mass l imit o f F T M S is more correctly 
reported as an m/e l imit , w h i c h is o n the order of about 38,000 for thermal 
ions i n a 3-T magnet (44). A t least one technique, electrospray ionization (to 
be discussed), routinely results i n mult ip ly charged ions (up to 1 5 0 + have 
been reported) that effectively extend the mass range by that factor. F o r 
instance, ions of mass 100,000 w i t h a charge state of 1 0 0 + w o u l d appear at 
m/e = 1000. These techniques may permit m u c h higher molecular weight 
distributions to be determined. However , care must be taken for quantitative 
determinations of distribution at h igh accuracy using known standards of the 
same polymer. Several effects, such as a dependence of cation attachment or 
volatility on molecular weight, may shift the measured distributions systemati
cally. Instrument-dependent artifacts, such excitation or detection conditions, 
and even the posit ioning of the sample near the F T M S ce l l may affect the 
measurement. Investigations of these issues are beginning to appear (45). 

Structural Studies: Laser-Microprobe FTMS 

In a series of papers publ ished over the past few years, we have described 
mass spectra generated f rom laser-microprobe analysis of polymers w i t h the 
I B M - E n d i c o t t F T M S - L A M M S instrument (8, 39, 40, 46-49). T h e aim of 
these studies is to characterize the distribution o f ions formed by focused 
laser irradiation of wel l -def ined polymers, w i t h the goal of identification o f 
unknown polymeric particulates. F o r this reason, the laser spot size is never 
larger than ΙΟ-μιτι diameter, and spectra are recorded as a result of the 
lowest irradiance level that generates sufficient signal. This data is also of 
interest i n studies of the economically important but poorly understood 
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4. BRENNA ET AL. Laser Fourier Transform Mass Spectrometry 139 

process of laser ablat ion/dri l l ing, w h i c h finds application i n fields as diverse 
as retinal surgery and pr inted circuit board fabrication. W e discuss here the 
major features of mass spectra observed i n these analyses, organized by 
phenomenon. 

Negative Ions: Structure. Most early studies of L A M M S of poly
mers have focused on positive i o n spectra, though negative i o n spectra usually 
contain more structural information. A n excellent example of this is the case 
of poly (methyl methaerylate) ( P M M A ) . T h e ablation characteristics of P M M A 
are somewhat unusual i n that no signal is obtained dur ing the first h u n d r e d or 
so laser pulses. This is consistent w i t h observations of U V - l a s e r etching of 
P M M A (50). T h e negative i o n mass spectrum of P M M A is shown i n F igure 
4. Almost al l the ions i n this spectrum can be assigned to fragments formed 
by direct scission of the polymer chain. Assignments are given i n Table I. N o 
higher mass ions are observed i n this spectrum. This spectrum is i n sharp 
contrast to that observed for positive ions, w h i c h is discussed i n more detail i n 
the fol lowing text. 

Odd Mass Ion Series and Stable Subunits. A positive i o n spec
t r u m of polyethylene glycol ( P E G ) is shown i n F igure 5. This spectrum is 
very different f rom many P E G spectra presented previously i n the literature 
and highlights the stark contrast between experiments that require spatially 
resolved information and those opt imized for structural information. Previous 

100 

150 200 250 
Mass (amu) 

350 

Figure 4. Negative ion LAMMS-FTMS spectrum of polymethyl methaerylate 
(PMMA) showing primarily structural ions (Reproduced with permission from 

reference 49. Copyright 1991 Society for Applied Spectroscopy.) 
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140 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Table I. Fragment Ions Observed in Negative-Ion Spectrum of P M M A a . 

M/E Structure 

59 C H C 0 0 3 

85 C O O C ( C H 3 ) C H 2 

87 C H 3 C O O C H 2 C H 
101 C H 2 C ( C H 3XCOOCH 3 ) - H [ { R } - H ] 
127 R - C H 2 C 
141 R - C H 2 C C H 3 

155 R - C H 2 C ( C H 3 ) C H 2 

185 R - C H 2 C ( C H 3 ) C O O 
187 C ( C H 3 ) C O O C H 3 - R H 
197 H C ( C H 3 ) ( C O ) - R - C H 2 C C H 3 

241 H - C C O - ( R 2 H ) 
255 C ( C H 3 X C O ) - R 2 

1 C H 2 C ( C H 3 ) ( C O O C H 3 ) = R (repeat unit). 

100 

50 100 150 
Mass ( a m u ) 

250 

Figure 5. Positive ion LAMMS-FTMS spectrum of polyethylene glycol (PEG). 
The spectrum is dominated by an odd-mass ion series consisting of 
rearrangement products. (Reproduced with permission from reference 49. 

Copyright 1991 Society for Applied Spectroscopy.) 

spectra concentrated on desorption of intact η-mers i n an attempt to observe 
distributions present i n the sol id (36, 43). B y defocusing the laser material is 
gently desorbed. W e have accomplished desorption w i t h lower molecular 
weight P E G (Creasy, W . R.; Brenna, J. T. , unpubl ished observations). D u e to 
differences i n absorption, laser wavelength ( U V versus I R ) probably plays a 
major role i n the way polymers are desorbed f rom the surface. However , the 
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4. BRENNA ET AL. Laser Fourier Transform Mass Spectrometry 141 

requirement for fine focus imposed by geometric constraints or the require
ment for high ionization efficiency because of l imi ted sample size impose the 
need for high power densities that cause a h igh degree of fragmentation. 

T h e mass spectrum is dominated by odd-mass ions i n the mass range 
m/z = 40-170 . E a c h peak corresponds to the formula H ( C H 2 ) x O * . There 
are no other combinations of C , H , and O , the constituent elements of P E G 
that fit this i o n series. This formula suggests that the laser-induced plasma 
consists of major proportions o f C H 2 and O , perhaps i n radical form, that 
condense and protonate upon cooling and give rise to the observed spectrum. 
Similar effects, w h i c h give rise to different products, are observed i n positive 
ion spectra generated f rom poly (vinyl acetate) ( P V A c ) , polystyrene (PS), 
poly (methyl methaerylate) ( P M M A ) , and under special conditions o f irradia
t ion of P P S . In each of these cases the spectra are distinct and easily 
differentiated f rom one another. 

T h e positive i o n spectrum of P M M A is presented i n F igure 6. This 
spectrum is dominated by a dense series of rearrangement products of the 
type observed for P E G , along w i t h intermediate-mass carbon clusters. T h e 
observed series fits the elemental formula H C 0 2 ( C H 2 ) T O - C n , w h i c h is 
wri t ten to suggest that an acid series may be coupled to a bare carbon cluster 
series. Other structures are l ikely, inc luding a highly unsaturated series. 

Reports of other positive i o n studies of P M M A using a C 0 2 laser (no 
spatial resolution) have appeared. C . B r o w n et al . mixed P M M A w i t h K B r to 

100 200 300 400 500 
Mass (amu) 

Figure 6. Positive ion LAMMS-FTMS spectrum of PMMA. The spectrum is 
dominated by odd-mass ions and a series of intermediate mass carbon clusters. 
(Reproduced with permission from reference 49. Copyright 1991 Society for 

Applied Spectroscopy.) 
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142 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

promote cation attachment, and oligomers up to the 22-mer, w i t h some 
evidence of hydrogen rearrangement (37) , were reported. H s u and Marshal l 
studied polymer dyes i n P M M A and obtained ions f rom the host polymer 
(51). These authors report protonated and cationized dimer, tr imer, and 
tetramer ions as the dominant species i n the spectrum. Nuwaysir et al. (42) 
fai led to observe odd-mass i o n series i n their studies of methaerylate copoly
mers. T h e absence of odd-mass i o n series i n these spectra may reflect the 
higher energy density required for efficient ionization conditions i n the 
laser-microprobe experiment. 

Carbon Clustering. C a r b o n cluster formation is a c o m m o n observa
t ion i n L A M M S - F T M S of polymers. Al though no theories have been ad
vanced to relate carbon cluster formation to polymer structure, it is of uti l i ty 
for fingerprint purposes. 

T h e most representative case o f carbon cluster formation is that of 
polyimide (PI). T h e negative i o n spectrum of P I was discussed previously; the 
positive ion mass spectrum of P I is shown i n F igure 7. Al though there are 
over 200 peaks i n this spectrum, no ions characteristic of the structure of P I 
are observed. T h e spectrum consists exclusively of carbon cluster ions, some 
of w h i c h appear associated w i t h H atoms. Separate distributions of carbon 
clusters appear i n three distinct mass ranges. W e have labeled each region as 
low, middle - (or intermediate-), and high-mass distributions (39, 46). E a c h o f 
these distributions has been observed i n spectra of polymers of widely varying 
covalent structure, although P I is the only polymer for w h i c h all three 

500 1000 1500 2000 2500 
Mass (amu) 

Figure 7. Positive ion LAMMS-FTMS spectrum of PI. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

4

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 
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distributions are observed i n the same spectrum. Further , we note that 
comparison of these carbon clusters w i t h publ ished spectra of carbon clusters 
formed upon laser ablation of graphite, w i t h or without cooling using a pulsed 
valve, reveals a high degree of correspondence for the low- and high-mass 
distributions. Observation of spectra f rom a solid of h igh heteroatom content 
such as polyimide, w h i c h is indistinguishable f rom that for pure carbon, is 
evidence for similar mechanisms and a strong driving force for carbon cluster 
formation (48). 

Low-Mass Carbon Clusters. A n expanded section of the positive ion 
spectrum showing the low-mass distribution is shown i n F igure 8. C a r b o n 
cluster ions appear at every carbon n u m b e r f rom C 1 0 through C 2 5 , and are 
often associated w i t h a peak at 2 μ i n excess of the pure carbon peak. Peak 
intensities show distinct maxima w i t h a per iod of four carbons and peaks at 
11, 15, 19, and 23. This is precisely the same pattern observed w i t h carbon 
clusters generated by graphite ablation. Abla t ion of perdeuterated P I reveals 
that the peaks shifted out 2 μ are due to selective addit ion of two hydrogen 
atoms, rather than substitution of a nitrogen atom, w h i c h is also present i n 
abundance i n the laser-induced plasma (47). 

Intermediate-Mass Carbon Clusters. This distribution of clusters is 
shown i n F igure 9. There is a peak at every mass over the range m/bm = 
150-400. T h e intensities oscillate w i t h a per iod equal to 12 μ . Valleys occur 
at mass numbers corresponding to bare carbon clusters, and peaks corre-
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144 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

spond to addit ion of six to seven hydrogen atoms. T h e composit ion C n H 1 _ 1 2 

can then be assigned to these ions. Identical experiments w i t h perdeuterated 
P I conf irm these observations (47). This distribution is not observed for 
graphite ablation because no hydrogen atoms are present. It is interesting to 
note that the valleys i n the present spectrum occur at the bare carbon 
clusters, w h i c h is consistent w i t h the formation of some type of polyaromatic 
hydrocarbon. This distribution is the most c o m m o n distribution observed i n 
F T M S - L A M M S polymer spectra. I n the P E G spectrum discussed previ 
ously, the o d d mass i o n series merges at higher masses w i t h intermediate-mass 
carbon cluster ions similar to those observed for P I . Intermediate-mass 
carbon clusters also occur for P V A c , P M M A , and poly (vinyl chloride) ( P V C ) . 

High-Mass Carbon Clusters. F igure 10 gives the distribution o f 
high-mass carbon clusters f rom P I . Ions appear at exclusively even carbon 
numbers and range out past mass 5000, where the sensitivity of the instru
ment falls off. This set of ions appears to be identical to the ion set observed 
for laser ablation of graphite, w h i c h are now commonly referred to as 
fullerenes (52, 53). C . B r o w n and co-workers (38) also reported spectra that 
inc luded even-numbered clusters for some polymers. 

Magic Numbers. M a g i c numbers are defined as those carbon cluster 
numbers that exhibit anomalous stability relative to neighboring clusters. N o 
magic n u m b e r were observed for P I or any of the polymers studied by 
C . B r o w n and co-workers (38). 
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3500 4000 4500 5000 
Mass iamu) 

Figure 10. High-mass carbon clusters in the positive ion spectrum of PL 
(Reproduced with permission from reference 39. Copyright 1991 Elsevier.) 

A positive i o n mass spectrum of poly(phenylene sulfide) (PPS) is shown 
i n F igure 11. T h e sole signal observed i n this spectrum arises f rom the 
high-mass carbon cluster distribution. This spectrum differs f rom the P I 
spectrum because C 6 0 at 720 is observed at anomalously h igh intensity. This 
molecule, whose structure has been conf i rmed to be that of a truncated 
icosahedron (or soccer ball), has been named buckminsterfullerene and is 
currently the subject of tremendous interest. Buckminsterful lerene was first 
observed dur ing laser ablation of graphite (53, 54), and is k n o w n to be very 
stable due to a closed shell structure. Its formation i n the presence of 
heteroatoms (e.g., sulfur) is evidence for a strong driving force for formation, 
as w e l l as stability once generated. 

I n over 20 polymers studied thus far, the variety of phenomena observed 
has permit ted differentiation of F T M S - L A M M S spectra by inspection of 
positive i o n spectra. I n T O F - L A M M S differentiation was per formed most 
successfully using computer-based pattern-recognition techniques, pr imari ly 
because T O F - L A M M S positive ion spectra are dominated by low-mass 
hydrocarbons for most carbon-based polymers. Differences i n extraction 
conditions and plasma interactions in the two experiments may cause this 
domination. It is clear that F T M S - L A M M S has unique capabilities for 
spatially resolved analysis of polymeric particles. 

T h e generation potential for ol igomer distributions by F T M S - L A M M S 
has not been ful ly investigated; it may be possible, w i t h only a modest 
sacrifice of spatial resolution, by the use of other wavelengths (e.g., 532 or 
1064 nm) available f rom a N d : Y A G laser. T h e f u l l capabilities of F T M S , such 
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100 
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Figure 11. Positive ion LAMMS-FTMS spectrum of poly (phenylene sulfide) 
(PPS). The spectrum consists entirely of fullerenes. Buckminsterfullerene appears 
as a magic number. (Reproduced with permission from reference 49. Copyright 

1991 Society for Applied Spectroscopy.) 

as tandem M S and ultrahigh-mass resolution, have not been exploited to 
definitively assign i o n structure i n laser-microprobe studies. B r o a d i o n kinetic 
energy distributions resulting f rom laser ablation may give rise to unexpected 
effects and may contribute to difficulties i n obtaining high-performance mass 
spectra. Such problems are k n o w n to exist for electrospray ionization F T M S 
of proteins and were addressed experimentally before high-resolution spectra 
were obtained by this technique (26). Means to reduce the i o n kinetic 
energies i n laser ablation studies are under investigation. 

Contaminant Analysis 

Analysis of polymer products often involves the detection of impurities or 
contaminants that could affect performance. L A M M S methods allow contam
ination analysis of small spatial locations and can also provide depth prof i l ing 
of polymer films. E i t h e r technique can be he lpful for understanding prob
lems associated w i t h manufacturing processes. 

A n example of a depth profile that was made by F T M S - L A M M S is 
shown i n F igure 12 (40). T h e figure shows depth profiles of K + i n a 
polyimide film. T h e samples were prepared by immers ing a free-standing film 
o f P M D A - O D A polyimide i n a 1.0 M K C I solution. T h e water and K + i o n 
diffused into the film f rom the solution. T h e depth profiles of K + were 
measured after 0.5 and 20 h i n the solution. T h e signal level of the K + i o n is 
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Figure 12. Depth profiles of K+ ions in a polyimide film. The Κ + signal was 
detected using LM-FTMS by signal-averaging every 10 laser pulses. Ten pulses 
corresponds to a depth of 0.5-1.0 μm. Eight runs were averaged for each 

curve. 

detected wi th the F T M S by ablating the polyimide by sequential laser pulses 
on one spot. T e n laser pulses were averaged for each data point. E ight runs 
f rom different spots were averaged to obtain the data i n F igure 12. B y 
measuring the crater depth, it was found that 10 laser pulses correspond to a 
depth of 0 .5-1.0 μτη. F igure 12 shows that after 0.5 h , the K + is near the 
surface of the film, and after 20 h , the K + has penetrated more than 5 - 1 0 
μ m into the film. Because the crater that is made by the laser has a rounded 
rather than a flat bottom, the depth profile cannot be used to obtain 
quantitative diffusion information, although it does demonstrate that d i f fu 
sion occurs on such a t ime scale. 

L A M M S is quite sensitive to K + and other alkali metal ions because of 
their low ionization potential . Similarly, it is also sensitive to ionic organic 
species. F o r example, F igure 13 shows a spectrum from a film of c a d m i u m 
arachidate ( C d + C 1 9 H 3 9 C O O ~ ) . T h e film is a five-monolayer-thick L a n g -
m u i r - B l o d g e t t film (55). Judging f rom the signal-to-noise ratio of the spec
t rum, it should be possible to detect a single monolayer. O t h e r ionic 
surfactants, such as alkyl sulfonates, can be detected w i t h good sensitivity. 
F o r example, we have detected a perfluorinated alkyl sulfonate contaminant 
i n a 2 -nm polyimide layer. 

O n the other hand, nonionic surfactants or impurities are more difficult 
to detect i n low concentrations or thin films, probably because they are laser 
desorbed as neutrals rather than as ions. Asamoto and co-workers (56) 
analyzed additives in polyethylene by extracting the additives w i t h solvent 
pr ior to L D - F T M S . Blease and co-workers ( 5 7 ) studied polymer additives 
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Figure 13. Negative ion LM-FTMS spectrum of a five monolayer 
Langmuir-Blodgett film of cadmium arachidate using 266-nm laser radiation. 

The peak at mass 311 corresponds to the arachidate anion. 

w i t h L D - F T M S and reported collisionally activated dissociation ( C A D ) 
results. As previously mentioned, H s u and Marshal l reported the detection of 
dyes i n P M M A to concentrations of 0 . 1 % (51). L i a n g and co-workers 
determined the molecular weight distributions of some pure samples of 
nonionic ethoxylate-based surfactants (58) . X i a n g and co-workers studied 
phosphite additives as antioxidants using laser desorption-electron-impact 
ionization, both as neat samples and i n polymers at concentrations of 0 . 1 % 
(59) . F inal ly , Johlman and colleagues (60) analyzed a number of different 
additives, principal ly by mixing pure or solvent-extracted samples w i t h a 
potassium salt for cation attachment. However , detection of nonionic addi
tives or cur ing agents at low concentration i n a polymer matrix is generally a 
difficult prob lem that must be attempted o n a case-by-case basis. 

I n general, analysis of unknown polymers or quantitative analysis using 
L A M M S involve some fundamental difficulties. O n e problem is due to the 
different optical absorption characteristics of different materials. T h e differ
ent responses of materials to laser radiation causes different amounts of 
material to be ablated and can even lead to entirely different ionization 
mechanisms (7, 61, 62). T h e measurements of polymer etch depths per laser 
pulse at various laser energies have been measured only for a small number 
of polymers (63). F o r some polymers, it is possible to find laser conditions for 
w h i c h the laser ablation forms cleanly etched features and flat-bottomed 
craters, w h i c h are important for quantitative depth profi l ing. However , the 
variations that exist between polymers i m p l y that an unknown or arbitrary 
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polymer cannot be quantitatively analyzed without an extensive amount of 
characterization of its ablation properties. 

Another factor associated w i t h the L A M M S technique is varying sensitiv
ity to elements w i t h different ionization potentials. Sensitivity to atoms or 
molecules w i t h low ionization potentials can be orders of magnitude greater 
than for higher ionization potential species. This effect causes the greater 
sensitivity to K + or ionic organic molecules that was ment ioned previously. 
Matr ix effects on ionization probabilities analogous to those observed i n 
S I M S may be relevant (64). L A M M S studies have the additional disadvan
tage that a dense gas-phase plasma is formed, w h i c h causes additional 
complications f rom gas-phase ionization and reaction processes, some of 
w h i c h have been discussed. 

D u e to these complicat ing effects, quantitative analysis using L A M M S is 
possible only i n specific cases i n w h i c h standards are available that closely 
resemble the unknown. I n many cases, this type of standard is difficult to 
accomplish. 

Various experimental approaches can be used to circumvent some of 
these problems. O n e example is the use of a secondary ionization method to 
ionize neutral species that are ablated f rom the surface by the laser. B y 
separating the ablation and the ionization steps, greater selectivity or control 
can be achieved. F o r F T M S , a simple method is the use of electron-impact 
ionization synchronized to the laser pulse (65). F o r example, F igure 14 shows 
a spectrum of polystyrene that was ablated using 266-nm laser radiation and 
ionized by electron impact (E I ) (66). T h e mass spectrum corresponds closely 
to the E I spectrum of styrene monomer. M c l v e r and co-workers used a 
similar technique to detect fractions of a monolayer of molecular species 
adsorbed on a metal surface (67, 68). Thus, instrumental improvements can 
be used to allow greater selectivity, better reproducibil i ty, or simpler ident i 
fication of unknowns. 

Future Work 

F r o m the foregoing discussions it should be clear that this novel approach to 
polymer analysis has demonstrated a number of unique capabilities. Ongoing 
instrumental developments a imed at high-mass analysis, generally focused at 
biological polymers (usually proteins), have not been applied yet to synthetic 
polymers. W e mention here a few instrumental approaches currently being 
pursued vigorously i n biological areas. 

T h e major difficulty i n fitting F T M S instruments w i t h novel ion sources 
is the position of the trapping cel l , typically surrounded by a 1-m-long dewar 
for a superconducting magnet. A solution to this problem is to generate ions 
from the sample outside the magnetic field and inject them into the F T M S 
cell . T w o instrument manufacturers, IonSpec (Irvine, C A ) and Bruker 
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Figure 14. Laser ablation-electron-impact mass spectrum of polystyrene. A 
266-nm laser pulse was used to ablate neutral material and a simultaneous 
electron beam was used for ionization. The mass spectrum corresponds closely 

to an EI spectrum of the styrene monomer. 

(Bi l ler ica , M A ) , offer an "external" i o n source (69) for their F T M S systems. 
As far as we are aware at this wri t ing, no laser microprobe has been 
implemented for an external i o n source system, although such a device 
should be relatively straightforward because external i o n sources are made 
specifically to permit novel i o n source applications for F T M S . T h e spectra 
made i n this fashion may be dependent o n the extraction field employed, and 
so spectra presented here may differ i n some details f rom such a source. 

Determinat ion of molecular weight distributions by L D - F T M S is inher
ently l imi ted i n ability to produce sufficient populations of high-mass ions and 
by the upper mass l imitat ion of the mass spectrometer. Recent developments 
i n the field of matrix-assisted laser desorption show promise toward forming 
high-mass ions by direct laser interaction and have been demonstrated i n the 
F T M S (70). This method couples w e l l w i t h the low operating pressures 
necessary i n F T M S , and thus no external ion source or differential p u m p i n g 
is required. T h e successful implementat ion of electroscopy ionization sources 
to study polymeric species may also lead to a decrease i n the degree of 
polymer fragmentation as w e l l as an effective decrease i n the mass-to-charge 
ratio of ions due to the addit ion o f mult iple charges. Spectra of P E G w i t h 
average molecular weights up to 17,500 (71) have been obtained and electro-
spray ionization recently has been executed on F T M S (25). Unfortunately, 
electrospray requires an external source w i t h differential p u m p i n g and both 
techniques—matrix assisted desorption and electrospray—require extensive 
sample preparation that can alter the original nature of sample, whereas 
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direct laser vaporization can examine samples i n situ. T h e ability to trap and 
mass-isolate ions w i t h i n the F T M S enables the identification of unknown ions 
formed by laser vaporization w i t h a variety of dissociative and reactive 
methods. Col l is ional ly induced dissociation ( C I D ) (17, 72, 73), photodissocia
t ion (74-76) and i o n - m o l e c u l e reactions (77) al l can be used i n conjunction 
w i t h accurate mass analysis to provide conclusive identification of unknown 
ions. C I D has traditionally provided structural information at laboratory 
frame kinetic energies up to several M o e l e c t r o n volts (72) and has been used 
successfully w i t h laser desorbed ions (17, 73). Quantitative determination of 
bonding and b inding energies for a number of ionic species have also been 
obtained (78-80). T h e maximum kinetic energy available is dependent on the 
magnitude of the magnetic field, the size of the ion cyclotron resonance cel l 
(the maximum radius of the excited ions), and the mass-to charge ratio of the 
i o n (44). This l imits the technique for large-mass ions because the center-of-
mass kinetic energy available is greatly reduced and the ability to introduce 
sufficient energy to induce fragmentation is decreased. 

Laser photodissociation offers ion identification using fragmentation i n 
formation and wavelength-dependent spectra. These approaches can over
come some of the shortcomings of C A D (81), although they require some 
a p r i o r i knowledge of the i o n structure i n order to select the proper laser 
wavelengths (74-76). These methods have been used successfully to differ
entiate isomeric species. Infrared photodissociation, w h i c h often yields the 
lowest energy dissociation pathway, has been appl ied to laser desorbed ions 
as large as 1500 u i n the F T M S (82, 83). However , as the mass-to-charge 
ratio increases, radiative emission competes favorably w i t h photon absorption, 
thereby l imi t ing the upper mass l imit (74). T h e fragmentation of laser-de-
sorbed ions via U V radiation has also been demonstrated (82). I o n - m o l e c u l e 
reactions can also be employed to aid i n the identification of ions through 
determination of electron affinities, ionization potentials, and the selective 
reactivity of one isomer relative to another (77) . A l l the foregoing techniques 
aid i n the identification of i o n structure, but are specific o n a case-by-case 
basis (84). 

Laser-desorption and laser-microprobe methods combined w i t h F T M S 
have been used for a variety of polymer studies. T h e literature suggests that 
the technique possesses a unique capability to discern polymer structure i n a 
rapid and precise manner. F u r t h e r improvements i n instrumentation and, 
particularly, the application of existing strategies to polymer problems w i l l 
greatly expand the flexibility of laser F T M S for polymer studies. 
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Use of Raman Spectroscopy 
in Characterizing the Structure and 
Properties of Crystalline Polymers 

Leo Mandelkern and Rufina G . Alamo 

Department of Chemistry and Institute of Molecular Biophysics, 
Florida State University, Tallahassee, FL 32306 

An overview of some of the applications of Raman spectroscopy to the 
understanding of the structure of crystalline, flexible chain polymers is 
presented. Selected physical properties are discussed in terms of these 
structural parameters. The major emphasis is on the polyethylenes, 
but the relationships between structure and properties are easily 
generalized to other polymer systems. The three main spectral regions 
of interest in the study of the polyethylenes are the 5-50-cm - 1 

longitudinal acoustic mode (LAM) region, the DLAM region in the 
vicinity of about 200 cm-1, and the 900-1500-cm-1 internal mode 
region. 

JALN OVERVIEW OF THE APPLICATIONS OF RAMAN SPECTROSCOPY to the under
standing of the structure of crystalline, flexible chain polymers is given i n this 
chapter. These structural parameters are then related to selected physical 
properties. Polyethylenes are used as the vehicle for our discussion for several 
reasons: These polymers have a richness of spectroscopic information and 
have admirably served as mode l systems for crystalhne polymers. W e find 
that the key structural factors that are found i n the polyethylenes are also 
present i n other crystalline systems. 

A basic understanding of the thermodynamics of fusion of crystalline 
polymers as w e l l as their crystallization kinetics is crucial to understanding the 
crystallization behavior of polymers (J) . However , to understand the proper
ties that actually develop i n a system, it is necessary to identify and quantify 

0065-2393/93/0236-0157$09.50/0 
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the key structural quantities that describe the crystalline state because 
polymers can only crystallize i n a reasonable t ime scale at temperatures w e l l 
be low their melt ing points. F o r kinetic reasons, the crystallization process is 
very rarely or never close to complet ion. F o r homopolymers, the level o f 
crystalhnity that can be attained ranges f rom 40 to greater than 9 0 % 
depending on the described nature of the repeating unit , the molecular 
weight, and the crystallization conditions. Hence , a nonequihbr ium state 
invariably develops. T h e resulting system is thus polycrystalline and morpho
logically complex. 

Extensive experimental studies have identi f ied some of the key indepen
dent structural variables that describe the crystalline state (2-4). These 
variables are the degree of crystallinity, the structure of the residual noncrys
talline region, the crystallite thickness distribution, the structure and relative 
amount of the interfacial region, details of the crystallite structure beyond 
that of the lamellar habit, and the supermolecular structure (the arrangement 
of the crystallites). These quantities can be varied over w i d e limits by control 
of molecular weight and crystallization conditions (2 , 4-6). A l though R a m a n 
spectroscopy cannot identify and quantify all of these structural variables, this 
technique can make a significant contribution. T h e spectral regions that can 
be used to describe specific aspects of the crystallization behavior have been 
summarized (3) , but for present purposes, it w i l l be helpful to briefly 
describe them once again. 

There are three main spectral regions that give structural information 
about the crystalline state of the polyethylenes. T h e internal modes, w h i c h 
give quantitative information w i t h respect to the elements of phase struc
tures, are i n the region of approximately 900-1500 c m - 1 (7-9). The longitu
dinal acoustic mode ( L A M ) , w h i c h gives the ordered sequence length distri 
but ion, lies i n the range of about 5 - 5 0 c m - 1 (10-17). T h e disordered L A M 
( D L A M ) is i n the region of 200 c m - 1 and gives a measure of the long-range 
conformational disorder (18-21). 

Structure 

Phase Structure. A quantitative description of the phase structure of 
semicrystalline polymers is of pr imary importance i n understanding proper
ties (2 , 4). Three distinct structural regions are involved: the ordered 
crystalline region that, for polyethylene, represents the orthorhombic unit 
cel l , the isotropic, fiquidlike or disordered region, and the interphase that is 
comprised of chain units that connect these two conformationally very 
different structural regions. In polymer crystallization, a chain can traverse all 
three regions or, i n some cases, can be restricted to the crystalline and 
interfacial regions. T h e participation of a given molecule i n all three regions 
is a unique and important feature of polymer crystallization. In 1949, F l o r y 
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pointed out that a demarcation between the ordered crystalline region and 
the disordered l iquidl ike region is not sharply def ined because for most 
polymers the flux of chains that emerges f rom the crystallite cannot be 
immediately dissipated i n the l iquidl ike region (22). Consequently, an inter
phase or interfacial region develops that involves a partially ordered set of 
chain units. Theoretical analyses of the interfacial structure are i n general 
agreement w i t h one another ( 2 3 - 2 9 ) . It is apparent f rom these studies that 
the detailed structure and extent of the interphase are specific to a given 
polymer. 

M a n y different kinds of measurement can be used to quantitatively 
describe the phase structure. U t i l i z i n g the pr inciple of the additivity of a 
particular property of the pure l i q u i d and crystalline states, measurements of 
the density and enthalpy of fusion can be used to determine the degree of 
crystallinity. W e shall designate these levels of crystallinity as (1 — X)d and 
(1 — λ ) Δ Η , respectively, where λ is the noncrystalline fraction, d is the 
density, and Δ Η is the enthalpy of fusion. W i d e - and small-angle X-ray 
diffraction, as w e l l as several different types of N M R measurements, can also 
be profitably used for this purpose. 

Analysis of the Raman internal modes for the purpose of quantitative 
elucidation of the phase structure was originally given b y Strobl and Hage-
dorn (7) . T h e core degree of crystallinity, a c , is obtained by this method 
because the only contribution to this quantity comes f rom the structure of the 
orthorhombic unit cel l . a c is calculated f rom the C H 2 bending band at 1416 
c m - 1 and is the component of this vibration that is split by the crystal field. 
T h e degree of l iquidl ike material, a a , is obtained f rom the twisting region at 
1303 c m - 1 . T h e total integrated intensity of the twisting region, 1295-1303 
c m " 1 , is independent of the phase structure (7, 8). Methods of analyzing the 
spectra were given i n detail by Strobl and Hagedorn (7) , as w e l l as i n reports 
f rom this laboratory (8, 9). T h e analysis of a large amount of experimental 
data y ie lded a significant finding: a a + a c 1 (2 , 8). T h e spectra of the 
completely l iquidl ike and the completely crystalline polymers cannot be 
superposed and proport ioned to represent an observed spectra; a partially 
ordered, pr imari ly trans, anisotropic region must also be inc luded. This 
contribution has been defined as the interfacial region a b . 

F igure 1 is a plot of the core crystallinity a c against (1 — λ ) Δ Η for an 
extensive set o f data o f l inear polyethylenes, branched polyethylenes, and 
random ethylene copolymers. T h e data points for the linear polymers fall o n 
the 45° straight l ine over the very large range of 0 .4-0 .9 i n the level o f 
crystallinity. W e can therefore conclude that the core crystallinity and (1 — 
λ ) Δ Η are identical to one another. F o r the branched polymers and copoly
mers, a c is about 5 % less than (1 — λ ) Δ Η . This small disparity can be 
attributed to the broad melt ing range of the structurally irregular chains. 
(1 — λ ) Δ Η includes the contribution of a small amount of crystallinity that has 
already disappeared at room temperature. Because a c is measured at ambi -
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160 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

( Ι - Χ ) Δ Η 

Figure 1. Plot of degree of crystallinity, ac, as determined from the Raman 
internal modes, against (l — λ)ΔΗ for linear (—) and branched (- -) polyethylene 
and ethylene copolymers. (Reproduced with permission from reference 2. 

Copyright 1985 Society of Polymer Science, Japan.) 

ent temperature, this contribution is not inc luded i n the internal mode 
analysis. 

I n contrast to the concordance between these two methods, there is a 
significant quantitative difference between (1 — X ) d and (1 — λ ) Δ Η . As is 
illustrated i n F igure 2, (1 — X ) d for linear polyethylene is always greater than 
(1 — λ ) Δ Η . A similar result is also observed w i t h structurally irregular copoly
mers (2) . 

T h e basis for the discrepancy between (1 — X ) d and (1 — λ ) Δ Η can be 
found i n the plot of F igure 3, where (1 — X ) d is plotted against the sum 
( a c + a b ) . A l l the data fall quite w e l l o n the 45° straight l ine, w h i c h indicates 
a one-to-one correspondence between the two quantities. Because ct c mea
sures the core crystallinity and a b measures the interfacial content, a 
self-consistent and physically satisfying interpretation of these results is found 
i n the conclusion that the density measures both the core crystallinity and the 
partially ordered anisotropic interfacial region. O n the other hand, the 
enthalpy of fusion measures only the core crystallinity. 
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5. MANDELKERN & ALAMO Raman Characterization of Crystalline Polymers 161 

Figure 2. Plot of degree of crystallinity obtained from density, (l — K)d, against 
the value obtained from the enthalpy of fusion, (l — λ)Διι, for linear 
polyethylene. (Reproduced with permission from reference 2. Copyright 1985 

Society of Polymer Science, Japan.) 

Although the degree of crystalhnity is a well-established quantitative 
concept, different methods of measurement y ie ld different results. These 
methods have the same functional dependence w i t h respect to molecular 
constitution and crystallization conditions. However , there are small but 
significant differences that are due to the contributions f rom the different 
elements of phase structure. F o r example, M a g i l l and co-workers have found 
that for poly(tetramethyl-p-silphenylene siloxane), (1 — X ) d is slightly higher 
than (1 - λ ) Δ Η (30). 

Studies w i t h other polymers, as w e l l as other methods of measurement, 
give similar results and give strong support to the quantitative analysis of the 
Raman internal modes that has been given for the polyethylenes. F o r 
example, using the methods of high resolution solid-state carbon-13 Ν M R , it 
is possible to decompose the Tl relaxation decay curves into three compo
nents that correspond to the crystalline, l iquidl ike , and interfacial regions (31, 
32). A plot of a c , determined f rom the Raman internal modes, against the 
degree of crystallinity determined by Ν M R is given i n F igure 4 for a variety 
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162 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

a c + ab 

Figure 3. Plot of (l — k)d against the sum of (ac + ctb)for linear and branched 
polyethylenes and ethylene copolymers. [Reproduced with permission from 

reference 2. Copyright 1985 Society of Polymer Science, Japan.) 

of polyethylene samples. W e find a one-to-one correspondence between the 
two methods similar to that found between a c and (1 — λ ) Δ Η . F r o m the 
decomposit ion of the T x magnetization decay curves of a set of polyethylenes 
the interfacial components were found to be quantitatively identical to a b 

obtained f rom the R a m a n internal modes (31). 
T h e l ine shapes of the carbon-13 resonances i n the solid state of 

polyethylene (33), polypropylene (34), and poly(tetramethylene oxide) (35) 
have been decomposed into three components that correspond to the compo
nents under discussion. T h e results are summarized i n Table I. Several 
important features are summarized i n this table. T h e fractions of the interfa
cial regions are quite similar for the three polymers; a l l are i n the range 
0.16-0.30. W e can conclude, therefore, that chain molecules, i n general, are 
characterized by significant interfacial contents. F o r each of the two 
poly (propylene) specimens (the same sample crystallized i n two different 
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Figure 4. Plot of Raman-determined degree of crystallinity ac against NMR 
degree of crystallinity OSNMR- (Reproduced with permission from reference 31. 

Copyright 1983 John Wiley & Sons, Inc.) 

Table I. Phase Structures from Carbon-13 Line Shapes 

Polymer d - *)d 
d - λ)ΔΗ 

( l - \ ) N M R Aa 
b 

ab(NMR) 
Réf. 

Poly (ethylene) 0.761 0.70 0.16 34 
Poly (propylene) 

Sample A 0.718 0.454 0.480 0.26 0.30 34 
Sample Β 0.828 0.540 0.570 0.29 0.27 34 

Poly(tetramethylene oxide) 0.60 0.22 35 

· Δ - ( 1 - λ ) Λ - ( 1 - λ ) Α Η . 
Directly observed. 

ways) there is very good agreement between (1 — λ ) Δ Η and (1 — X ) N M R . 
Moreover , the difference between (1 — X ) d and (1 — λ ) Δ Η corresponds, i n 
each case, to the interfacial fraction deduced f rom N M R . Thus, the N M R 
results for polypropylene parallel the Raman internal mode analysis of the 
polyethylenes. Studies wi th other polymers w o u l d further clarify the general
ity of these results. 

The analysis of the broad line proton N M R resonance also requires a 
three-component phase structure for its decomposit ion (36) . T h e magnitude 
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164 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

of the interfacial content (and its molecular weight dependence) is similar to 
that deduced f rom the Raman analysis (37) . 

T h e interfacial content of l inear polyethylene is very dependent on chain 
length for rapidly crystallized molecular-weight fractions (38). A t low molecu
lar weights, the interfacial content is relatively smal l—about 5 % . However , 
an appreciable interfacial content, o n the order of 1 5 - 2 0 % , is observed at 
m u c h higher molecular weights. T h e change i n interfacial content w i t h 
molecular weight parallels the variation i n the interfacial free energy that is 
associated w i t h the basal plane of the lamellae. This significant proport ion of 
interphase that is deduced f rom the analysis of the experimental data has 
important ramifications i n understanding certain macroscopic properties. 

The phase structure of random copolymers depends not only on the 
molecular weight, but also on the co-unit content and, i n certain specific 
cases, on the chemical nature of the co-unit itself. The introduction o f 
noncrystallizing co-units into the chain leads to a rapid and continuing 
decrease i n the crystallinity level w i t h increasing side-group content. T h e 
level of the core crystallinity varies f rom about 4 8 % for 0.5 m o l % of branches 
to about 7 % for 6 m o l % of branch points. T h e chemical nature of a specific 
branch type has virtually no influence on the crystallinity level as long as it 
does not enter the lattice. I n cases where the branches enter the lattice, such 
as C H 3 and C l , higher levels of crystallinity w i l l be observed. The changes i n 
a c w i t h molecular weight, at a fixed co-unit content, fol low a pattern that is 
similar to homopolymers, although the level of crystallinity is m u c h reduced 
(39) . 

The interfacial content of random copolymers at a fixed co-unit content is 
independent of molecular weight. This conclusion is evidenced by studies of a 
set of ethylene-hexene copolymers that have a most probable molecular-
weight distribution w i t h branch contents that range f rom 1.2 to 1.7 m o l % 
(39) and a set of hydrogenated polybutadienes (randomly ethyl-branched 
ethylene copolymers) of slightly higher branch content (39). In contrast, the 
interfacial content of homopolymers increases substantially wi th molecular 
weight (8). T h e interfacial content of random copolymers is a strong mono-
tonically increasing function of the co-unit content. T h e value of a b ap
proaches 1 5 - 2 0 % , whi le at the same t ime a c is reduced to as low as 5 - 8 % 
(40) . Therefore, the interfacial region can represent an appreciable port ion of 
the total crystallite structure. M o r e extensive experiments are necessary to 
determine whether details of the interfacial structure change as the chemical 
nature of the co-unit is varied. 

Analysis of the Raman internal modes has pioneered the quantitative 
determination of the proport ion of interphase i n crystalline polymers: T h e 
existence and importance of an interfacial region is now w e l l established. 
Analysis of this spectral region also allows for the quantitative establishment 
of the complete phase structure. Other experimental methods, such as N M R 
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previously cited, have quantitatively conf irmed the results obtained by Raman 
spectroscopy for polyethylene and other crystalline polymers. 

Ordered Sequence Length. T h e ordered sequence length can be 
obtained f rom the Raman low-frequency longitudinal acoustic vibrational 
mode ( L A M ) by using the relation given by Shimanouchi and co-workers (10, 
11). The appropriate relation can be expressed as 

m (E^1/2 

Δν = — I — I (1) 
2cL \ ρ / w 

H e r e Δν is the mode frequency, m is the mode order (m = 1, 3 , 5 , . . . ), c is 
the velocity of light, ρ is the density of the vibrating sequence, and Ε is the 
Young's modulus i n the chain direction. The ordered sequence length L is 
thus inversely related to the mode frequency. This length can be related, i n a 
straightforward manner, to the lamellar thickness. T h e L A M band has been 
observed i n many crystalline polymers and has been widely used i n studying 
their structure (12-17, 41) . 

W e focus our attention on the use of this band i n studying the structure 
of the polyethylenes and the n-alkanes. A n abundance of experimental data is 
available for these systems. However , before analyzing experimental data, the 
question of the direct applicability and validity o f e q 1 must be addressed. 
Equat ion 1 was derived on the basis of a uni form elastic rod w i t h the 
n-alkane as the proper molecular analogue (10, 11). T h e applicability of e q 1 
to real polymer systems can thus be properly questioned (41). F o r crystalline 
polymers, w h i c h characteristically possess a lamellar morphology, there has 
been the concern that the noncrystalline units attached to the crystalline 
sequences or stems w i l l require serious modification of e q 1. T h e n-alkanes 
themselves, i n either extended or fo lded forms (42, 43), also have a lamellar 
habit. I n this case, the question arises as to what influence the molecular e n d 
groups have on e q 1 and if, i n fact, the ordered sequence lengths can be 
obtained from the observed L A M (31, 44). 

O n e matter of immediate concern for any system (the polyethylenes and 
n-alkanes, i n particular) is the correct value of E. F o r polyethylene the values 
used range f rom Ε = 2.9 Χ 1 0 1 2 d y n e s / c m 2 (14) to 3.6 Χ 1 0 1 2 d y n e s / c m 2 

(10, 11). Because the modulus enters e q 1 as the square root, the uncertainty 
i n L w i l l be 5 % for this range of Ε values. In some applications, this 
uncertainty w i l l not be o f serious concern, whereas i n others it w i l l be 
important (44). 

There are at least two methods by w h i c h to test the validity of e q 1 and 
to assess the conditions of molecular and crystallite structure under w h i c h 
corrections, i f any, are necessary. O n e method is to measure the mode orders 
and see i f the proper frequency ratio is observed. T h e other method is to 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

5

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



166 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

measure the crystallite thickness by an independent method and relate it to 
the ordered sequence length obtained by the Raman L A M . T h e analysis of 
the small-angle X-ray scattering maxima has been a traditional way to 
calculate the crystallite thickness. T o obtain the thickness, the directly 
observed periodicity has to be corrected for the level o f erystallinity. T o 
compare this dimension w i t h the ordered sequence length determined by 
L A M , a correction must be made for chain tilt (45). Thus, a series of 
corrections, each subject to experimental error, must be made to enable a 
comparison of the small-angle X-ray scattering result w i t h those f rom Raman. 
Therefore, i n many cases w h e n the need for the required corrections is not 
recognized, it is not surprising that agreement is not obtained and modif ica
t ion is made to e q 1. However , w h e n care is taken i n making the corrections 
to properly compare crystallite thicknesses, e q 1 is shown to be val id (46). (If 
the data i n reference 45, where the chain tilt was taken into account, were 
also corrected for the crystallinity level, then good agreement is found 
between the L A M and small-angle X-ray diffraction maximum for the lamel
lar thickness.) 

T h e analysis of mode orders has been shown to be effective i n assessing 
e q 1 as is il lustrated i n Table II (16). H e r e , several molecular weight fractions 
of l inear polyethylene were crystallized i n various ways to obtain different 

Table II. Longitudinal Acoustical Mode Frequencies and Properties 
of Crystalline Polyethylene Samples (16) 

Crystallization Degree of Av3 β3 = 
Conditions Crystallinitya (cm~1) (cm-1) Av3 / Avj 

93,000 120 Solution 
crystal 
T c = 85.8 °C 

0.72 23.6 ± 0.2 68.0 ± 0.5 2.88 

93,000 124 Solution 
crystal 
T„ = 87.2 °C 

0.78 22.8 ± 0.2 64.5 + 0.5 2.83 

93,000 135 Solution 
crystal 
T c = 89.5 °C 

0.81 21.0 + 0.2 59.5 + 0.5 2.83 

11,500 189 Quenched dry 
ice-isopropanol 

0.62 15.0 + 0.2 44.0 ± 0.5 2.93 

8,400 334 Isothermal 0.94 8.5 + 0.1 24.0 ± 0.5 2.82 
crystallization 
T c = 125 °C 
crystallization 
T c = 125 °C 
30 days 

27,800 405 Isothermal 0.89 7.0 ± 0.2 20.5 ± 0.5 2.93 
crystallization 
T c = 126 °C 
crystallization 
T c = 126 °C 
30 days 

a Determined from enthalpy of fusion. 
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levels of crystallinity and the first and th i rd mode orders, Δν\ and Δ ν 3 , were 
determined. As indicated i n the table, the ratio Δ ν 1 / Δ ν 3 is close to the 
theoretically expected value for this range i n ordered sequence lengths, 
crystallinity levels, and molecular weight. Hence , we can conclude f rom these 
data that for the different crystallization modes, and L = 100 Â or more, e q 
1 gives a very good representation of the experimental data. Therefore, e q 1 
can be used i n its simple form to determine the ordered sequence length. 
Other kinds of experiments have also shown that there is no appreciable 
perturbation of the L A M frequencies by the noncrystalline portions of the 
molecule (47, 48). There is, therefore, no need to develop complex theories 
to account for corrections to e q 1 that do not, i n fact, exist or are negligible 
(49 -55 ) . 

There is, however, one situation for polymers where the application of e q 
1 i n its simple form fails. A study of the thermodynamic and structural 
properties of a series of molecular weight fractions of hydrogenated polybuta-
dienes w i t h a fixed value of 2 . 3 - m o l % branch points pointed out this failure 
(56). H e r e , the observed small-angle diffraction maximum, found to be 155 
Â, is independent of molecular weight. W h e n this maximum is corrected b y 
the level o f core crystallinity, the crystallite or lamellar thickness is obtained. 
The thickness is about 60 A for M w < 1.6 Χ 1 0 4 (where M w is the weight-
average molecular weight) and monotonically decreases to 30 + 5 Â for 
M w = 4.2 Χ 10 5 , the highest molecular weight studied. Thin-sect ion electron 
microscopy studies confirm these lamellar thicknesses (56). T h e most proba
ble ordered sequence length, L R , obtained f rom the L A M , for the same set 
of fractions crystallized i n the same manner, is about 70 Â and independent 
of chain length. W h e n corrected w i t h a chain tilt angle of 30°, the crystallite 
or lamellar thickness is found to be 61 Â for all of the fractions. Compar ison 
of the experimental results shows that the L A M , small-angle diffraction 
maxima, and electron microscopy give excellent agreement i n the crystallite 
thickness on the order of 60 Â or higher. However , w h e n L c decreases f rom 
the 60 to 30 Â, there is a serious error i n the L A M - d e t e r m i n e d values. In this 
range o f extremely small crystallite thickness, the L A M values are about a 
factor of 2 too large. Clearly, e q 1 is not applicable i n this case. It must be 
recognized, however, that these results present a very unique situation. N o t 
only are we dealing w i t h small crystallite sizes, but concomitantly the thick
ness of the interphase is about one-quarter to one-third of the crystallite 
thickness (56) . W e thus have an example where small ordered sequence 
lengths, about 2 0 - 5 0 carbon atoms, are jo ined w i t h a partially ordered 
interphase. I n addition, the interfacial region w i l l contain a higher than 
nominal concentration of branch points. I n this special case, the pertinent 
vibrations between the crystalline sequences are not uncoupled. Usual ly for 
polymer systems, the vibrations between the ordered sequences are uncou
p l e d and e q 1 can be properly applied. It is clear that theory w i l l have to be 
modif ied to account for this very special situation. 
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Another example where there are major complications i n relating the 
L A M frequencies to ordered sequence lengths is i n interpreting the structure 
of the n-alkanes i n the solid state. Recently, n-alkanes containing up to 400 
carbon atoms have been synthesized (42, 43). There is interest i n quantita
tively describing their structures and using L A M i n this endeavor. E luc idat ing 
the details of the fo lded structures that can develop (42, 44, 57, 58) is of 
particular importance. T h e prob lem to be resolved is whether sharp folds that 
lead to integral-valued fo ld lengths are formed or whether, i n contrast, a 
disordered overlayer is present. This is the same problem that has already 
been resolved for polymers crystallized f rom dilute solution (46, 59). I n this 
case, it has been established that a significant interfacial and disordered 
overlayer is present. 

T h e prob lem that exists w i t h the n-alkane can be briefly out l ined as 
follows. In the extended form (i.e., for molecular crystals) the mode orders 
are not i n the ratio o f 5:3:1 (11, 14, 44). T h e deviations decrease w i t h 
increasing chain length and become very small at carbon numbers greater 
than about 200. There is, therefore, a definite influence of the e n d group of 
the molecule on the observed frequency. However , a calibration can be 
established between Δν and η that allows for the determination of the 
ordered sequence lengths of extended n-alkanes (44). T h e problem w i t h 
fo lded structures arises because the frequencies of the ordered sequence 
lengths are i n the region where there is a serious discrepancy i n the ratio of 
mode orders. H e n c e , an u n k n o w n correction must be made. E v e n i f the 
assumption is made for the purpose of this problem that the ordered 
sequences are uncoupled, their determination f rom àv1 is ambiguous at best 
(44). Therefore, unt i l the basic theoretical problems are solved, ordered 
sequence lengths of the fo lded n-alkanes cannot be obtained w i t h the 
certainty necessary to resolve the structural prob lem of concern. 

T h e L A M frequency not only allows for the determination of the most 
probable ordered sequence length i n crystalline polymers; the distribution of 
these lengths can also be obtained. (The true posit ion of the L A M band is not 
only displaced by the distr ibution of ordered sequence lengths, but also by 
temperature and frequency factors.) F o l l o w i n g Snyder et al. (60, 61) the 
distribution funct ion f(L) can be directly related to the observed intensity, 
Z ° b s , at frequency Δν by the relation 

Δ ν 2 l v
o b s (2) 

H e r e , f(L) is proportional to the number of crystalline sequences of length 
L . T h e ordered sequences of length L that give rise to scattering at a 
frequency Δν can be derived f rom e q 1. Equat ion 2 has been successfully 
applied to a variety of systems (17, 62, 63). (The displacement of the 

/ ( * « ) < * 1 — exp 
-he Δν 

kT 
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observed Δν depends o n the w i d t h o f the L A M band. This displacement is 
negligible for L A M s that appear at frequencies of 15 c m " " 1 or higher and 
have half-widths less than about 5 c m - 1 (61). This condit ion is usually 
fulf i l led b y the n-alkanes. However , for some polymers, particularly branched 
or ethylene copolymers, where the observed half -width is o n the order of 
10 -15 c m - 1 , displacements to higher frequencies may exceed 5 c m - 1 or 
more.) A n example given i n F igure 5 typifies the situation where the sample 
has a narrow ordered sequence distribution (62). I n such cases, the agree
ment between the Raman L A M analysis and th in section electron microscopy 
is excellent (62, 63). As was pointed out earlier, to compare the lamellar 
thickness obtained f rom either electron microscopy or small-angle X-ray 
scattering w i t h the L A M - d e t e r m i n e d ordered sequence length, correction 
must be made for the tilt angle. T h e Raman L A M can also be very effectively 
employed i n cases where the lamellae are not organized into regular stacks 
(63). Small-angle X-ray scatterings do not give any meaningful results i n this 
situation. Al though electron microscopy indicates the presence of lamellae, a 
quantitative measure is difficult. 

F o r systems that have broad distributions (such as asymmetric or b i -
modal), precise results are difficult to obtain f rom the L A M (63). T h e main 
difficulty i n analysis of more complex distributions is the resolution of the 
small ordered sequence lengths, w h i c h tend to merge w i t h the background 
and thus make the correct baseline difficult to draw. I n general, as the length 

τ 1 •—ι 1 Γ 

L (ANGSTROMS) 

Figure 5. Normalized frequency distributions of crystallite thickness for sample 
Mn = 76,700, Mw = 80,800 crystallized at 118 °C for 2 min. Key: electron 
micrograph histogram, — ; smooth distribution from electron micrograph, —; 
uncorrected Raman LAM distribution, — 9 — ; Raman distribution corrected 
for 30° tilt, — Ο — . (Reproduced with permission from reference 62. Copyright 

1989 John Wiley & Sons, Inc.) 
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distribution becomes broader, the observed intensity is spread out over a 
larger frequency range; thus resolution o f the extremes is more difficult. 
These problems for broad distributions are not problems of principle , but 
rather of practice, w h i c h w i l l eventually be overcome. 

D L A M . T h e D L A M is a low-frequency Raman band that measures 
long-range conformational disorder. D L A M has been observed i n al l of the 
noncrystalline polymers studied, inc luding molten polyethylene (64, 65), and 
it can be related to the average of the conformational disorder i n a long-chain 
molecule (64). A basic and important question is whether the D L A M band is 
found i n semicrystalline polymers. A D L A M band identical to that of the 
molten polymer has been observed i n crystalline l inear polyethylene (66). 
Studies at ambient temperature w i t h samples that have varying degrees of 
crystallinity show that the intensity of the D L A M bands is proportional to 
(1 — λ ) Δ Η and that the intensities extrapolate to the correct value for the 
completely disordered system at (1 — λ ) Δ Η = 0 (66). These results give very 
strong and independent support o f previous conclusions that the disordered 
interlamellar regions have the same structural features as the pure completely 
molten polymer (3 , 4). This conclusion is obviously of major importance i n 
interpreting the properties o f crystalline polymers. Furthermore , studies of 
the temperature dependence of the D L A M band do not show any discontinu
ities i n the posit ion or shape of the D L A M i n going f rom the crystalline state 
to the pure melt (3 , 66). 

I n the discussion, heretofore, we have demonstrated the validity and 
util ity of specific spectral regions i n describing the main structural regions of 
semicrystalline polymers. These results now can be appl ied to develop a 
better understanding of the crystalline behavior and properties of such 
systems. Some examples have been selected f rom among the many examples 
that illustrate h o w the information obtained f rom R a m a n spectroscopy yields 
important and detailed structural features. W h e n these examples are coupled 
w i t h the procedures outl ined, a better molecular understanding of certain 
properties emerges. 

Applications 

Secondary Crystallization. Af ter nonisothermal crystallization, the 
density of l inear polyethylene slowly increases w i t h long-time storage at room 
temperature. T h e tacit assumption is that this density increase reflects an 
increase i n the level of crystallinity. Consequently, this process has been 
termed secondary crystallization. I n a recent study, the density changes were 
accompanied b y an analysis of the Raman internal modes (67). F o r rapidly 
crystallized h igh molecular weight l inear polyethylenes, branched polyethy
lene, and ethylene copolymers, a density increase of about 5 % is observed 
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after long-term crystallization (i.e., about several h u n d r e d days) at room 
temperature. Contrary to expectations, the Raman data indicate that the core 
crystallinity remains constant over this t ime period. Instead, the density 
increase reflects an increase i n the partially ordered interfacial region at the 
expense of a decrease i n the disordered hquidl ike region. This behavior is 
i l lustrated i n F igure 6 for a fraction Μ η = 8 Χ 1 0 6 (67) , where Μ η is the 
viscosity average molecular weight. Af ter 392 days, the density increases f rom 
0.9260 to 0.9310; a c remains constant between 0.40 and 0.41, whi le a a 

decreases f rom 0.48 to 0.41 and a b increases f rom 0.11 to 0.20. S imilar 
effects are observed w i t h branched polymers and copolymers. L o w e r molecu
lar weight l inear polymers, for example, M w = 1.5 X 1 0 5 only show very 
small changes i n any of these quantities. It w i l l be of interest to analyze the 
R a m a n internal modes dur ing the secondary crystallization process that 
accompanies isothermal crystallization to determine what changes occur i n 
the phase structure. U n d e r these crystallization conditions, significant crystal
lite thickening takes place (68, 69). 

Crystallite Thickening. A long-standing controversy exists w i t h re
gard to whether crystallites thicken i n the chain direction dur ing either the 
pr imary or secondary portions of isothermal crystallization. Contrary experi
mental evidence had been presented (see references 68 and 69 for a 
summary of literature on the subject. In the present context, w e do not 
consider the rapid thickening that occurs immediately after nucleation). 
Raman L A M measurements o n molecular weight fractions, w h i c h were 
crystallized under controlled isothermal crystallization condit ion, have re
solved this prob lem. Because the Raman experiment only requires very small 
amounts of sample, extensive studies of the influence of molecular weight 
and crystallization temperatures, using fractions, could be carried out (69). A 
typical example is given i n F igure 7 for a linear polyethylene fraction 
M w = 188,000, M n = 179,000 crystallized at 128 °C for the indicated times. 
T h e most probable ordered sequence length increases f rom 340 to 500 Â for 
the t ime scale and temperature i n this example. It is quite clear f rom the 
figure that, at the same time, there is a significant broadening of the size 
distribution, even i n the secondary crystallization region. 

T h e crystallite thickening process is dependent on both molecular weight 
and the temperature. The thickening rate decreases w i t h molecular weight 
and increases w i t h temperature. T h e rather drastic temperature effect is 
i l lustrated i n F igure 8 for a fraction M w = 70,000, M n = 65,000 (68). T h e 
strong influence of the annealing temperature is clearly indicated i n the 
figure. D a t a of the type il lustrated can serve as a base to develop a better 
molecular understanding of the thickening process (69). 

Mixtures. W h e n two different species, w h i c h are homogeneous i n the 
melt, are crystallized, it is important to establish i f co-crystallization or some 
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TIME (DAYS) 

(b) 

Figure 6. (a) Plot of variation of density with time after storage of a linear 
polyethylene, Μ η = 8 Χ 106, at room temperature, (b) Plot of variation in the 
liquidlike (O), crystalline (%), and interfacial content (A) with time for the 
same sample. (Reproduced with permission from reference 67. Copyright 1989 

Springer-Verlag. ) 

type of segregation occurs. A n y changes i n the crystallite and phase structures 
are of interest. Co-crystall ization can be detected by analysis of the endother-
mic peaks (obtained by differential scanning calorimetry) and selective ex
traction (70, 71). B o t h methods must be appl ied concurrently to obtain 
unambiguous results (71). T h e changes, i f any, i n the crystallite and phase 
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10 

8 

X 

* 4 

2h 

200 300 400 500 
L (ANGSTROMS) 

600 700 

Figure 7. Normalized crystallite size distribution for fraction (Mw = 188,000, 
M N = 179,000) crystallized at 128 °C for different times. Key: 135 min, —; 
1140 min, —; 10,000 min, ·-·-·. (Reproduced with permission from reference 

68. Copyright 1982 Sptinger-Verlag.) 

structure can be determined b y Raman L A M and internal mode analyses. 
Mixtures of l inear polyethylene fractions w i t h compositional and molecular 
weight fractions o f ethylene copolymers have been studied i n this manner, 
and it has been established that some type of species segregation occurs 
dur ing isothermal crystallization. However , u p o n rapid crystallization there is 
a range of copolymer compositions that co-crystallize w i t h the homopolymer 
of corresponding chain length. T h e ordered sequence length distributions are 
quite different for the two cases as is i l lustrated i n F igure 9 for mixtures of an 
equal amount of a l inear polyethylene fraction M w = 1.05 Χ 1 0 5 and a 
hydrogenated polybutadiene M w = 1.08 Χ 1 0 5 that has 2 . 2 - m o l % branch 
points. T h e ordered sequence length distribution for the isothermally crystal
l ized 50:50 mixture (F igure 9 A ) displays two distinct maxima, each of w h i c h 
corresponds to that of the pure species. This result is expected for a mixture 
that does not co-crystallize. In contrast, for the 50:50 quenched mixture 
where co-crystalhzation takes place, the size distr ibution is continuous, w h i c h 
is consistent w i t h the formation o f only one type of crystallite (Figure 9B) . 
Surprisingly, i n this case the size distribution resembles that o f the pure 
l inear species. This characteristic of the distr ibution is conf i rmed b y scanning 
electron microscopy (71). 

Internal mode analysis indicates that some interesting changes take place 
i n the relative amounts of the phases u p o n the co-crystallization of l inear 
polyethylene w i t h random ethylene copolymers (71, 72). A l though only a very 
l imi ted amount o f data are available for fractions (71), w h e n these data are 
taken together w i t h those for unfractionated systems (72), a general pattern 
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TIME (MIN) 

Figure 8. Plot of the most probable thickness (maximum in distribution function) 
as a function of log time for fraction (Mw = 70,000, M n = 65,000) crystallized 
at the indicated temperatures. (Reproduced with permission from reference 68. 

Copyright 1982 Springer-Verlag.) 

emerges. T h e fraction of core crystallinity, and the fraction of the l iquidl ike 
region change monotonically, but not linearly, w i t h the composit ion of the 
mixture. O n the other hand, as il lustrated i n F igure 10, the relative amount of 
the interfacial region has a maximum w i t h mixture composit ion. T h e inter
mingl ing of the two kinds of ordered sequences enhances the fraction of units 
i n the interfacial region and presumably increases the thickness of the 
interphase. A wide variation i n the phase structure can then be envisioned by 
the co-crystallization of a l inear polymer w i t h a copolymer. 
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40 100 200 
THICKNESS Â 

(Β) 

280 

Figure 9. Normalized ordered sequence length distribution of isothermally 
crystallized (A) and rapidly crystallized (B) mixtures of linear polyethylenes 
and hydrogenated polybutadiene determined from Raman LAM. Key: pure 
hydrogenated polybutadiene, a; pure linear polyethylene, h; 50:50 
mixture, c. (Reproduced with permission from reference 71. Copyright 1988 

John Wiley & Son.) 
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0 20 .40 .60 .80 
WT. FRACTION COPOLYMERS 

100 

Figure 10. Plot of fraction interphase, ab,for homopolymer-copolymer mixtures 
as function of the weight fraction of copolymer. Key: fraction of linear 
polyethylene and hydrogenated polybutadiene Φ , (71); mixtures of unfractioned 

linear polyethylene and linear low-density polyethylenes, O, • , • (72). 

Thickness of Structural Regions. T h e thicknesses of the three 
major structural regions are of obvious importance i n interpreting the proper
ties of crystalline polymers. L A M and internal mode measurements can give 
the thicknesses of the core crystallite, the interlamellar region, and the 
interfacial regions i n a straightforward manner. F o r narrow size distributions 
the maximum value, L R , i n the L A M - d e t e r m i n e d ordered sequence distr ibu
t ion can be identif ied w i t h the crystallite thickness L c by the relation 
L c = L R cos Θ, where θ is the angle of incl inat ion between the chain axis and 
the normal to the basal phase of the lamellar crystallite. I f we define L a as 
the thickness of the l iquidl ike region and L b as the thickness of the interface 
that is associated w i t h one of the crystallite basal planes, it follows that the 
crystalline fraction is given by 

( L a + 2 L b ) +LC 

X 
Ρτ 

(3) 

the interfacial fraction is given b y 

« κ = 
2U 

( L a + 2 L b ) + L C 

X ^ 
Ρτ 

(4) 

and the l iquidl ike fraction is given by 
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where p a , p b , and p c are the density of the hquidl ike , interfacial, and 
crystalline regions, respectively. p T is the density of the sample. Because a a , 
a c , a b , and L c are determined experimentally f rom Raman spectroscopy, 
the values of L a and L b can be calculated. T h e tilt angle θ is taken to be 30°; 
i f a slightly higher tilt angle is used, the basic conclusions remain essentially 
unaltered. T h e denominator i n these equations represents the long per iod, 
w h i c h can also be obtained by either small-angle X-ray scattering or electron 
microscopy, and includes the statement that there are two interfaces per 
crystallite. 

T h e results for l inear polyethylene fractions crystallized by quenching to 
— 78 °C are il lustrated i n F igure 11 (73). T h e core crystallite thickness 
remains constant at 140 Â as the molecular weight increases f rom 1 0 4 to 10 6 . 
Concomitantly, over the same molecular weight range, the thickness of the 
disordered interlamellar layer increases f rom ~ 75 to 175 Â. These results 
are i n accord w i t h electron microscopy studies where it was found that for 
molecular weight fractions crystallized under similar conditions, the average 
crystallite thickness remained constant whereas the long per iod increased 
w i t h chain length (74). Similar results also have been obtained b y small-angle 
X-ray scattering (75). O f particular interest i n this analysis is the determina
t ion of the interfacial thickness. L b is molecular weight dependent w i t h 
values ranging f rom 14 Â at M = 1 0 4 to ~ 25 Â for M = 10 6 . T h e 

I04 I05 I06 

Figure 11. Plot of thickness values as a function of molecular, weight for linear 
polyethylene fractions quenched to — 78 °C. Key: crystallite core thickness Lc, 
A; interlamellar thickness La, O; interfacial thickness Lb, ·. (Reproduced 

from reference 73. Copyright 1990 American Chemical Society.) 
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interfacial thickness thus makes a significant contribution to the total struc
ture. Similar results have been obtained qualitatively w i t h samples that have a 
most probable molecular weight distribution (73). Isothermal crystallization 
(73) and the analysis of carbon-13 solid state N M R data, coupled w i t h 
small-angle X-ray diffraction, also give comparable values for L b (33, 35). 

A major conclusion w i t h respect to melt-crystallized samples is that there 
is a significant molecular weight dependent interfacial region i n l inear 
polyethylene. T h e values of the interfacial thickness are i n agreement w i t h 
theoretical expectations of 1 0 - 3 0 Â (28). A discussion of the reasons for 
these values and their molecular weight dependence is beyond the scope of 
this chapter; they are, however, detailed elsewhere (4, 28, 29) . It suffices to 
state that these results support the conclusion that the polyethylenes possess 
an irregularly structured interphase. T h e deduced interfacial structure is 
incompatible w i t h a set of regularly folded chains or minor variants thereof. 

A similar analysis can be per formed on crystals formed i n dilute solu
tions. T h e results are summarized i n Table III . The data i n the last two 
columns of Table III contrast strongly w i t h the results obtained for the 
bulk-crystall ized fractions. A t a fixed crystallization temperature, T c , the 
quantities L c , L a , and L b are al l independent of molecular weight. T h e value 
of L b o f ~ 5 Â is very similar to that deduced f rom a comparison of Raman 
L A M and small-angle X-ray scattering (46). It is very important to note that a 
significant disordered overlayer of ~ 2 0 - 2 5 Â is associated wi th these 
crystallites. Thus, polyethylene crystals formed i n dilute solutions, as w e l l as 
other polymers, are not completely crystalline (59) . T h e invariance of L b 

w i t h molecular weight and the reduced value o f L b relative to bulk-crystal
l ized systems are characteristic features of crystals formed i n dilute solution. 
These features can be explained by the reduced influence of topological 
restraints to the crystallization process i n dilute systems. A t the same t ime, 
however, about 2 0 - 3 0 % of the system is not contained w i t h i n the crystallite 
core. 

Table III. Structural Parameters of Linear Polyethylene Fractions 
Crystallized from Dilute Solution (73) 

(xio~4) (°c) ac aa 

L R 

(A) 
Ka 

(A) (A) (A) 
5.26 87 0.80 0.16 0.04 127 110 3 22 

11.5 87 0.77 0.14 0.09 127 110 6 20 
16.1 87 0.78 0.16 0.06 136 118 5 24 
22.5 87 0.78 0.19 0.03 127 110 2 27 
80.0 87 0.79 0.15 0.06 134 116 4 22 

150.0 87 0.73 0.18 0.09 126 109 7 27 

a Tilt angle taken as 30°. 
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Crystals from Dilute Solution. T h e data i n Table III indicates 
that the L A M values for crystallites formed f rom dilute solution are indepen
dent o f molecular weight for a given isothermal crystalhzation temperature. 
These results are il lustrated graphically i n F igure 12 (46). It is apparent f rom 
the plot that the crystallites have a relatively narrow size distribution and the 
ordered sequence lengths are independent o f molecular weight. Small-angle 
X-ray studies have shown that the total lamellar periodicity is constant over a 
wide range of molecular weights for different isothermal crystallization tem
peratures (76, 77). Because a c is essentially constant w i t h chain length, the 
small-angle X-ray and L A M data are i n agreement w i t h respect to the 
crystallite thickness dependence on molecular weight. These experimental 
findings are contrary to a theoretical treatment that predicts a substantial 
change i n crystallite thickness w i t h molecular weight (78). These results are 
also important because they demonstrate that properties are independent o f 
molecular weight, but are dependent on the crystallization temperature and, 
thus, the crystallite thickness (79, 80). 

n-Alkanes. T h e recent synthesis of h igh molecular weight n-alkanes 
has shown that both extended and folded chain structures can be formed i n 
the crystalline state (42, 43). T h e lengths of the ordered sequences are close 
to an integral fraction of the extended chain lengths. A n integral value implies 
a sharp fo ld that involves the m i n i m u m number of units i n specific orienta
tions. O n the other hand, i f a disordered fo lded structure existed, the ordered 
sequence length w o u l d be slightly less than the integral value. T h e difference 
i n sequence length between the two structures is between 5 - 1 0 Â. T h e 
theoretical difficulty of relating the observed L A M frequency to the ordered 
sequence length w h e n there is an end-group effect, even w h e n the vibrating 
entities are uncoupled, was discussed i n the introductory section. In the 
problem under discussion here, a further complicat ion is that the sequences 

150 

5x l0 4 2 χ I05 _ 5 χ I05 2xl0 6 

Figure 12. Plot of ordered sequence lengfh from LAM of polyethylene crystals 
formed in dilute solution against Mw. Bars show the half-height range. 

(Reproduced with permission from reference 46. Copyright 1986 Springer-
Verlag.) 
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may be coupled to one another. Thus , w i t h i n our present theoretical under
standing, there are major impediments to using the L A M to analyze the 
folded structure o f the n-alkanes. Contrary reports notwithstanding, the use 
of this method w i l l not enable the determination of the ordered sequence 
length or the establishment of the nature of the fo ld structure. 

However , analysis of the internal mode regions does show quantitative 
differences between the extended and fo lded structures. These differences 
are il lustrated i n the spectra given i n F igure 13 for C 1 9 2 H 3 8 6 i n both the 
extended and singly fo lded form (81). F o r comparative purposes, the spec
t r u m of the fo lded structure has been shifted along the ordinate so that the 
intensity of its peak at Δν = 1416 c m " 1 coincides exactly w i t h the intensity 
of the extended structure at the same frequency. It is clear f rom this 
superposition that the folded structure is less crystalline than the extended 
structure. T h e amorphous bands (Δν : 1080, 1303, and 1440 c m - 1 ) are 
indicated by arrows i n the figure. A more quantitative analysis, carried out i n 
the conventional manner (81), indicates that a c for the folded structure is 
only 0.80-0.85. This result is only compatible w i t h a disordered overlayer for 
the fo lded structure. I n this respect, the structure is very similar to the 
corresponding structure of polymer solution crystals (see Table III). 

>-
C O 

950 1050 1150 1250 
V (cm'4) 

1350 1450 1550 

Figure 13. Raman spectra for C192H386: extended structure, —; folded 
structure,.... 
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Specific Applications 

W e shall discuss three specific examples where Raman spectroscopy plays a 
unique role i n the understanding of properties. 

Carbon-13 Spin Relaxation Time. Carbon-13 spin lattice relax
ation times, Τγ, of crystalline polyethylenes can vary over wide limits (31, 
82-86). 7\ values ranging from 2 to 400 s have been reported, but no 
rationale has been given for this wide variance. Ut i l i z ing L A M and internal 
mode data, the structural basis for these observations can be explained. T h e 
results are summarized in F igure 14, where the ordered sequence lengths 
obtained by L A M are plotted against Tl (31). The Tx values reported here 
range from 40 to 4500 s. F o r the main body of data, there is a smooth 
monotonie increase of the crystalline Tx w i t h crystallite thickness; the curve 
appears to increase without l imits. E v e n m u c h larger T x s are expected on this 
basis i f larger crystallite thickness is attained. F o u r data po in ts—two for 
selectively oxidized samples and two for low molecular weight linear polyeth
y lenes—do not lie on the curve delineated by the main body of results. These 
four samples have the c o m m o n feature that the crystallite thickness is 
comparable to the extended chain length; thus these samples w i l l have 
different interfacial structures relative to those of the main body of the 
samples. 

T h e experimental finding that Tx increases w i t h L R explains the diver
gent results that were initially reported. Closer examination of the structural 
features reveals that the lower values of Tx are characterized by larger ratios 
of a b / a c whereas specimens w i t h very high values o f Tl have very low 
values of a h / a c . E v e n a modest interfacial content is sufficient to pro
foundly influence Tv Thus, there is a strong coupl ing of the interfacial 
structure wi th the motions wi t h in the crystalline region that y ie ld Tl. W h e n 
these connections, or junctions, are severed, the relaxation wi th in the crys
talline region becomes more retarded. This point is clarified i n F igure 14 by 
the data for the four extended chain specimens where 7\ is found to b e m u c h 
larger than expected based solely on crystallite thickness considerations. T h e 
importance of the interfacial region in this problem is further emphasized by 
comparison of Tx for the original and the selectively oxidized samples. W i t h 
only very modest increases i n crystallite thickness, TY increases twofold for an 
aircooled sample ( a c = 0.64) and sevenfold for a quenched sample ( a c = 
0.48) w h e n the specimens are selectively oxidized. These results elucidate the 
role of the interfacial region in modulat ing the motions wi th in the crystalline 
region. T h e crucial role played by Raman spectroscopy i n sorting out the 
different variables involved and focusing attention on the key structural 
features is apparent. 
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Figure 14. Plot of crystallite thickness L R against crystalline Ύ1 for linear 
polyethylenes. The dashed curve represents samples that are either selectively 
oxidized or low molecular weight fractions. (Reproduced with permission from 

reference 31. Copyright 1983 John Wiley & Sons, Inc.) 

Dynamic Mechanical Relaxation. T h e linear and branched 
polyethylenes, as w e l l as copolymers o f ethylene, display a series o f wel l -known 
relaxation transitions that can be detected b y a variety o f physicochemical 
techniques (87, 88). I n order of decreasing temperature below the melt ing 
temperature, these transitions are designated conventionally as the α , β, and 
7 transitions (87). T h e y transition is usually observed i n the range of —150 
to —120 °C and can be identif ied wi th the glass-transition temperature. T h e 
β transition is found i n the range of —30 to + 1 0 °C, depending on the 
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molecular constitution of the chain. T h e molecular basis for this relaxation 
remained elusive unt i l recently (87, 89). T h e α transition has been observed 
over a range of at least 100 °C, depending on the structural details of the 
polyethylenes. A l l the methods used to characterize the α relaxation show 
that it results f rom motions of chain units that he w i t h i n the crystalline 
port ion of the polymer. A n increase of the temperature of the α transition, 
Ta, w i t h crystallite thickness is suspected. T h e application of Raman spec
troscopy to the problem has greatly clarified the molecular and structural 
basis for the α and β transitions (88, 89). 

Studies of polyethylene samples that have ordered sequence lengths that 
vary f rom ~ 60 to > 300 Â, quantitatively established the dependence of Ta 

on crystallite thickness. This point is i l lustrated i n F igure 15 (88). T h e 
location of the α transition is found to depend primari ly o n the crystallite 
thickness. M o r e detailed study indicates the distinct possibility that the 
interfacial structure exerts an important influence on this relaxation. T h e level 
of crystallinity and the supermolecular structures do not play any significant 
role i n determining the location of Ta. A strong correlation is found between 
the α-transition and the carbon-13 N M R crystalline Τλ (31). W e can also 
note f rom F igure 15 that, i n contrast to Ta, the temperature of the β 
transition, Τ β , is independent of crystallite thickness. 

A n understanding of the structural basis for the β transition has been 
elusive and controversial (88). This transition is widely observed i n branched 

u0 40 80 120 160 200 240 280 320 
CRYSTALLITE THICKNESS (A) 

Figure 15. Plot of a- and β-transition temperatures, from tan δ, at 3.5 Hz 
against the crystallite thickness. Details of super molecular structure are 

described in reference 88. 
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polyethylenes and ethylene copolymers, but has only been observed i n very 
h igh molecular weight linear polyethylene (these observations are summa
r ized i n reference 88). This transition is invariant w i t h crystallite thickness 
and does not depend directly o n either the crystalhnity level or the super-
molecular structure. Correlat ion of the dynamic mechanical experiments w i t h 
the R a m a n internal modes has established that the β transition results f rom 
the relaxation o f chain units that are located w i t h i n the interfacial region. This 
transition is very intense for random ethylene copolymers and can also be 
discerned i n the linear polymer as is illustrated i n F igure 16, where the loss 
modulus E" is plotted against the temperature i n the β-transition region 
(88). T h e plot i n F igure 16 shows that the intensity of the β transition can 
change significantly for samples that have the same degree of crystallinity. 
T h e intensity of this transition varies w i t h the magnitude of the interfacial 
content, a b . F o r example, the existence o f a transition i n sample C is 
questionable. However , for the two higher molecular weight samples (3 X 1 0 6 

and 8 X 1 0 6 ) the β transition is centered about —10 °C and is w e l l defined. 
F o r these samples, a b varies f rom 7 - 1 3 % . A n interfacial content greater 
than about 1 0 % appears to be sufficient to permit clear detection of the β 
transition (88). Assignment of the β transition to the relaxation of chain units 
i n the interfacial region explains its intensity i n random copolymers, w h i c h 
typically have large interfacial contents. It also explains the very unique 
copolymer composit ion relations that are observed and separates this transi
t ion f rom the glass-transition temperature (89). T h e reality of a β transition 
i n l inear polyethylene has been established by this type of structural charac
terization; its elusiveness i n the past can be related to the low interfacial 
content o f the lower molecular weights that were studied most intensively. A 

Figure 16. Loss modulus E " vs. temperature for linear polyethylenes in the β 
relaxation region (88). Sample A (O): unfractionated Mw = 8 Χ 106, aa = 
0.35, ab = 0.13, (l - k)d = 0.63; sample Β (φ): fractionated Mw = 3.16 X 
10s, aa = 0.31, ab = 0.10, (l - X)d = 0.65; sample C (A): unfractionated 

Mw = 1.5 X 10s, aa = 0.37, ab = 0.07, (l - k)d = 0.63. 
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compilat ion of the experimental results for the β transition i n linear and 
branched polyethylene is given i n Table IV. This summary emphasizes the 
relation between the interfacial content a b and the intensity necessary for 
the existence of the β transition. W h e n the interfacial content is small, less 
than 5 - 7 % , the β transition is not observed. This conclusion is exemplif ied 
by the results for the solution-formed crystals and for low and m e d i u m 
molecular weight bulk-crystall ized linear polyethylene. W h e n the interfacial 
content increases above 10%, as is found i n h igh molecular weight bulk-crys
tal l ized linear polyethylene and i n both solution- and bulk-crystall ized 
branched polyethylenes, wel l -def ined β transitions are observed. These con
clusions are consistent w i t h the results for different types of chlorinated 
polyethylenes (88). It is also clear that just a high noncrystalline content is 
not a sufficient requirement for a β relaxation to be observed. 

The relation that has been deduced between the β transition i n the 
polyethylenes and the relaxation of chain units i n the interfacial region should 
also h o l d for other semicrystalline polymers. T h e dynamic mechanical behav
ior of polyoxymethylene is very similar to that of polyethylene. The introduc
tion of small amounts of ethylene oxide co-units into the chain greatly 
enhances the intensity of the originally weak β transition (90, 91). These 
results parallel those for copolymers of ethylene and point to a c o m m o n 
origin. Because the ethylene oxide co-units are effectively excluded from the 
crystal lattice, an enhanced interfacial structure is expected. 

Small-angle X-ray and neutron scattering studies, as w e l l as studies 
involving dielectric relaxation, have demonstrated the existence of an interfa-
cial region i n poly (ethylene oxide) (92) and poly(vinyl idene fluoride) (93, 
94). Thus, the concept of an interfacial region is now wel l -documented for 
several quite different polymer types and can be taken to be a universal 
feature of al l crystalline systems comprised of flexible chains. T h e concept of 

Table IV. Summary of β Transitions in Polyethylenes (88) 

Interfacial 
content ab 

Sample Observation (%) 

Solution crystals of linear 
polyethylene Not observed < 5 

Solution crystals of branched 
polyethylene Transition observed 0 11 -17 

Bulk-crystallized linear Not observed for low < 7 
polyethylene molecular weights ( < 2 Χ 10 5 ) 

Observed for high 
molecular weights ( > 2 Χ 10 5 ) > 10 

Bulk-crystallized branched Strong relaxation 11-21 
polyethylene always observed 

a No report of dynamic mechanical studies on such systems. Transition is observed by indirect 
measurement of thermal expansion coefficient. 
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an interfacial region that is unique to polymeric crystals was initially proposed 
by F l o r y (22). T h e analysis of the phase structure of the polyethylenes by 
Raman internal modes provides an experimental base for the phenomenon 
and has stimulated research on other polymers. 

Tensile Properties. T h e use of Raman spectroscopy for characteri
zation purposes has been extremely useful for interpreting tensile properties 
o f the polyethylenes ( 9 5 - 9 7 ) . A good example is i n the analysis of the y ie ld 
stress. It is w e l l known that the y ie ld stress for the polyethylenes, as w e l l as 
other polymers, depends on the crystallinity level ( 9 5 - 9 7 ) . However , analysis 
by means of the Raman internal mode gives a deeper insight into the nature 
of the phenomenon as is i l lustrated i n Figures 17 and 18 (96). These figures 
give extensive results for unfractionated random ethylene copolymers. In 
F igure 17, the y ie ld stress is plotted against (1 — X ) d for a compilat ion of 
available data f rom the literature (96). Al though the y ie ld stress varies w i t h 
the crystallinity level, it falls to zero w h e n 1 5 - 2 0 % crystallinity remains. In 
contrast, F igure 18 shows that the y ie ld stress is directly proportional to a c , 
the core crystallinity level. V e r y similar results are obtained w i t h linear 
polyethylene (97) . These results clearly imply that yie lding is governed by 
some process, or processes, that involve the deformation or transformation of 
part or al l of the crystalline regions. Raman spectroscopy has thus focused 
attention on the pertinent element of phase structure that is involved i n the 
yie lding process. 

Τ 

0 20 40 60 80 
(l-X) d (%) 

Figure 17. Compilation of literature data for yield stress as a function of degree 
of crystallinity, (l — \)d, calculated on a density basis. (Reproduced with 

permission from reference 96. Copyright 1990 John Wiley & Sons, Inc.) 
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a c (%) 
Figure 18. Plot of yield stress against core crystallinity for random ethylene 
copolymers. (Reproduced with permission from reference 96. Copyright 1990 

John Wiley & Sons, Inc.) 

Summary 
W e have summarized the application of R a m a n spectroscopy to the character
ization of certain structural elements of crystalline polymers of flexible chains. 
T h e polyethylenes were chosen as models for such systems because they 
served admirably i n the study of other properties. Cer ta in key structural 
features are delineated and quantitatively described by this method, both i n 
principle and i n practice. Di f ferent spectral regions are involved i n this 
process. The main structural elements that are quantitatively described are 
the phase structure, the distribution of ordered sequence lengths, and the 
general conformational structures of the interlamellar regions. The values of 
these quantities can be varied over wide limits by varying the molecular 
weight and crystallization conditions. 

T h e structural parameters that can be determined by Raman spec
troscopy are very important to the determination of a variety of microscopic 
and macroscopic properties. A few selected examples have been discussed for 
illustrative purposes. 
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Fourier Transform IR Spectroscopic 
Analysis of the Molecular Structure 
of Compatible Polymer Blends 

M . Sargent1 and J. L. Koenig* 

Department of Macromolecular Science, Case Western Reserve University, 
10900 Euclid Avenue, Cleveland, O H 44106-7202 

Compatible polymer blends are formed by the combination of two or 
more polymers to produce a homogeneous, single phase mixture. The 
ability of polymers to form compatible blends requires that the inter
action between the unlike polymer chains be at least as favorable as 
the self-association of each of the component polymers. Compatible 
polymer blends can therefore be characterized by the formation of 
intermolecular interactions between specific chemical groups of the 
component polymers. Infrared spectroscopy has been used to study 
polymer blend compatibility on the molecular level. The presence of 
molecular interactions is determined by examining the differences 
between the blend spectrum and the spectra of the component poly
mers. These spectral differences include shifts in the absorption fre
quency, increases in the band width, and changes in the absorptivity 
of the bands. This chapter reviews the application of spectral data 
processing techniques, such as factor analysis, difference spectroscopy, 
and least squares curve fitting, that characterize these interactions. 

TTHE USE OF POLYMER BLENDS i n a variety of scientific and industrial 
applications has been clearly established over the last several decades. N e w 
polymeric materials wi th superior chemical and physical properties may be 

1 Current address: Miami Valley Laboratories, Proctor and Gamble Company, P.O. Box 397707, 
Cincinnati, OH 45239-8707. 
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developed by selectively combining two or more homopolymers to produce a 
compatible b lend. T h e ability of polymers to form compatible blends requires 
that the interaction between the unlike polymer chains be at least as 
favorable as the self-association of each of the component polymers. Reviews 
of the ini t ia l studies of polymer compatibil i ty were publ ished b y F l o r y ( J ) and 
T o m p a (2) . M o r e current reviews of compatible polymer blends include 
those by B o h n (3), Rosen (4), Krause (5) , Bar low and P a u l (6) , Olabis i et al . 
(7) , and P a u l and N e w m a n (8). 

Incompatible polymer blends can be characterized as having components 
that exist i n isolated phases or domains. In contrast, the components of a 
compatible b l e n d are intimately mixed to form a single homogeneous phase. 
Compat ib i l i ty of a polymer b l e n d is dependent on many variables, inc luding 
b l e n d composit ion, temperature, and method of mixing. Phase separation of 
compatible blends may also occur over a per iod of t ime. 

Relatively few techniques have been developed that are capable o f 
examining intermolecular interactions between polymer components on the 
molecular level. Infrared spectroscopy has been successfully appl ied to detect 
such molecular interactions through analysis of changes i n specific bands of 
the b l e n d spectrum. Reviews of the application of infrared spectroscopy to 
the study of polymer b lend compatibil i ty have been publ ished by C o l e m a n 
and Painter (9 , 10). A variety o f spectral data processing techniques have 
been developed to assist in the characterization of the interactions ( I I ) . T h e 
presence of intermolecular interactions can be conf irmed f rom factor analysis 
results. T h e spectrum of the interaction can be isolated using difference 
spectroscopy and the degree of interaction i n the b lend can be quantified by 
least squares curve fitting. T h e specific type of interaction may also be 
identif ied from differences between the b l e n d spectrum and those of the 
pure components. Such changes include shifts i n the absorption frequency, 
increases i n the b a n d w i d t h , and changes i n the absorptivity of the bands. 

Thermodynamics of Polymer Blends 

T h e degree of miseibil ity of a mixture is determined by the Gibbs free energy 
of mixing, A G m i x , according to the equation 

AG · = AH . - TAS . 
mix mix ^mix 

where AHmix is the enthalpy of mixing, ASmix is the entropy of mixing, and Τ 
is the temperature of the mixture. AGmix can vary w i t h the composit ion o f the 
overall mixture i n several ways, as shown i n F igure 1. T o achieve complete 
miseibility over al l compositions, two conditions must be satisfied: AGmix 

must be less than zero and the second derivative of the free energy w i t h 
respect to the two components, δ 2 AGmix/b$2, must be greater than zero ( φ 
is the volume fraction of each component i n the mixture). Blends that can be 
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Figure 1. Possible free energy of mixing diagrams for binary mixtures. 
(Reproduced with permission from reference 6. Copyright 1991 Society of 

Plastics Engineers, Inc.) 

described by curve A are completely immiscible because they have a free 
energy of mixing that is always positive. Blends that fol low curve Β satisfy 
both conditions and are therefore miscible over all compositions. C u r v e C 
describes blends that are partially miscible. W h e n the b l e n d is composed of 
compositions i n the central range, the free energy of the system may be 
reduced by separating into two phases whose compositions are given by the 
two m i n i m a to the left and right of center. 

T h e thermodynamic m o d e l most frequently used to describe the mixing 
of polymers is the F l o r y - H u g g i n s theory (12), w h i c h assumes a lattice on 
w h i c h the polymer molecules can be arranged. Scott (13) appl ied the 
F l o r y - H u g g i n s theory to mixtures of dissimilar polymers and obtained the 
fol lowing equation for the Gibbs free energy of mixing: 

RTV Φ Α ΦΒ 
In Φ Α + | — I In φ Β + Χ Α Β Φ Α Φ Ε 

H e r e V is the total volume, V r is a reference volume taken as close as 
possible to the molar volume of the smallest polymer repeat unit, φ Α and φ Β 

are the volume fractions of polymers A and B , respectively, X A and X B are 
the degrees o f polymerization of polymers A and Β i n terms of the reference 
volume. χ Α Β is the interaction parameter that is related to the enthalpy of 
interaction of the polymer repeat units, each of molar volume V r , R is the 
universal gas constant, and Τ is the temperature of the mixture. 

Because a mixing process increases the randomness or disorder of the 
system, the change i n entropy is always positive. However , the entropy of 
mixing is a funct ion of the molecular sizes of the component polymers and 
approaches zero as the degree of polymerization increases. Therefore, 
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because the entropy of mixing is very small for polymer mixtures, the free 
energy of mixing is essentially determined by the sign and magnitude of the 
enthalpy of mixing. This enthalpy o f mixing depends on the energy change 
associated wi th nearest neighbor contacts dur ing mixing. T h e free energy of 
mixing w i l l be negative i f the enthalpy of mixing is either negative or zero or 
i f it is positive but less than the entropy term. 

A negative enthalpy of mixing indicates that heat is evolved dur ing mixing 
and occurs i f the component polymers attract each other more than they 
attract their o w n k i n d . Such a situation is encountered very infrequently i n 
polymer blends because the intermolecular energy is determined mostly by 
dispersive interaction i n w h i c h the energy of a contact pair of dissimilar 
polymers is approximated by the geometric mean of the self-association 
energies of mixing. Therefore, negative enthalpy can only occur i f strong, 
nondispersive interactions are f o r m e d between the different polymer compo
nents. 

Determination of the Molecular Structure Using IR 

F r o m the previous discussion of the thermodynamics of polymer blends, it is 
clear that polymer compatibil i ty can only occur w h e n a strong molecular 
interaction occurs between the two components. This intermolecular interac
t ion must be greater than the homopolymer intramolecular interactions of the 
components. 

O n e of the aspects of infrared spectroscopy that is widely known is the 
ability to detect differences i n molecular structure and interactions. It is on 
this basis that infrared is used to study polymer compatibil i ty i n blends (14). 
F o r such studies, it is necessary to generate and interpret the " interact ion" 
spectrum. This interaction spectrum is the difference between the spectrum 
of the b l e n d and the spectra of the component polymers, and it reflects the 
difference i n the molecular interactions constituting the b lend . Factor analy
sis methods can be used to verify the interaction spectrum. Interpretation of 
the interaction spectrum i n terms of the molecular structure and interactions 
depends on the system under examination. 

Factor analysis is a mathematical procedure that determines the number 
of spectroscopically identifiable, l inearly independent components i n a series 
of mixtures. O n e of the first applications of factor analysis to the infrared 
spectra of mixtures was conducted by A n t o o n et al. (15). A n excellent 
summary of the mathematical principles involving this procedure can be 
found i n a review by Gil let te et al . (11). Essentially, the number of pure 
components is found by determining the rank of a covariance matrix [ C ] , 
w h i c h is the product of the data matrix of the spectra of mixtures [ M ] 
mul t ip l i ed by its transpose [Mf: 

[C] = [M][MÎ 
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T h e rank of this covariance matrix is determined by solving the eigenvalue 
problem 

[C][E] = [E][X] 

where [E] is the eigenvector matrix and [ λ ] is the diagonal eigenvalue matrix. 
Ideally, the number of pure components corresponds to the number of 

nonzero eigenvalues. However , experimental random noise i n the data w i l l 
also produce nonzero eigenvalues. A theory of error i n factor analysis was 
therefore developed by Mal inowski (16) to determine the correct number of 
nonzero eigenvalues resulting f rom the pure components. T h e difference 
between the bui l t error-free data and the actual experimental results is 
expressed as the real error ( R E ) 

R E 
n ( r a p ) 

1/2 

where m is the number of spectra, ρ is the number of pure components, η is 
the number of points per spectrum, and X is the eigenvalue. A n indicator 
funct ion ( I N D ) can then be calculated f rom the equation 

R E 
I N D = 

(m — p)2 

This indicator funct ion attains its m i n i m u m value w h e n the correct n u m b e r of 
nonzero eigenvalues has been selected. 

Factor analysis can be appl ied to a polymer b l e n d system to determine 
whether a compatible or an incompatible mixture has been formed. F o r a 
binary mixture that is incompatible, the results of factor analysis w i l l indicate 
the presence of only two components i n the blend. However , for a compati
ble mixture an interaction w i l l occur between the two component polymers 
and its presence w i l l be indicated i n the factor analysis results as a th i rd 
component i n the blend. 

Once factor analysis has been used to positively determine the compati
bi l i ty of a polymer b lend, difference spectroscopy (or spectral subtraction) 
can be used to isolate the infrared spectral changes resulting f rom the 
interaction between the component polymers. A detailed description of the 
application of digital subtraction to infrared spectra has been publ ished by 
K o e n i g (17). T h e infrared spectrum of a compatible polymer b lend is actually 
composed of contributions f rom the component polymers plus an additional 
contribution resulting from the intermolecular interactions formed between 
the components. T h e spectral contributions f rom these interactions can be 
identif ied using digital subtraction. This technique involves subtracting the 
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sealed spectra o f each o f the component polymers f rom the spectrum of the 
b lend. This interaction spectrum results f rom frequency shifts, band broaden
ing, and changes i n peak intensity. 

Af ter the interaction spectrum of a compatible b l e n d has been isolated by 
difference spectroscopy, least squares curve fitting can be applied to deter
mine the concentration of the components present i n the mixture. B lackburn 
(18) has developed a least squares method that uses the pure component 
spectra to determine the relative amounts of each component present i n the 
mixture spectrum. T h e fitting equation presented by B lackburn is as follows: 

Ν M 

ER y = Σ 
i = l j=l i=l 

M 

Si = Σ xjRij 
J = l 

where Ν is the number of data points i n each spectrum, M is the number of 
component spectra used i n the fitting procedure, S i is the data for the 
spectral range of the mixture, W{ is a statistical weighting factor equal to the 
inverse of S{, Rik is the absorbance data for the i t h spectral element of the 
feth component spectrum, and Xj is the mult ipl ier used by the least squares 
procedure that gives the best fit of the standard spectra to the mixture 
spectrum. It is f rom the Xj values that the volume fractions of the compo
nents i n the mixture are determined. 

Accuracy of the least squares curve fitting procedure can be measured by 
the mult iple correlation coefficient, R, w i t h 1.0 corresponding to perfect 
correlation. This coefficient can be calculated from the fol lowing equation: 

R 2 S ( M C - M m ) 2 

2 ( M 0 - M J 2 

where M Q is the observed spectrum, M c is the calculated spectrum, and M m 

is the mean spectrum. 
T h e methods of factor analysis, difference spectroscopy, and least squares 

curve fitting have been appl ied by K o e n i g and Rodr iquez ( J 9 ) to the study of 
compatible poly(phenylene oxide) ( Ρ Ρ Ο ) and polystyrene (PS) blends. T h e 
indicator function f rom factor analysis reached a m i n i m u m value w h e n the 
number of components equaled three. These three independent components 
were proposed to be PS and two different P P O conformations, w h i c h is i n 
agreement w i t h results of a study by Wel l inghof f et al. (20). Wel l inghof f 
et al . determined f rom spectroscopic analysis that a strong interaction be
tween the phenyl r ing of PS and the phenylene r ing of P P O was responsible 
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for P P O conformational changes that occurred upon b lending w i t h PS . T h e 
interaction spectra of P P O - P S blends of various compositions were obtained 
by difference spectroscopy and least squares curve fitting was then appl ied to 
determine the concentration of the interaction spectrum i n the b l e n d spec
t r u m : T h e interaction contribution reached a maximum value i n blends 
having a composit ion of 30:70 P P O - P S . Factor analysis and least squares 
curve fitting were also appl ied to determine that partial demixing of the 
blends begins w h e n the P P O - P S b l e n d are heated to 200 °C. Partial 
demixing was concluded because, although the indicator function stil l at
tained a m i n i m u m value corresponding to three independent components, 
there was an overall decrease i n the contribution of the interaction spectrum 
to that of the b l e n d spectrum. 

A shift of the carbonyl stretching peak to lower frequencies occurs for 
compatible polymer blends. L e o n a r d et al . (21) demonstrated that this shift 
i n the carbonyl peak i n a compatible b l e n d results f rom localized interactions 
between the component polymers. O n e percent solutions of the mode l 
compound methyl acetate ( M A ) (a simple mode l for the ester group) were 
prepared i n the mixed solvents hexane-benzene and hexane-orthodichloro-
benzene ( O D B ) . T h e carbonyl stretching region of the spectra of the solu
tions indicates only one band, as seen i n F igure 2. However , the second and 
fourth derivatives, as w e l l as the F o u r i e r self-deconvoluted spectrum, clearly 
show that the carbonyl peak actually is composed of two bands. Similar 
results were found for M A dissolved i n various compositions of h e x a n e - O D B . 
In contrast, w h e n M A is dissolved i n a single solvent, a doublet i n the 
carbonyl peak cannot be detected. This observation suggests, therefore, that 
the shift of the carbonyl stretching peak is caused by local ized solvent-solute 
interactions rather than b y a bulk property of the m e d i u m , such as the 
refractive index or dielectric effects. T h e strength of the intermolecular 
interactions between M A and each of the solvents varies w i t h each system 
and is reflected by the different magnitudes i n the frequency shifts of the 
carbonyl peak. 

B l e n d compatibil i ty may also be studied through examination of changes 
i n the w i d t h at half-height of the carbonyl stretching peaks. A study of various 
polyesters ( P E ) b lended w i t h poly (vinyl halide) ( P V X ) was conducted by 
C o u s i n and P r u d ' h o m m e (22). T h e w i d t h at half-height of the P E carbonyl 
band increased i n the compatible P E - P V X blends, whereas no changes i n the 
w i d t h were detected for the incompatible blends. This increase i n w i d t h for 
the compatible blends was attributed to the rigidity and random coi l confor
mation of the P E molecule. N o t all the P E carbonyl groups are favorably 
disposed to interact w i t h the P V X and w i l l therefore experience no change i n 
their vibrational frequency. B a n d broadening, therefore, results f r o m a distri
but ion i n the strength o f the interactions, ranging f rom strong hydrogen 
bonds that produce the greatest shift i n frequency to an absence of any 
interactions, w h i c h results i n no frequency shifts. 
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1790 1770 1750 1730 1710 

W A V E N U V B E R S ( c m * 1 ) 

(B) 

Figure 2. Continued. Key: Curves represent the FTIR spectrum (a); second 
derivative of the spectrum (b); fourth derivative of the spectrum (c); and 
self-deconvoluted spectrum (d). (Reproduced with permission from reference 21. 

Copyright 1985 Butterworth.) 
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A Four ier transform ( F T ) I R study of b l e n d compatibil i ty was conducted 
by C o l e m a n and Zarian (23) o n blends o f poly(e-caprolactone) ( P C L ) and 
poly (vinyl chloride) ( P V C ) . F igure 3 shows the carbonyl stretching region of 
the spectra of the blends recorded at 75 °C. T w o changes i n this peak occur 
as the concentration of P V C is increased: a shift to lower frequency and an 
increase i n the w i d t h at half-height. T h e change i n w i d t h at half-height as a 
function of P V C concentration is plotted i n F igure 4. T h e resulting S-shaped 
curve indicates that the magnitude of the interactions of the carbonyl w i t h 
P V C approaches saturation at a concentration of approximately 4:1 P V C - P C L 
molar ratio, w h i c h corresponds to approximately 6 0 - w t % P V C . This satura
t ion effect was explained by considering the relative lengths of the structural 
repeat units of P C L and P V C . Assuming a planar zigzag conformation, the 
- ( C H 2 ) 5 C O O - unit o f P C L is approximately 3.4 times as large as the 
- C H 2 C H C l - unit o f P V C . F r o m this approximation it was determined that a 
molar excess of about 4:1 P V C - P C L is necessary for saturation to occur. 

F u r t h e r evidence that a change occurs i n the carbonyl structure of P C L 
can be seen i n F igure 5. T h e 1 1 6 1 - c m - 1 peak i n the P C L spectrum has been 
assigned by Kirkpatr ick (24) as the result of contributions f rom C - O stretch
i n g and O - C - H bending vibrations. However , after b lending P V C and P C L 
i n a 5:1 molar ratio, this peak shifts to 1165 c m - 1 . 

R o o m temperature studies were also conducted on the P C L - P V C blends, 
w i t h emphasis placed on the presence of a crystalline P C L component i n 
conjunction w i t h the amorphous components o f P C L and P V C . I n the 
carbonyl stretching region of the blends, two peaks occur for the semicrys-
talline P C L . A peak at 1724 c m " 1 is assigned to the crystalhne P C L 
component and a peak at 1737 c m - 1 results f rom the P C L amorphous 

Figure 3. FTIR spectra of PVC-PCL blends recorded at 75 °C for pure PCL 
(A), 1:1 (B), 3:1 (C), and 5:1 (D) molar PVC:PCL, resfectively. (Reproduced 

with permission from reference 23. Copyright 1979 Wiley.) 
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19.00 

W1%PVC 

Figure 4. Plot of the width at half-height of the carbonyl stretching frequency as 
a function of PVC concentration for PVC-PCL blends recorded at 75 °C. 

(Reproduced with permission from reference 23. Copyright 1979 Wiley.) 

component. F o r blends having P V C concentrations of 3:1 molar ratio 
P V C - P C L or greater, the peak at 1724 c m " 1 cannot be detected, w h i c h 
indicates that blends of these ratios exist i n an essentially amorphous state. A 
slight shift of the amorphous peak to a lower frequency occurs as the 
concentration of P V C is increased. These shifts are comparable to the shifts 
detected at 75 °C. Addit ional ly , for the semicrystalline blends, the crystalline 
peak at 1724 c m - 1 shifts to higher frequencies as the P V C concentration is 
increased. B o t h frequency shifts for the crystalhne and amorphous carbonyl 
peaks indicate the existence of a specific interaction between the two 
polymers that involves the carbonyl group of P C L . 

Another significant occurrence i n the carbonyl region of the infrared 
spectra of the blends recorded at room temperature is that for blends that 
contain a P V C - P C L molar ratio of 3:1 or greater, the w i d t h at half-height of 
the band is identical w i t h i n experimental error to that of the blends studied at 
75 °C. This result indicates that band w i d t h is not a funct ion of temperature. 

Al though C o l e m a n and Zarian (23) established that the interaction i n the 
P C L - P V C blends involves the carbonyl group of the P C L , the specific type 
of interaction between these two polymers was unclear. T w o types of 
interactions may be occurring: an interaction between the P C L carbonyl 
group w i t h either the α-hydrogen or the carbon-chlor ine b o n d of P V C . 
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Varne l l et al. (25) undertook further investigations of this system to deter
mine w h i c h of these two interactions is occurring. 

N o shifts o f the C - C l peaks of P V C were observed i n the b l e n d spectra. 
Based on studies o f low molecular weight analogues conducted by Varne l l 
et al. (25), init ial conclusions are that the interaction does not involve the 
C - C l b o n d of P V C . However , such a conclusion cannot be made because not 
al l the C - C l groups can interact w i t h the P C L carbonyl groups and the 
unreacted groups may, therefore, hide any slight shifting. 

T o find conclusive evidence of a specific interaction involving the P V C 
α-hydrogen, α-deuterated P V C was b lended w i t h P C L . Such an interaction 
could be detected i n this system because the C - D stretching peak is w e l l 
separated f rom the C - H peak. Based on results obtained f r o m studies of the 
model c o m p o u n d system methyl acetate and deuterated chloroform, the 
C - D stretching vibration is expected to shift to a higher frequency i f there is 
an interaction between the P C L carbonyl group and the deuter ium atom of 
the α-deuterated P V C . T h e C ~ D stretching peak does, i n fact, shift to higher 
frequencies as the P C L concentration is increased. Thus it can be concluded 
that the specific interaction i n the P C L - P V C blends is that of a hydrogen 
b o n d between the P C L carbonyl group and the α-hydrogen of P V C . 

In the foregoing studies of polymer blends, the occurrence of a carbonyl 
b a n d shift to lower frequencies or an increase i n the w i d t h at half-height of 
the band was considered to be evidence of a specific interaction between the 
two component polymers. T o support this conclusion, it should be proved 
that no such changes i n the carbonyl peak occur for incompatible systems. 
This , i n fact, was demonstrated i n the study of the p o l y ^ - p r o p r o l a c t o n e ) 
( P P L ) and P V C b l e n d system conducted by C o l e m a n and V a r n e l l (26). T h e 
spectra of P P L - P V C blends were recorded at 80 °C, w h i c h is above the 
melt ing point of P P L and, therefore, ensures that both systems are i n the 
amorphous state. U n l i k e the previously studied compatible blends, the P P L 
carbonyl band appears w i t h i n experimental error to remain unchanged i n 
frequency or shape, despite changes i n the P V C concentration. F u r t h e r 
evidence can be seen i n the plot of the w i d t h at half-height o f the carbonyl 
band as a function of P V C concentration. U n l i k e the S-shaped curve found 
for the compatible blends, P P L - P V C blends show virtually a straight hor izon
tal fine. Similar behavior was found for the P P L - P V C blends studied i n the 
solid state at room temperature. Thus the absence of either a shifting of the 
carbonyl peak to lower frequencies or an increase i n the w i d t h at half-height 
may be considered evidence that a polymer b l e n d system is incompatible and 
that the chains o f one component do not recognize the existence o f the 
second component. 

A study was conducted by Garton (27) to determine i f the specific 
nature of the intermolecular interaction can be determined b y the degree of 
frequency shift of the carbonyl stretching peak. Polyester-chlor inated poly
mer blends can experience three different types of interactions: a hydrogen 
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bonding interaction between the carbonyl group of the polyester and either 
the α-hydrogen or the β-hydrogen of the chlorinated polymer or a d i p o l e - d i -
pole interaction between the polyester carbonyl group and the C ~ C l group of 
the chlorinated polymer. As shown by Varne l l et al. (25), P C L - P V C blends 
produce a shift i n the carbonyl peak as a result o f a hydrogen-bonding 
interaction between the P C L carbonyl group and the α-hydrogen of P V C . I n 
Gar ton s study, polyester was b lended w i t h a random copolymer of 80:20 
PVC-poly(acryloni tr i le ) ( P A N ) . Because this copolymer does not possess any 
α-hydrogen, it is evident that the type of intermolecular interaction formed 
w o u l d be between the polyester carbonyl and either the β-hydrogen or the 
C - C l group of the copolymer. T h e shift of the carbonyl peak to lower 
frequencies i n the polyester P V C - P A N b l e n d is nearly identical to the shift 
that occurs i n the P C L - P V C blends. Thus the degree of shifting experienced 
by the carbonyl stretching peak of a compatible b l e n d cannot be used to 
determine the specific type of interaction that has been formed. 

C o l e m a n et al . (28) next examined the carbonyl stretching region of the 
infrared spectrum of a b l e n d composed of two erystallizable components to 
determine the presence or absence of intermolecular interactions; specifi
cally, blends o f poly(bisphenol A carbonate) ( P C ) and P C L were studied. 
This system is unique because both polymers are erystallizable, although large 
differences exist i n their crystalline melt ing points (approximately 230 °C and 
70 °C, respectively) as w e l l as i n their glass transition temperatures (ap
proximately 149 and — 71 °C, respectively). C h e m i c a l interactions similar to 
those found previously i n the P C L - P V C system (25) were identif ied i n this 
b lend. Specifically, i n the spectra recorded at 75 °C (above the crystalline 
melt ing point of P C L ) , the P C L amorphous carbonyl band shifts to lower 
frequencies u p o n addition of P C . This band shift indicates that a specific 
chemical interaction is occurr ing between the two polymers and it involves 
the carbonyl group of P C L . 

Ut i l izat ion of the carbonyl region i n an infrared spectrum to determine 
b l e n d compatibil i ty for a group of poly (vinyl phenol) ( P V P h ) blends was 
demonstrated by Moskala et al . (29) . T h e carbonyl region for various b l e n d 
compositions of P C L - P V P h , P P L - P V P h , and poly(vinyl pyrrolidone) ( P V P r ) 
and P V P h were obtained. T h e P C L - P V P h blends were cast f rom tetrahydro-
furan ( T H F ) and recorded at 75 °C, w h i c h is above the P C L melt ing point. 
As the composit ion of P V P h increases, the intensity of the 1 7 0 8 - c m - 1 band 
increases, whi le that of the 1 7 3 4 - c m - 1 band decreases. T h e 1 7 0 8 - c m - 1 band 
results f rom the hydrogen-bonding of P C L carbonyl groups to P V P h phenolic 
hydroxyl groups, whereas the 1 7 3 4 - c m - 1 band is assigned to the self-associ
ated carbonyl groups i n the amorphous P C L . Thus, as the P V P h composit ion 
i n the band increases, there is a corresponding increase i n the degree of 
interaction between the P V P h and P C L . Blends of P P L - P V P h were cast 
f rom T H F and recorded at 89 °C, w h i c h is above the melt ing point of P P L . 
T h e spectrum of amorphous P P L i n the carbonyl region is composed of a 
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broad band located at 1741 c m - 1 . U p o n blending w i t h P V P h , the P P L 
carbonyl groups form hydrogen bonds w i t h the hydroxyl groups of P V P h . 
This bonding is demonstrated by the formation of a new b a n d located at 1722 
c m - 1 , w h i c h increases i n intensity with the amount of P V P h i n the b lend. 
Blends of P V P r - P V P h were cast f rom T H F and recorded at room tempera
ture. Pure P V P h contains a broad band located at 1682 c m - 1 i n the carbonyl 
region o f the spectrum. However , this band actually results f rom a combina
t ion of carbonyl stretching and N - C stretching vibrations. A second band 
located at 1658 c m - 1 appears i n the b l e n d spectrum and is attributed to 
P V P r carbonyl groups that have formed hydrogen bonds w i t h the hydroxyl 
groups of P V P h . 

Benedetti et al . (30) conducted an experiment to determine the relative 
strengths of various types of interactions by examining the amount of shift i n 
the carbonyl peak. Funct ional ized ethylene-propylene copolymers ( F E P ) 
were prepared b y reacting the molten polymer w i t h diethylamylate ( D E M ) i n 
the presence o f dicumylperoxide ( D C P ) . Solutions o f F E P were dissolved i n 
η-heptane ( n = C 7 H 1 6 ) , tetrahydrofuran ( T H F ) , carbon tetrachloride ( C C l 4 ) , 
1,1,1 -trichloroethane ( C C l 3 - C H 3 ) , and chloroform ( C H C l 3 ) , and the result
i n g carbonyl stretching regions o f their spectra were recorded. T h e strength 
of the interaction between the carbonyl group i n the D E M unit of F E P and 
the various solvents was determined f rom the amount of shift of the carbonyl 
peak to lower frequencies. T h e solvents were then ranked i n the fol lowing 
order according to decreasing strength: n - C 7 H 1 6 > T H F > C C l 3 - C H 3 > 
C C l 4 > C H C 1 3 . These results indicate that the strongest interaction occurs 
between the D E M carbonyl group and a methine hydrogen. 

Fur ther studies o n the shift of the carbonyl peak experienced by compat
ible blends were conducted by Gar ton (31). P C L or its low molecular weight 
model c o m p o u n d methyl acetate was dissolved i n a mixture of two solvents 
that duplicate the possible interacting centers i n chlorinated polymers. These 
two solvents, A and B , w i l l both interact w i t h the P C L carbonyl group. It 
should then be possible to resolve the carbonyl stretching b a n d into the two 
components that result f rom the two types of interactions and then calculate 
the area of each component. A n equi l ibr ium constant, K, may then be 
calculated according to the fol lowing equation: 

[ C = Q - A ] [ B ] 

[ C = 0 - B ] [ A ] 

Thus, a comparison of the strength of several possible interacting centers may 
be established f rom the equi l ibr ium constants. 

A comparison of the interaction strength between the mode l c o m p o u n d 
M A and several α-hydrogenated chlorocarbons and heptane is shown i n 
F igure 6, where the slope of the Une is equal to the equi l ibr ium constant 
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W/IB] 
Figure 6. Association behavior of methyl acetate in mixed solvents. Solvent 
A = 1122TCE ( • ), dichloromethane ( Δ )x chloroform (O), carbon 
tetrabromide (%). Solvent Β = heptane. The dashed line corresponds to no 
preferential association of methyl acetate (i.e., Κ = l). (Reproduced 
with permission from reference 31. Copyright 1983 Society of Plastics 

Engineers, Inc.) 

defined previously. A preference for association of the M A to the a-hydro-
genated chlorocarbons is clearly established. F igure 7 compares the relative 
interaction strengths of an α-hydrogenated chlorocarbon (1,1,2,2-tetrachloro-
ethane) ( 1 1 2 2 T C E ) , a β-hydrogenated chlorocarbon (1,1,1-trichloroethane) 
( 1 1 1 T E C ) , and carbon tetrachloride ( C C l 4 ) . These three solvents were 
chosen because they represent the possible interacting sites i n poly (vinyl 
chloride) and poly(vinyl idene chloride), both of w h i c h form compatible 
polymer blends w i t h polyester. T h e strength of interacting abilities i n de
creasing order was established to be α-hydrogenated chlorocarbon > β-
hydrogenated chlorocarbon > carbon tetrachloride. Furthermore , because 
the equi l ibr ium constants for the 1 1 2 2 T C E heptane system and the 
1 1 2 2 T C E - C C 1 4 system were found to be nearly identical , the interaction 
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W / [ B ] 

Figure 7. Association behavior of methyl 
acetate in mixed solvents. Solvent A = 
1122TCE. Solvent Β = carbon tetrabro-
mide (A), 1,1,1 -trichloroethane (O). The 
dashed line corresponds to no preferen
tial association of methyl acetate (i.e., 
Κ =l). (Reproduced with permission 
from reference 31. Copyright 1983 Soci
ety of Plastics Engineers, Inc.) 

strength of both heptane and carbon tetrachloride to the ester are essentially 
equal. 

Similar studies b y Gar ton (31) revealed that the strength of the interac
t ion of ester w i t h carbon tetrabromide is m u c h greater than w i t h heptane. 
This observation is attributed to the highly polarizable C - B r bond. It was also 
reported that i n a system of α-hydrogenated chlorocarbon ( 1 1 2 2 T C E ) and a 
cyclic ether ( T H F ) , the equihbr ium only shghtly favors the 1 1 2 2 T C E ; thus, 
this establishes that α-hydrogenated chlorocarbons form only shghtly stronger 
interactions than cyclic ethers. 

F r o m the m o d e l c o m p o u n d and solution studies, Gar ton (31) established 
that these solvents interact w i t h a mode l ester according to the fol lowing 
strengths: α-hydrogenated chlorocarbons > T H F > β-hydrogenated chloro
carbons — carbon tetrabromide > carbon tetrachloride — heptane. 

T h e preference to interact w i t h α-hydrogenated chlorocarbons was then 
duplicated by G a r t o n (31) i n studies using P C L , rather than its mode l 
compound. However , w h e n the P C L was dissolved i n the 1 1 2 2 T C E - C C l 4 

system, the equihbr ium constant for M A was greater than that for P C L . This 
result was attributed to stiffness, steric limitations, or the conformation of the 
P C L polymer chain, all o f w h i c h inhibi t the ester groups f rom hydrogen-
bonding w i t h the chlorocarbon. 

C o l e m a n and Moskala (32) per formed studies on the polymer b l e n d 
system of poly (hydroxy ether of bisphenol A ) (phenoxy) and P C L , placing 
emphasis on the dependence o f intermolecular interactions o n b l e n d compo
sition. Results were obtained first at 75 °C, w h i c h is above the melt ing point 
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of P C L . In the carbonyl stretching region, the intensity of a shoulder at 
approximately 1720 c m " 1 increased w i t h increasing concentration of phenoxy 
and was attributed to an intermolecular interaction between the carbonyl 
group of P C L and the hydroxyl group of the phenoxy. C u r v e resolving studies 
were per formed on the carbonyl region of the blends to reveal two compo
nents: a relatively narrow b a n d centered at 1734 c m - 1 and a relatively broad 
band centered at 1720 c m - 1 . These two components corresponded to 
isolated P C L carbonyl groups and hydrogen-bonded carbonyl groups, respec
tively. T h e b l e n d composit ion was determined f rom the relative fraction of 
hydrogen-bonded carbonyl groups. This estimate was obtained by taking the 
ratio of the area under the 1 7 2 0 - c m - 1 peak divided b y the sum of the areas 
under the 1720- and 1 7 3 4 - c m - 1 peaks. A plot of the relative fraction o f 
hydrogen-bonded carbonyl groups as a funct ion of mole percent phenoxy 
reveals that the fraction of hydrogen-bonded carbonyls increases l inearly w i t h 
increasing phenoxy concentration. 

T h e hydroxyl stretching region of the p h e n o x y - P C L blends was also 
examined to determine the relative strength of intermolecular interactions. As 
seen i n F igure 8, the pure phenoxy i n the spectrum consists of two compo
nents: a relatively narrow peak centered at 3570 c m - 1 and a broad peak at 
3450 c m - 1 . These two peaks correspond to the free hydroxyl groups and the 
hydrogen-bonded hydroxyl groups, respectively. T h e peak due to the hydro
gen-bonded hydroxyl shifts to higher frequencies u p o n blending of the 
phenoxy w i t h P C L . However , the peak assigned to the free hydroxyls remains 
unchanged u p o n addition of the P C L . Purce l l determined that the difference 
between the frequencies of the peak due to the free hydroxyls and that of the 
peak due to the hydrogen-bonded hydroxyls is a measure of the average 
strength o f the intermolecular hydrogen bonding. Based on this conclusion, 
the changes i n the hydroxyl stretching region o f the p h e n o x y - P C L b l e n d 
indicate that the hydrogen bonding between the P C L carbonyl group and the 
phenoxy hydroxyl group is weaker than the hydrogen-bonding interaction i n 
pure phenoxy. 

A study was also conducted by C o l e m a n and Moskala (32) on 
phenoxy-poly(ethylene oxide), ( P E O ) blends to determine the relative 
strength of intermolecular interactions; the same technique as employed for 
the p h e n o x y - P C L system (32) was used. I n contrast to the p h e n o x y - P C L 
system, the hydrogen-bonded hydroxyl peak of p h e n o x y - P E O blends shifts to 
lower frequencies w i t h the addit ion of P E O . Thus it was concluded that the 
hydrogen-bonding interaction between the P E O carbonyl group and the 
phenoxy hydroxyl group is stronger than the intermolecular hydrogen b o n d 
ing i n pure phenoxy. 

Moskala and C o l e m a n (33) expanded their study of phenoxy blends by 
examining blends of phenoxy w i t h poly (vinyl alkyl ethers); specifically, the 
compatible b l e n d p h e n o x y - p o l y (vinyl methyl ether) ( P V M E ) and the i n c o m 
patible blends p h e n o x y - p o l y (vinyl ethyl ether) ( P V E E ) and p h e n o x y -
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3505 

3700 cm'1 3100 

Figure 8. FTIR spectra recorded at 75 °C of PCL-phenoxy blends containing 0 
(Aj, 10 (B), 20 (C), 30 (D), 40 (E), and 50 (F) weight percent PCL. (Reproduced 

with permission from reference 32. Copyright 1983 Butterworth.) 

poly (vinyl isobutyl ether) ( P V I E ) . As was seen previously for the p h e n o x y -
P C L blends (32), the phenoxy hydrogen-bonded hydroxyl stretching peak i n 
p h e n o x y - P V M Ε blends shifts to higher frequencies upon addition of P V M E . 
However , this shift to higher frequencies is accompanied by a corresponding 
decrease i n relative broadness of the peak. T h e width at half-height for this 
peak decreases f rom 260 c m - 1 for pure phenoxy to 150 c m - 1 for a 20:80 
w t % p h e n o x y - P V M E blend. B y contrast, the spectra of the incompatible 
p h e n o x y - P V E E and the p h e n o x y - P V I E blends show neither a shift i n 
frequency nor a narrowing of the phenoxy hydrogen-bonded hydroxyl peak 
upon addition of the respective poly (vinyl ether). This narrowing of the 
self-associated hydroxyl peak i n the p h e n o x y - P V M E b l e n d was explained i n 
the fol lowing way. T h e bulky benzene r ing of the phenoxy creates steric 
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problems and prevents a consistency of hydrogen b o n d distances and geome
tries. However , the hydroxyl stretching mode narrows u p o n blending w i t h 
P V M E because the hydroxyl group can form a more homogeneous distr ibu
t ion of hydrogen b o n d lengths and geometries w i t h the relatively flexible 
P V M E molecule. 

Moskala et al . (34) demonstrated the use of the hydroxyl stretching 
region to determine b l e n d compatibil i ty for a group of P V P h blends; specifi
cally, P C L - P V P h , P V P r - P V P h , P E O - P V P h , and blends o f P V P h w i t h two 
different poly (vinyl alkyl ethers). T h e hydroxyl stretching region of the 
P C L - P V P h blends can be resolved into three peaks. T h e non-hydrogen-
b o n d e d hydroxyls of P V P h are responsible for a peak at 3525 c m ~ 1 . A second 
peak at 3370 c m - 1 results f rom the self-association of P V P h hydroxyl groups 
and a peak at 3420 c m - 1 is assigned to P V P h hydroxyl groups hydrogen-
b o n d e d to P C L carbonyl groups. As the P C L concentration i n the b l e n d is 
increased, there is a corresponding decrease i n intensity i n the first two peaks 
and an increase i n the 3 4 2 0 - c m - 1 peak. Measur ing the intermolecular 
interaction strength as the difference i n frequency between the peak result
i n g f rom the interaction and that o f the free hydroxyls leads to the conclusion 
that the strength of the self-associated hydroxyl groups i n P V P h (àv = 165 
c m " 1 ) is stronger than the hydrogen b o n d formed between the P V P h 
hydroxyl groups and the P C L carbonyl group ( Δ ν = 105 c m - 1 ) . S imilar 
results were obtained for P P L - P V P h blends, w i t h the peak due to the 
hydroxyl groups hydrogen-bonded to carbonyl groups shifted slightly to 3440 
c m - 1 . U n l i k e the P C L - P V P h and P P L - P V P h blends, the self-associated 
hydroxyl peak occurs at a higher frequency (3360 c m - 1 ) than the hydrogen-
b o n d e d hydroxyl peak (3230 c m - 1 ) i n the P V P r - P V P h blends. It is therefore 
concluded that the intermolecular interaction between the P V P h hydroxyl 
group and the P V P r carbonyl group is stronger than the hydroxyl -hydroxyl 
interaction. F o r the P E O - P V P h blends, a peak at 3200 c m - 1 results f rom 
the P V P h hydroxyl group hydrogen-bonded to the ether oxygen of P E O . T h e 
frequency difference between this peak and that due to the free hydroxyl 
groups is 325 c m - 1 . This frequency difference is greater than the difference 
found i n the previously studied (32) p h e n o x y - P E O blends (270 c m - 1 ) and 
reflects the fact that the P V P h hydroxyl groups have a greater affinity to 
hydrogen b o n d than do the phenoxy hydroxyls. Fur ther evidence of the 
greater affinity of the P V P h hydroxyl groups can be seen by comparing the 
blends of P V M E - P V P h and p h e n o x y - P V M E . T h e difference i n frequency 
between the peak assigned to the hydroxyl groups hydrogen-bonded to ether 
oxygens and that due to the free hydroxyl groups is 205 c m - 1 for the 
P V M E - P V P h b l e n d and 150 c m - 1 for the p h e n o x y - P V M E blend. 

C o u s i n and P r u d ' h o m m e (22) conducted a miseibility study of several 
polyesters wi th poly (vinyl halides) and concluded that intermolecular interac
tions occur on a mole-to-mole basis for compatible P E - P V X blends. T h e 
degree of frequency shift i n the carbonyl stretching b a n d is plotted as a 
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funct ion of weight percent poly (vinyl halide) i n the b lend, as shown i n F igure 
9. W i t h i n experimental error, no shifting of the carbonyl peak occurs for the 
P C L - p o l y ( v i n y l fluoride) ( P V F ) blends. Thus it can be concluded that the 
P C L carbonyl peak does not interact wi th the P V F methine hydrogen and the 
P C L - P V F b l e n d is, therefore, incompatible. I n contrast, a shifting of the 
carbonyl peak i n the P C L - P V C and P C L - p o l y (vinyl bromide) ( P V B ) blends 
indicates that these two mixtures are compatible. It can also be seen that the 
carbonyl band frequency shift differs shghtly w h e n the P C L - P V C and 
P C L - P V B blends are compared. However , as seen i n F igure 10, i f this 
frequency shift is plot ted as a funct ion of molar composit ion of poly (vinyl 
halide) rather than weight percent, the degree of shifting experienced by the 
two blends is nearly identical . This observation leads to the conclusion that 
the interactions between the P C L and P V X occur on a mole-to-mole basis. 
Similar results were obtained w h e n P V C and P V B were b lended w i t h other 
polyesters, namely, polyQiexamethylene sebacate) ( P H M S ) and poly(valero-
lactone) ( P V L ) . 

β ι -

Ό Κ ) 2 0 3 0 4 0 5 0 6 0 7 0 6 0 9 0 TOO 
PVX 

Figure 9. Frequency shift of the carbonyl group of PCL as a function of the PVX 
weight percent in the mixture. Measurements made at 80 °C. Key: • , PVF; Φ, 
PVB; and A , PVC. (Reproduced with permission from reference 22. Copyright 

1983 Butterworth.) 
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40 60 
PVX (mo!%) 

1 0 0 

Figure 10. Frequency shift of the carbonyl group of PCL as a function of the 
PVX mole percent in the mixture. Measurements made at 80 °C. Key: • , PVC; 
• , PVB. (Reproduced with permission from reference 22. Copyright 1983 

Butterworth.) 

F o r all six compatible blends studies by C o u s i n and P r u d ' h o m m e (22), 
the amount of shift of the carbonyl band increased w i t h increasing P V X 
concentration. This relationship occurs because at low P V X concentrations, 
only a small amount o f P V X molecules are intermixed w i t h i n the polyester 
matrix. Therefore, the number of interactions formed between the P E 
carbonyls and the P V X methine hydrogens is small . However , at h igh P V X 
concentrations a small amount of P E molecules are intermixed w i t h the P V X 
matrix, w h i c h allows a larger percentage of the available carbonyl groups to 
form hydrogen bonds w i t h the P V X and results i n a larger shift of the 
carbonyl stretching peak. 

Blends o f poly (butylène adipate) ( P B A ) w i t h P V C and P V B were studied 
i n a similar manner. Al though a decrease i n the carbonyl frequency occurred 
w i t h increasing P V C content for P B A - P V C blends, the amount of shift was 
small, especially at low P V C concentrations. F o r the P B A - P V B blends, no 
frequency shift was detected for blends w i t h less than 6 0 - m o l % P V B . Thus it 
was concluded that there was only partial miseibil ity i n the P B A - P V B blends. 

T o establish a relationship between the degree of miseibility and the 
molecular structure of the various poly (vinyl halides), a comparison of the 
amount of carbonyl shifting at h igh P V X concentrations wi th in the respective 
blends was made. T h e carbonyl shifts of the various polyesters decreased i n 
the fol lowing order: P H M S < P C L < P V L < P B A . This ranking corre-
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sponds to a decrease i n the order of carbonyl concentration on the repeat 
unit of the polyester and an increase i n the order of rigidity of the polyester 
chain. B o t h trends result i n a decrease i n the number of intermolecular 
interactions that may occur between the carbonyl groups and the P V X 
hydrogens. 

C o l e m a n et al . (35) further expanded the study of the shift i n the 
carbonyl band by examining the dependence of the shift o n temperature. 
Studies of P V C - e t h y l e n e v inyl acetate ( E V A ) copolymer blends and P V C -
chlorinated polyethylene ( C P E ) blends were undertaken to determine 
whether a correlation exists between the strength of the intermolecular 
interaction as determined by the frequency shift of the carbonyl band and the 
onset of phase separation at the lower crit ical solution temperature ( L C S T ) . 
T h e infrared spectrum of the carbonyl b a n d for C P E - E V A and P V C - E V A 
blends were recorded at room temperature. As expected, the occurrence of 
specific intermolecular interactions is revealed through a shift to lower 
frequencies and an increase i n the w i d t h at half-height. W a l s h et al. (36) 
previously reported that the L C S T for C P E - E V A blends is be low 130 °C. 
This value was conf irmed by C o l e m a n et al . by examination o f the carbonyl 
peak of the infrared spectra recorded after heating the blends for approxi
mately 3 h at 130 °C. Incompatibil i ty at this temperature was demonstrated 
by the fact that the spectra of the pure E V A and blends containing 40- and 
8 0 - w t % C P E are nearly identical w i t h i n experimental error. 

Attempts were then made to determine the L C S T f rom changes i n the 
frequency of the carbonyl band as a funct ion of temperature. Studies con
ducted to determine frequency changes i n the pure E V A carbonyl b a n d w i t h 
increasing temperature showed that the frequency increased shghtly i n a 
linear relationship w i t h increasing temperature. Spectra of an 80:20-wt% 
C P E - E V A b l e n d obtained i n a room temperature to 160 °C range showed 
that the frequency of the carbonyl peak increased w i t h temperature. F igure 
11 shows a plot of the frequency versus temperature for both the pure E V A 
and the 80:20-wt% C P E - E V A blend. T h e relative strength o f the interaction 
at any temperature is determined by the difference between the carbonyl 
frequency i n the b lend and i n the pure E V A . This difference becomes 
smaller as the temperature is increased, w h i c h indicates a decrease i n the 
strength of the interaction between the two components of the b lend . A t 
temperatures ranging f rom 35 to 90 °C, the strength of the intermolecular 
interaction as determined b y the difference i n frequencies is great enough to 
result i n a compatible b lend. However , above approximately 110 °C, the 
interaction has decreased to such a degree that phase separation occurs. Thus 
the predicted L C S T of C P E - E V A blends occurs between 90 and 110 °C, 
w h i c h corresponds to a crit ical value of the strength of the interaction. 

Similar behavior was observed for 80:2()-wt% P V C - E V A blends, and the 
L C S T of this system was predic ted to be between 110 and 130 °C. These 
results suggest that changes i n the intermolecular interactions between b l e n d 
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Figure 11. Plot of the temperature versus the carbonyl peak position for an 
80:20-wt% CPE-EVA blend. (Reproduced with permission from reference 35. 

Copyright 1983 Butterworth.) 

components as a function of temperature can be determined b y F T I R 
analysis. 

T h e effect o f temperature on hydrogen bonding i n compatible blends 
was studied by T i n g et al. (37) . A poly(styrene-co-vinylphenyl tr i f luoromethyl 
carbinol) ( P F A ) and P E O b l e n d and a poly(styrene-co-vinylphenol hexafluo-
rodimethyl carbinol) ( P H F A ) and P E O b l e n d i n a 4:1 ratio were studied at 
temperatures of 25, 75, 125, and 175 °C. A t 75 °C, the hydrogen-bonded 
hydroxyl peak of the P F A - P E O b l e n d decreased i n intensity, while that of 
the P H F A - P E O b l e n d d i d not change. This observation was attributed to the 
fact that the strong acidity of the P H F A hydroxyl group resulted i n the 
formation of a stronger hydrogen bond. A t 175 °C, hydrogen-bond dissocia
t ion i n both blends is evidenced by the significant decrease i n the intensity of 
the hydrogen-bonded hydroxyl group and the formation of peaks attributed to 
free hydroxyl groups at 3550 c m " 1 i n the P F A b lend and at 3600 and 3520 
c m - 1 i n the P H F A blend. These samples were then slowly cooled to room 
temperature, dur ing w h i c h t ime the hydrogen bonds were reformed, as 
indicated by the reappearance of the hydrogen-bonded hydroxyl peaks. It was 
concluded that the phase separation of P F A - P E O and P H F A - P E O blends 
that occurred u p o n heating to 175 °C was reversible. 

A study was undertaken by Skrovansk and C o l e m a n (38) to determine 
the ability o f a strongly self-associated polymer to interact wi th another 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

6

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



6. S A R G E N T A N D K O E N I G Compatible Polymer Blends 215 

polymer at the molecular level. Before intermolecular interactions between 
the two component polymers can be formed, the interactions present i n the 
pure polymers must be broken. Therefore, a large negative enthalpy of 
mixing w i l l only occur i f the strength of the association between the two 
polymers exceeds the average of the strength of self-association of each of the 
component polymers. Therefore, a strongly self-associated polymer should 
react w i t h another polymer that is weakly self-associated but contains a 
chemical moiety that has the potential to form a relatively strong intermolecu
lar interaction. 

F o r this study, Skrovansk and C o l e m a n (38) chose polyamide as the 
strongly self-associated polymer because of extensive intermolecular hydro
gen bonding of the amide group. T h e polyamide was b lended w i t h poly-
(vinyl-2-vinyl pyridine) (P2VP) , w h i c h is a weakly self-associated polymer 
that has intermolecular forces of a dispersive nature. In addition, P 2 V P has a 
nitrogen atom that contains a lone pair of electrons that can act as an 
excellent site for hydrogen bonding to a labile proton. 

Evidence that intimate mixing has occurred i n the b l e n d of polyamide 
and P 2 V P is seen i n the N - H stretching region of the infrared spectrum of 
the b lend. T h e spectrum of amorphous polyamide at room temperature 
consists of two peaks; the most prominent peak is centered at 3310 c m - 1 . 
T h e extreme broadness of this band is caused b y the wide distribution i n 
strengths of the hydrogen-bonded N - H groups. T h e second peak is located 
at 3444 c m - 1 and has been assigned to the free N - H groups. T h e hydrogen-
b o n d e d N - H peak appears to shift to lower frequencies w h e n the polyamide 
is b lended w i t h P 2 V P , but actually the overlapping of two major components 
is be ing observed. T h e first component is attributed to the self-association of 
polyamide (between the N - H group and the carbonyl group) and the second 
component results f rom the association of the polyamide N - H group to the 
P 2 V P nitrogen atom. T h e apparent relative shift i n frequency after b lending 
leads to the conclusion that the association of polyamide to P 2 V P is stronger 
than the self-association of polyamide. 

Fur ther evidence of an interaction between the polyamide and P 2 V P can 
be seen i n the amide I and amide II bands of the infrared spectra obtained at 
room temperature after removal by subtraction of the spectral contributions 
f rom P 2 V P . T h e amide I band, centered at 1640 c m - 1 , results f rom carbonyl 
stretching and is composed of two major contributions: one at 1640 c m - 1 

f rom the carbonyl groups that are hydrogen-bonded to N - H groups and the 
other f rom free carbonyl groups that appear at 1670 c m - 1 . T h e peak at 1670 
c m - 1 becomes more pronounced after blending, w h i c h indicates an increase 
i n the fraction of free carbonyl groups. As expected, the contribution of the 
free carbonyl band was calculated by a curve fitting technique to be approxi
mately twice that found i n the pure amorphous polyamide. This increase i n 
the number of free carbonyl groups was interpreted as a result of a specific 
interaction between the two components of the b lend. In pure amorphous 
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polyamide at room temperature, nearly al l the amide groups are hydrogen-
bonded and there are an equal n u m b e r o f hydrogen-bonded N - H and C = 0 
groups. W h e n polyamide is b lended w i t h P 2 V P , the number of free carbonyl 
groups increases because an interaction between a polyamide N - H group 
and a P 2 V P nitrogen atom must be preceded by a corresponding break of a 
hydrogen b o n d between a polyamide N - H group and a polyamide carbonyl 
group. 

T h e amide II band located at 1542 c m 1 results f rom N - H in-plane 
bending. This band also indicates the presence of an intermolecular interac
t ion i n the b lend because it shifts to a higher frequency and broadens. This 
frequency shift and broadening is interpreted to be the result of an increase 
i n the strength of the interaction involving the N - H groups. 

Compat ib i l i ty studies of P S - P V M E were conducted by L u et al . (39) . A 
50:50 molar composit ion of h igh molecular weight P S - P V M E produces a 
compatible b l e n d w h e n cast f rom toluene. However , w h e n the same polymer 
system is cast f rom chloroform or trichloroethylene ( T C E ) , an incompatible 
b l e n d results. Spectroscopic differences between the compatible and incom
patible blends can be found i n the 1100- and 7 0 0 - c m " 1 regions. T h e PS 
spectrum was subtracted f rom the 1 1 0 0 - c m - 1 region of both types of blends. 
T h e doublet present i n the resultant difference spectrum is composed of two 
peaks located at 1107 and 1085 c m - 1 . T h e relative intensities of these two 
peaks is determined by whether the b lend is compatible or incompatible. T h e 
1 0 8 5 - e m _ 1 band has greater intensity i n the compatible blends whereas the 
1 1 0 7 - c m " 1 band dominates i n the incompatible blends. Snyder and Z e r b i 
(40) concluded that the difference between the intensities of the two peaks 
i n this doublet results f rom changes i n the C - O - C asymmetric stretching i n 
the C O C H 3 group of P V M E . T h e spectrum of PS shows the most significant 
changes wi th b lending i n the 7 0 0 - c m - 1 region. The C - H out-of-plane 
bending vibration of the phenyl r ing is located at 697.7 c m - 1 for pure PS , at 
699.5 c m - 1 for compatible P S - P V M E blends of equal molar composition, 
and at a frequency between these two values for incompatible 50:50 
P S - P V M E blends. Changes i n these two spectral regions indicate that the 
interaction that occurs i n these blends is between the phenyl r ing of PS and 
the C O C H 3 group of P V M E . 

T h e dependence of compatibil i ty on b l e n d composit ion was also demon
strated i n this experiment. As previously stated, 50:50 P S - P V M E blends were 
compatible w h e n cast f rom toluene but were incompatible w h e n cast f rom 
chloroform or T C E . However , blends of 15:85 P S - P V M E were compatible 
w h e n cast f rom toluene, chloroform, or T C E and showed no differences i n 
the 1100- or 7 0 0 - c m " 1 regions. 

Sargent and K o e n i g (41) s tudied the compatibil i ty of poly(vinyl idene 
fluoride) ( P V F 2 ) and poly (vinyl acetate) ( P V A c ) blends as a function of 
thermal treatment and b l e n d composit ion. F i l m s of the polymer blends w i t h 
weight ratios ranging from 10:90 to 90:10 P V F 2 ~ P V A c were cast f rom 
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solution onto K B r plates and placed i n an oven under vacuum for 1 h . T w o 
sets of samples were prepared. T h e samples dif fered i n the temperature at 
w h i c h the solvent was evaporated. The first set of samples was placed i n a 
75 °C oven and the second set was placed i n a 175 °C oven. 

Factor analysis was used to determine whether blends of the various 
compositions of the two homopolymers were compatible. Results indicated 
that the P V F 2 - P V A c blends heat treated at both 75 and 175 °C were 
compatible. T h e spectroscopic changes that resulted f rom the intermolecular 
interactions between the two homopolymers were isolated by subtracting the 
spectra of the pure P V F 2 and pure P V A c f rom the spectra of the blends. T h e 
relative amounts of each of these components present i n the blends were 
then determined by least squares curve fitting and the percent contributions 
of each of the interaction spectra were analyzed as a function of the b l e n d 
composit ion and thermal treatment of the samples. 

As shown i n F igure 12, for both the samples heat treated at 75 °C and 
175 °C a general increase occurs i n the degree of interaction w i t h a 
corresponding increase i n P V F 2 concentration. T h e degree of interaction 

35 1 — — 

x ο ο ο 
ο ο 

ο ο 

20 40 60 
• t . Χ PVF„ 

60 100 

Figure 12. Plot of the percent contribution of the interaction spectrum versus 
weight percent PVF2 for PVF2-PVAc blends heat treated at 75 °C (O) and 

175°C(X)(41). 
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w ith in the blends was greater i n the samples heat treated at 175 °C than i n 
those heat treated at 75 °C. This difference was attributed to the fact that 
those samples heat treated at 175 °C were subjected to a thermal treatment 
that was at or above the melt ing point of the blends, w h i c h results i n an 
increase i n the mobil i ty o f the homopolymer molecules and allows more 
intimate mixing between the components. A n improvement i n the degree of 
mixing i n a polymer b l e n d system thus promotes the formation of intermolec
ular interaction between specific chemical groups of the component poly
mers, as reflected by the higher interaction contribution i n the blends heat 
treated at 175 °C. 

T h e percent contribution of the interaction spectrum was also fol lowed 
as a function of t ime for the P V F 2 ~ P V A c blends. Examinat ion of the data 
revealed that w i t h i n experimental error the interaction contribution d i d not 
decrease over a per iod o f 24 days. This observation indicates that no 
detectable phase separation occurred w i t h i n the blends during this t ime 
per iod of analysis. 

Summary and Conclusions 

Compat ib le polymer blends can be characterized by the formation of inter
molecular interactions between specific chemical groups o f the component 
polymers. These interactions can be studied on the molecular level using 
infrared spectroscopy. Spectral data processing techniques, such as factor 
analysis, difference spectroscopy, and least squares curve fitting, have been 
appl ied to characterize these interactions. Examinat ion of frequency shifts, 
band broadening, and changes i n peak intensity wi th in the b lend spectrum 
can also be used to identify the interactions. Addit ional ly, the dependence of 
compatibil i ty on such factors as b l e n d composit ion and temperature can be 
determined f rom infrared spectroscopy studies. 
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Fourier Transform Infrared 
Spectroscopy as a Probe 
of Phase Behavior in Copolymer 
Blends 
A Comparison of Theoretical Predictions 
to Experimental Data 

Michael M . Coleman, Hongxi Zhang, Yun Xu, and Paul C. Painter 

Polymer Science Program, Department of Materials Science and Engineering, 
The Pennsylvania State University, University Park, PA 16802 

Results of theoretical and experimental studies of poly(4-vinyl phenol) 
(PVPh) blends with styrene-co-methyl acrylate (STMA) copolymers 
are reported. The calculated solubility parameters of STMA copolymers 
are practically independent of copolymer composition, so that the 
unfavorable contribution to the free energy of mixing from the "physi
cal" intermolecular interactions remains essentially constant in all 
PVPh-STMA blends. PVPh is miscible with poly(methyl acrylate), but 
as the concentration of styrene in the STMA copolymer is increased, 
the contribution from the favorable hydrogen bonding interactions 
must decrease. Eventually a point is reached when there is an insuf
ficient contribution to the free energy from favorable specific interac
tions to overwhelm the unfavorable contribution from the physical 
forces. Miscibility windows and maps for STMA blends with PVPh 
and styrene-co-vinyl phenol copolymers are readily calculated and 
compare favorably with experimental results performed in our labora
tories. 

EXPRESSION FOR T H E F R E E E N E R G Y O F MIXING O F POLYMERS that hydro-

gen-bond (1-16) can be obtained f rom a Flory-type lattice m o d e l that we 

0065-2393/93/0236-0221$06.50/0 
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have developed and tested over the past few years. As a result of this 
treatment we obtained a separation of the unfavorable " p h y s i c a l " contr ibu
tions to the free energy of mixing, embodied i n a F l o r y χ parameter, f r o m 
the favorable " c h e m i c a l " contributions emanating f rom the changing distr ibu
t ion of hydrogen bonds, àGB/RT; A G H is change i n free energy resulting 
f rom hydrogen bonding, R is the gas constant, and Τ is temperature. T h e 
free energy of mixing ( A G m ) can be writ ten as 

A G m Φ Α Φ Β A G H 

— ^ = — I n Φ Α + — I n Φ Β + Φ Α Φ Β χ + - (1) 
RT M A M B Α Β Λ J^J, ν ) 

where Φ Α , Φ Β and M A , M B are the volume fractions and degrees of polymer
ization of polymers A and B , respectively. 

Miseibi l i ty windows and maps are a convenient way of displaying the 
phase behavior of copolymer blends as a funct ion of copolymer composit ion 
at a given temperature (8, 10-13, 16). I n this chapter we consider the case 
of blends composed of polymers that contain v inyl phenol , methyl acrylate, 
and styrene segments. These studies complement recently reported studies of 
styrene-co-vinyl phenol ( S T V P h ) copolymer blends wi th p o l y ( n - a l k y l 
methacrylates) (10-12), poly(ethylene-co-methyl acrylates) (13), and 
poly(ethylene-co-vinyl acetates) (13). E a c h of these pr ior studies emphasized 
experimental testing of one of the major hypotheses of our association model . 
This theme is continued here. T h e motivation for the present study comes 
f rom the recognition that the calculated solubility parameters o f poly (methyl 
acrylate) ( P M A ) and polystyrene (PS) are almost identical (14), w h i c h infers 
that the average solubility parameters of poly (styrene-co-methyl acrylate) 
( S T M A ) copolymers are essentially independent of composition (16). This , i n 
turn, implies that i n a h o m o p o l y m e r - c o p o l y m e r system of S T M A blends the 
" p h y s i c a l " contribution to the free energy of mixing is also essentially 
independent of copolymer composit ion. Accordingly, as we dilute P M A w i t h 
styrene, we are effectively only reducing the A G H / K T term i n e q 1. Because 
we know f rom previous studies that P V P h is miscible w i t h P M A (7) at 25 °C, 
an interesting question can be posed: H o w m u c h styrene can be incorporated 
into P M A before the system becomes immiscible? W e addressed a similar 
question previously w h e n we successfully predicted the miseibility windows 
for S T V P h blends w i t h the poly (methyl, ethyl, and butyl methacrylates) (JO); 
the difference here is that we w i l l be " d i l u t i n g " the non-self-associating 
polymer P M A by copolymerization w i t h styrene. Final ly , we w i l l turn our 
attention to the more complicated case of blends containing two copolymers, 
S T V P h and S T M A , where both the self-associating (VPh) and non-self-associ
ating ( M A ) segments are " d i l u t e d " by copolymerization w i t h an inert (non-
hydrogen-bonding) diluent (ST). 
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Experimental Details 

T h e copolymer compositions, molecular weights ( M n ) , and glass transition 
temperatures (T g ) of the polymers used i n this study are summarized i n Table 
I. T h e P V P h , S T V P h , and P M A polymers have been described previously 
(13). R a n d o m S T M A copolymers were synthesized by direct free-radical 
polymerization of styrene w i t h methyl acrylate i n toluene at 70 °C using 
azobisisobutyronitrile ( A I B N ) as the initiator. Pr ior to polymerization, the 
monomers were passed through a short co lumn of neutral a lumina and 
vacuum-dist i l led over calc ium hydride. Toluene was redisti l led over calc ium 
hydride under nitrogen and the A I B N initiator was recrystallized f rom 
acetone before use. C o p o l y m e r compositions were determined by proton 
N M R spectroscopy i n C D C 1 3 f rom the relative areas of the peaks assigned to 
the methyl protons of the M A repeat unit and the aromatic protons of the ST 
repeat unit. 

Solutions ( 1 % wt/vol ) of the polymers were prepared i n methyl isobutyl 
ketone. Blends of various compositions were then made by mixing appropri
ate amounts of these solutions. Samples for Four ier transform infrared 
( F T I R ) spectroscopy and differential scanning calorimetry ( D S C ) studies 
were obtained by solution casting at room temperature. T h e solvent was 
removed slowly under ambient conditions for a m i n i m u m of 24 h . T h e 
samples were then dr ied i n a vacuum desiccator for an additional day before 
placement i n a vacuum oven at 120 °C for 4 h to completely remove the 
residual solvent. T o minimize water absorption, samples were stored under 
vacuum desiccation. 

T h e problems associated w i t h polymer b l e n d sample preparation and the 
experimental determination of the miseibility of a particular b l e n d have been 
discussed previously (11, 13). H e r e we only reiterate that we have been very 
careful to study the infrared spectra of the b l e n d samples first, at ambient 
temperature after preparation, then at an elevated temperature of 150 °C 

Table I. Polymers Employed in This Study 

Copolymer 

Styrene-co-methyl acrylate (11.2 wt%) 
Styrene-co-methyl acrylate (24.8 wt%) 
Styrene-co-methyl acrylate (38.3 wt%) 
Styrene-co-methyl acrylate (72.4 wt%) 
Styrene-co-methyl acrylate (91.2 wt%) 
Poly (methyl acrylate) 
Styrene-co-4-vinyl phenol (10 wt%) 
Styrene-co-4-vinyl phenol (25 wt%) 
Styrene-co-4-vinyl phenol (43 wt%) 
Styrene-co-4-vinyl phenol (75 wt%) 
Poly(4-vinyl phenol) 

Symbol M n (GPC) T g (°c) 

STMA[11] 10,700 94 
STMA[25] 14,500 87 
STMA[38] 8,600 74 
STMA[72] 10,900 45 
STMA[91] 11,100 27 
P M A 44,000 5 
STVPh[10l 14,000 109 
STVPh[25] 11,000 133 
STVPh[43] 15,000 145 
STVPh[75] 14,000 166 
PVPh 1500-7000 140 
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(above the T g of all components) after an annealing p e r i o d of approximately 
15 m i n , and again at ambient temperature u p o n cooling, to ensure that every 
attempt has been made to approach a state of thermodynamic equihbr ium. 

Infrared spectra were obtained on a F o u r i e r transform infrared ( F T I R ) 
spectrometer (Digi lab FTS-60) using a m i n i m u m of 64 co-added scans at a 
resolution of 2 c m - 1 . Spectra recorded at elevated temperatures were 
obtained using a heating ce l l mounted inside the sample chamber. Proton 
N M R spectra were recorded o n F T - N M R spectrometers (Brucker W P - 2 0 0 
or A M - 3 0 0 ) . Molecular weights and molecular weight distributions based 
u p o n polystyrene standards were determined using a size exclusion chromato-
graph (Waters 150C). T h e r m a l analysis was conducted o n a differential 
scanning calorimeter ( P e r k i n - E l m e r D S C - 7 ) coupled to a computerized data 
station. A heating rate of 20 °C/min was used i n al l experiments, and the 
glass transition temperature was taken as the midpoint of the heat capacity 
change. 

Results and Discussion 

Poly (4-vinyl phenol) Blends with Styrene-co-Methyl Acrylate 
Copolymers. Theoretical Calculations. T h e polymer b l e n d system that 
we describe here was deliberately chosen because the calculated solubility 
parameters of PS and P M A are almost identical [9.5 and 9.6 ( c a l / c m 3 ) 0 5 , 
respectively] (14, 16), w h i c h infers that the solubility parameters of S T M A 
copolymers are essentially independent of composit ion. This independence is 
i l lustrated schematically i n F igure 1, w h i c h shows a plot of S T M A solubility 
parameters as a function of copolymer composit ion. T h e solubility parameter 
of the homopolymer P V P h is also shown as a straight l ine parallel to the χ 
axis. 

Because we estimate the magnitude of χ by the difference i n the 
non-hydrogen-bonded solubility parameters ( Δ δ ) of S T M A and P V P h and the 
value of the reference volume, V B (a constant i n this case because we use the 
P V P h chemical repeat to define this quantity), it follows that χ is also 
practically independent of the copolymer composit ion (3 , 9, 16). A c c o r d 
ingly, di lut ion of P M A w i t h styrene effectively reduces only the AGH/RT 
term i n e q 1. T h e methodology for the calculation o f the free energy of 
mixing, phase diagrams, miseibil ity windows, and maps for p o l y m e r - p o l y m e r 
b l e n d systems w i l l be ment ioned only briefly here because it has been 
described i n pr ior publications (1-15) and is presented i n detail, together 
w i t h appropriate computer software, i n our recently completed book (16). 
T h e previously obtained parameters (13) required for this calculation are 
summarized i n Table II . These parameters can be used w i t h no adjustments 
to calculate explicitly the relative contributions f rom the Φ Α Φ Β χ and AGH/RT 
terms of e q 1 to the total free energy AGm/RT. These contributions are 
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11 

91 

PVPh 

Δ δ STMA 

f ι 

I > \ 
1.0 0.0 0.5 

^ Volume Fraction Styrene in Copolymer ^ 

PMA PS 

Figure 1. Schematic diagram showing the variation in solubility parameters of 
STMA copolymers. 

Table II. Parameters Employed in This Study 

Segment 

Molar 
Volume 

(cm3/mol) 

Solubility 
Parameter 

(cal/cm3)05 

Equilibrium Constant 
at 25 °C 

K 2 K B K A 

M A 
Styrene(ST) 
V P h 

69.8 
93.9 

100 

9.6 
9.5 

10.6 21.0 66.8 47.5 

NOTE: Enthalpy of hydrogen bond formation, h2 = 5.6, hB = 5.2, and hA = 4.0 kcal/mol 

presented graphically i n F igure 2 for 50:50 (wt%) P V P h - S T M A blends as a 
function of S T M A copolymer composit ion at 150 °C (a temperature above 
the T g s of both components of the blends, w h i c h were selected to facilitate 
equihbr ium conditions). [For high molecular weight polymers, the contr ibu
t ion f rom combinatorial entropy (the first two terms o n the right-hand side of 
e q 1) is negligible and is left out of F igure 2 for the sake of clarity.] F igure 2 
quantitatively describes the trends suggested i n the schematic diagram i n 
F igure 1. 

T o calculate a miseibility window, the second derivative of the free 
energy of mixing of a b l e n d of the two homopolymers, P V P h and P M A , is 
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0.2 

initially calculated over the entire blend composit ion range at the desired 
temperature (150 °C, i n this case). F o r P V P h - P M A blends the calculated 
second derivative curve is positive over the entire composit ion range for 
temperatures i n the experimentally accessible range of —100 to +250 °G, 
and this b l e n d is predicted to be miscible (single phase) (7, 13). Styrene is 
simply considered to be an inert diluent and this calculation process is now 
repeated for P V P h and a S T M A copolymer containing 9 9 % methyl acrylate 
(STMA[99] ) and then repeated at 1 % composit ion intervals d o w n to S T M A [ 1 ] . 
T h e two phase region o f the phase diagram (spinodal) is defined by the area 
where the calculated second derivatives of the free energy assume values < 0, 
which , i n turn, sets the l imits of the miseibility window. T h e results of such a 
computation are shown for the P V P h - S T M A b l e n d system at 150 °C i n 
F igure 3. Assuming equihbr ium conditions are attained, P M A and S T M A 
copolymers that contain up to about 65 w t % styrene are predicted to be 
miscible w i t h P V P h . A t concentrations above 6 5 % styrene at 150 °C, the 
contribution f rom the AGn/RT t erm (eq 1) is not sufficient to overwhelm 
the unfavorable χ Φ Α Φ Β term. 
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Figure 3. Theoretical miseibility window. 

Experimental Results. A combinat ion o f F T I R spectroscopy and ther
mal analysis was employed to test the foregoing predictions. T h e probe size of 
the F T I R technique ( individual chemical functional groups) is smaller than 
the probe size o f the thermal analysis; thus the F T I R is more sensitive to 
mixing at the molecular level . It is important to reiterate that even the 
presence of a prominent infrared band attributed to an intermolecular 
interaction between groups of dissimilar polymers does not necessarily mean 
that the mixture is miscible (single phase): W h a t is required is that the 
measured fraction o f hydrogen-bonded groups be equal to the equihbr ium 
distribution at that temperature. However , i f w e have accurate knowledge o f 
the equihbr ium constants that describe self- and interassociation, we are able 
to establish whether or not the system exhibits this equihbr ium distribution 
and is therefore single phase ( I I , 16). F o r the P V P h - S T M A polymer b l e n d 
systems considered here we have such information f rom previous studies and 
we can readily calculate the fraction of hydrogen-bonded carbonyl groups 
that should be present i n a specific b l e n d of a particular composit ion at a 
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given temperature assuming that the mixture is a single phase. W e can then 
compare the theoretical fraction of the various intermolecular interactions 
w i t h the values observed experimentally b y F T I R spectroscopy. If the theo
retical values equal, wi th in error, the experimentally determined values, a 
miscible (single-phase) b l e n d can be confidently inferred. Conversely, i f the 
theoretical values deviate significantly f rom the experimentally determined 
values, an immiscible (two-phase) mixture is indicated. A t the extreme, w h e n 
the two phases resemble essentially pure components, the theoretical values 
w i l l approach the values originally present i n the pure materials. 

I f the polymer b l e n d is truly miscible, the theoretical fraction of hydro
gen-bonded ( H B ) carbonyl groups ( f § B ° ) for P V P h blends wi th the S T M A 
copolymers as a function of b l e n d composit ion at 25 °C may be calculated 
f rom 

ο _ = 1 - 1 + Κ Α Φ Β Ι 1 -
κ, Ko 

+ KBJ K B \ (1 - Κ Β Φ Β Ι ) 

using the stoichiometric equations ( I I , 16) 

(2) 

Φ Β = Φ Β ι κ, 
Ko 

+ 
Β / Μ ( Ι _ Κ Β Φ Β Ι )^ 

Φ Α = Φ Α ι + Κ Α Φ Α ι Φ Β ι Κρ 
κ, 

+ 

1 + 
Κ Α Φ Α Ι 

κ Β \ Ι - Κ Β Φ Β Ι 

(3) 

(4) 

where Φ Β ι and Φ Λ ] are the volume fractions of the totally "free monomers" 
of the self-associating species Β and the non-self-associating species A . K2 

and KB are equihbr ium constants describing the self-association of Β whereas 
K A corresponds to the equihbr ium constant describing the interassociation of 
Β w i t h A and r is the ratio of the molar volumes V A / V B ( 1 - 3 , 10, 16). 

T h e results of such theoretical calculations for the P V P h blends w i t h the 
S T M A copolymers synthesized for this study (Table I) are shown i n F igure 4. 
These theoretical curves illustrate an important point. Consider the vertical 
broken fine passing through the curves at a b l e n d composit ion of 5 0 % P V P h . 
In a miscible b l e n d of P V P h and STMA[91] , about 4 2 % of the carbonyl 
groups are calculated to be hydrogen-bonded, whereas corresponding values 
for miscible 50:50 blends of P V P h and STMA[72] , STMA[38] , STMA[25] , and 
S T M A f l l ] are approximately 45, 52, 54, and 57%, respectively. In other 
words, as we dilute P M A by copolymerization w i t h styrene, the relative 
proport ion of phenol ic hydroxyl groups to M A carbonyl groups increases for a 
constant blend composit ion. This , i n turn, leads to an increase i n the fraction 
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7. C O L E M A N E T A L . Phase Behavior in Copolymer Blends 229 

of hydrogen-bonded carbonyl groups i n a miscible system, as dictated by the 
equi l ibr ium constants. 

Infrared spectra recorded at 150 °C i n the carbonyl stretching region, 
f rom 1650 to 1800 c m " 1 , o f P V P h blends w i t h four different S T M A copoly
mers are displayed i n Figures 5 and 6. F o r clarity, al l spectra are scale 
expanded and plotted w i t h respect to a relative absorbance scale, but we 
emphasize that al l the spectra were recorded f rom films that were sufficiently 
thin to ensure that maximum absorbances d i d not exceed 0.6 absorbance 
units. T h e interpretation of infrared spectra of P V P h blends w i t h carbonyl-
containing polymers, such as polyesters, polyacrylates, and polymethacrylates, 
has been discussed i n detail previously (7-13, 16) and only the essential 
features w i l l be restated here. Pure amorphous S T M A copolymers (denoted 
Ε i n Figures 5 and 6) are characterized by carbonyl stretching vibration at 
approximately 1735-1739 c m " 1 . W h e n there is appreciable mixing at the 
molecular level i n the P V P h - S T M A b lend system, an additional band is 
observed at approximately 1715 c m " 1 and is attributed to hydrogen-bonded 
carbonyl groups (see, for example, the large contribution i n the spectra 
denoted A i n F igure 5). T h e large difference i n the spectra recorded for 
P V P h blends w i t h S T M A [ 3 8 ] and S T M A [ 2 5 ] is significant. Al though the 
S T M A [ 3 8 ] cannot definitively be pronounced a miscible system before an 
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Figure 5. Scale-expanded FTIR spectra recorded at 150 °C in the carbonyl 
stretching region for PVPh blends with STMAÎ91] (top) and STMA[72] (bottom): 

80:20, A; 60:40, B; 40:60, C; 20:80, D; pure STMA, E. 
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Figure 6. Scale-expanded FTIR spectra recorded at 150 °C in the carbonyl 
stretching region for PVPh blends with STMAÎ38] (top) and STMAÎ25] (bottom): 

80:20, A; 60:40, B; 40:60, C; 20:80, D; pure STMA, E. 
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analysis of quantitative results, the S T M A [ 2 5 ] is most certainly immiscible by 
inspection, because i f it were miscible there w o u l d be an even greater 
fraction of hydrogen-bonded carbonyl groups present than i n the P V P h -
S T M A [ 3 8 ] system. 

T h e fraction of hydrogen-bonded carbonyl groups can be quantitatively 
determined by measuring the relative areas of these two bands, after due 
consideration is given to differences i n the respective absorptivity coefficients 
(7, 10, 16). T h e results of curve fitting the carbonyl stretching region of the 
blends are summarized i n Table III and the experimental and theoretical 
values o f the fraction of hydrogen-bonded carbonyl groups are compared i n 
F igure 7. W i t h i n error, the experimental values match the theoretical values 
for the three P V P h blends w i t h S T M A copolymers containing 91, 72, and 
3 8 % M A , w h i c h is consistent w i t h these mixtures being miscible. I n marked 
contrast, the P V P h - S T M A [ 2 5 ] b l e n d (and the corresponding S T M A [ 1 1 ] 
system, w h i c h is not shown) is obviously grossly phase separated ( immiscible) 
because the experimentally determined fraction of hydrogen-bonded carbonyl 
groups is significantly less than theoretically calculated for a single phase. 

Corroborat ing evidence was obtained f rom thermal analysis and Table I V 
lists the results obtained for the P V P h - S T M A blends. T w o T g s at tempera
tures close to those of the pure components were observed for the P V P h 
blends w i t h S T M A [ 2 5 ] and S T M A [ 1 1 ] . Conversely, single T g s close to those 
estimated f rom the Fox equation were observed for the corresponding blends 
w i t h STMA[91] , STMA[72] , and S T M A [ 3 8 ] . These results are entirely consis
tent w i t h the F T I R analysis described previously. 

F igure 8 shows a final comparison between the theoretically calculated 
miseibility w i n d o w for P V P h - S T M A copolymer blends at 150 °C and the 
experimentally determine miseibil ity behavior of these blends at the same 
temperature. T h e unf i l led and filled circles represent miscible and immiscible 
blends, respectively. This encouraging comparison leads us to believe that the 
assumptions inherent i n our association mode l are reasonable. 

Styrene-eo-Vinyl Phenol Copolymer Blends with Styrene-co-
Methyl Acrylate. W e n o w consider the case of blends composed of two 
copolymers. H e r e we calculate miseibil ity maps at a particular temperature 
and vary the composit ion of both copolymers. F o r example, we might wish to 
consider simultaneously the effect of d i lut ing both v inyl phenol and methyl 
acrylate by copolymerization w i t h styrene. 

T h e calculated solubility parameters of P V P h and PS are 10.6 and 9.5 
( c a l / c m 3 ) 0 5 , respectively, w h i c h sets the l imits of the average solubility 
parameter range for S T V P h copolymers. As already mentioned, the calculated 
solubility parameters of P M A and PS are very similar and there is practically 
no dependence o f the average solubility parameter o n copolymer composi
t ion. This behavior is i l lustrated graphically i n F igure 9. Compar ison of 
Figures 9 and 1 reveals that, i n addit ion to the unfavorable (to mixing) t rend 
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ο ό ό ό Ε ο ό ο 
cq̂ cooor̂ cq̂ co 

H 
1 r/} Ο Ο Ο O 
! ^4 oo co cq 
• # © © © © 
ι cq Tt< co oo 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
00

7

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



234 S T R U C T U R E - P R O P E R T Y R E L A T I O N S I N P O L Y M E R S 

due to the reduction of the contribution f rom the AGn/RT term w i t h 
increased styrene di lut ion, there is the counterbalancing favorable t rend that 
arises f rom the decreasing difference i n the solubility parameter, Δ δ , be
tween the S T V P h and S T M A copolymers. T h e actual magnitude of χ as a 
funct ion o f both copolymer compositions is determined b y the difference i n 
the solubility parameters ( Δ δ ) o f the S T V P h and S T M A copolymers and the 
value o f the reference volume, V B (a variable i n the way w e have def ined it 
(for ease of computation), because it is related to the average S T V P h 
chemical repeat) (3 , 16). 

' · Theoretical 
A Experimental 

(A) 

...·-*""" 

jk"" 
A 

..·* 
#,.·* 

0.0 0.2 0.4 0.6 0.8 1.0 

Volume Fraction PVPh in Blend 

I 
e 
a 
ο 

2 
0.2 

(B) 

1 • I ' ι · 1 · 
0.2 0.4 0.6 0.8 1.0 
Volume Fraction PVPh in Blend 

Figure 7. Comparison of the experimentally determined and theoretically 
calculated fraction of hydrogen-bonded carbonyl groups as a function of blend 
composition for blends of PVPh with STMA[9l], A; STMA[72], B; STMA[38], 

C; and STMAÎ25], D , at 150 °C. 
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Figure 7. Continued 

A miseibility map is calculated i n the fol lowing manner. First , the second 
derivative of the free energy of mixing of a b l e n d of the two homopolymers, 
P V P h (=STVPh[100]) and P M A (=STMA[100]) , is calculated over the entire 
blend composit ion range at the desired temperature. I f a two-phase region of 
the spinodal phase diagram is encountered (at any composition), then the 
b lend is defined as immiscible . Conversely, i f a two-phase region of the 
spinodal phase diagram is not encountered, then the b l e n d is defined as 
miscible. This process is repeated using the appropriately computed values of 
the relevant molar volumes, equi l ibr ium constants, and solubility parameters 
for P V P h and an S T M A copolymer containing 9 8 % methyl acrylate 
( S T M A [ 9 8 ] ) and then at every 2 % composit ion to S T M A [ 2 ] . N o w the whole 
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Table IV. T„ of PVPh-STMA Blends 

Blends ofPVPh:STMA[x] Τ (°C) 

PVPh:STMA[91] 
20:80 41 
40:60 45 
60:40 59 
80:20 83 

PVPh:STMA[72] 
20:80 60 
40:60 75 
60:40 102 
80:20 120 

PVPh:STMA[38] 
20:80 87 
40:60 96 
60:40 116 
80:20 129 

PVPh:STMA[25] 
20:80 87 144 
40:60 87 143 
60:40 86 141 
80:20 86 139 

P V P h : S T M A [ l l ] 
20:80 94 145 
40:60 93 142 
60:40 91 140 
80:20 89 140 

procedure is repeated for S T V P h copolymers of decreasing V P h content unt i l 
the matrix that corresponds to a copolymer-copolymer miseibility map is 
complete. 

T h e result of such an exercise is shown for the S T V P h - S T M A blends at 
150 °C i n F igure 10. T h e bottom left-hand corner of the miseibility map 
corresponds to a b l e n d of P V P h and P M A that is predicted to be miscible. 
T h e top right-hand corner corresponds to a b l e n d of PS w i t h itself. T h e 
bottom right-hand corner reflects a b lend o n P M A and essentially P S . 
(Actually calculations were per formed down to a S T V P h copolymer contain
ing 2 % V P h , and it is more accurate to state that miseibility is predicted for 
blends o f P M A and styrene copolymers containing > 2 % V P h , w h i c h is not 
necessarily the lower l imi t of the concentration of V P h segments required to 
produce a miscible b l e n d w i t h P M A . ) Similarly, the top left-hand corner 
coincides w i t h a b l e n d of P V P h and essentially P S . Elsewhere i n the matrix 
are al l the other blends of the S T V P h and S T M A copolymers, located 
according to copolymer compositions. T h e wedge-shaped two-phase region 
shown i n F igure 10 predicts that as P V P h is d i luted w i t h styrene, the range of 
miseibility w i t h S T M A copolymers steadily increases. 
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Figure 8. Comparison of theoretical miseibility window to experimental data. 
Filled and unfilled circles denote immiscible and miscible blends, respectively. 

T o test the predictions experimentally F T I R spectroscopy was again 
employed. F igure 11 shows typical infrared spectra of a series of 80:20 w t % 
S T V P h blends w i t h S T M A [ 2 5 ] and STMA[11] recorded at 150 °C. Quantita
tive results f rom curve fitting together w i t h theoretical calculations of the 
fraction of hydrogen-bonded carbonyl groups (see preceding text) are sum
marized i n Table V . Examinat ion of these results leads to the fol lowing 
conclusions. S T M A [ 1 1 ] blends are miscible w i t h S T V P h copolymers contain
ing 10 and 2 5 % V P h , but immiscible w i t h the corresponding copolymers 
containing 43 and 7 5 % V P h . O n the other hand, S T M A [ 2 5 ] blends are 
miscible w i t h S T V P h copolymers containing 10, 25, and 4 3 % V P h , but 
immiscible w i t h the copolymer containing 7 5 % V P h . F igure 12 presents a 
comparison between the theoretically calculated miseibil ity map (scale ex
panded for clarity) and the experimental results. It is important to reiterate 
that this map was calculated f r o m transferable equi l ibr ium constants obtained 
experimentally f rom the two homopolymers, P M A and P V P h , and there are 
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l l - i 1 
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Volume Fraction Styrene in Copolymer 

Figure 9. Schematic diagram showing the variation in solubility parameters of 
the two copolymers STVPh and STMA. 

Figure 10. Theoretical miseibility map. 
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ι ; —' 1 « 1 · r 
1800.0 1750.0 1700.0 1650.0 

cm"1 

Figure 11. Scale-expanded FTIR spectra recorded at 150 ° C in the carbonyl 
stretching region for 20:80 blends of STMA[25] (top) and STMAlll] (bottom) 
with STVPM75], A; STVPh[43], B; STVPh[25], C; STVPh[lO], D; and Pure 

STMA, E. 
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50 i 1 r-1—τ 1 r— J-| 1— 1—ι 1 1 
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Wt % Styrene in STVPh Copolymer 

Figure 12. Comparison of theoretical miseibility map to experimental data. 
Filled and unfilled circles denote immiscible and miscible blends, respectively. 

no adjustable parameters involved. There is excellent agreement between 
theoretical predict ion and experimental measurement. 
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8 

Applications of Raman Spectroscopy 
to the Study of Polydiacetylenes and 
Related Materials 

S. H. W. Hankin and D . J. Sandman* 

G T E Laboratories Incorporated, 40 Sylvan R o a d , 
Waltham, MA 02254 

Raman spectroscopy is a useful and sensitive probe of the structure 
and properties of polydiacetylene (PDA) materials. Using 1064, 632.8, 
514.5, 488.0, and 457.9 nm as wavelengths of excitation, Raman 
spectra were observed using light polarized in the direction of the 
chain axis for the PDA from 1,6-di-N-carbazolyl-2,4-hexadiyne (DCH) 
and 1,1,6,6-tetraphenylhexadiynediamine (THD) and for chemically 
modified versions of these materials. From the changes in the spectra 
with wavelength of excitation, it was deduced that these pristine PDA 
single crystals have disordered surface phases. For poly-DCH that has 
gained six Br atoms per repeat unit, Raman spectra provide a direct 
indication of the extensive conversion of the PDA backbone structure 
to that of a mixed polyacetylene. The normal modes associated with 
triple- and double-bond stretching on the PDA backbone provide a 
useful structure-property relationship for the characterization of the 
products of diacetylene polymerizations where the degree of definition 
does not approach that of fully polymerized single crystals. 

POLYDIACETYLENES ARE A CLASS OF POLYMERS w i t h conjugated backbones 
available i n the form of macroscopic single crystals (1-3) i n certain cases. As 
single crystals, polydiacetylenes ( P D A ; 1) are the best def ined class of organic 
polymers, and it is expected that the properties of these electrically insulating 

* Corresponding author. Department of Chemistry, University of Massachusetts, Lowell, MA 
01854 

0065-2393/93/0236-0243$6.00/0 
© 1993 American Chemical Society 
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materials might serve as models for the properties of other conjugated 
polymers that are less w e l l defined. A t the present t ime, conjugated polymers 
i n their insulating forms are under investigation for applications such as 
photoconductivity, third-order nonlinear optical phenomena, and sensors 
based on chromic changes (4). A recent report of electroluminescence (5 ) 
may presage another application of these materials. A l l o f these potential uses 
involve a knowledge of the electronic spectrum i n the solid state. Therefore, 
the s tructure-property relationships associated wi th the solid-state spectra of 
conjugated polymers are important to the understanding and use of these 
materials. 

T h e solid-state electronic spectra of P D A crystals are usually discussed i n 
the same framework as neutral molecular crystals (6) , that is, 

E(k) =E0 + D + I(k) (1) 

E(k) is the observed solid-state transition energy, E0 is the gas phase 
transition energy for an isolated moiety, D summarizes the energetics of the 
gas-to-crystal shift, and summarizes the exciton transfer interaction 
between translationally equivalent and nonequivalent moieties. F igure 1 
displays the solid-state electronic spectra of two P D A crystals w i t h chemical ly 
related side chains: p o l y - D C H (l ,6-di-iV-carbazolyl-2,4-hexadiyne; l a ) and 
p o l y - T H D (1,1,6,6-tetraphenylhexadiynediamine; l b ) (7) . Because both crys-

RCH2 

Ο 0 
II II 

Id R = ^CH 2) rO^NH-^H 2-C-0-nC 4H9 i 4BCMU 
0 

le R = ^ C H g J j r - O ^ N H - C H ^ H a , E T C D 
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650 550 450 
" i 1 1 1 r 

13 15 17 19 21 23 25 

Energy (103cm 1) 

Figure 1. Near-normal incidence h-axis reflection spectra of poly-DCH ( ) 
and poly-THD (—). Arrows indicate wavelengths of Raman excitation. 
(Reproduced with permission from reference 7. Copyright 1987 Elsevier Science 

Publishers B.V.) 

tals are completely polymerized, they have " inf ini te conjugation lengths." 
Therefore, the longer wavelength absorption of p o l y - D C H versus p o l y - T H D 
is due to the environment surrounding the conjugated chains; that is, there 
is a larger contribution to D and I(k) i n 1 for p o l y - D C H compared to 
p o l y - T H D . F o r the P D A f rom the bis-p-toluenesulfonate o f 2,4-hexadiyn-
1,6-diol ( P T S ; lc), it is recognized that the environment contributes about 
1 5 % to E(k) (8). I n recent years, extension of the molecular crystal frame
work of P D A to other conjugated polymers (9 , 10) has been useful. 

Raman spectroscopy, especially resonance Raman ( R R ) spectroscopy, is 
recognized as a valuable tool for the study of the structure and properties o f 
conjugated polymers i n general (11, 12) and P D A i n particular (11-13). A n 
important factor i n this uti l i ty is the lack of interference due to strong 
fluorescence f rom P D A crystals. T h e intensities of Raman bands associated 
w i t h totally symmetric vibrational modes strongly coupled to the electroni
cally excited state may be enhanced by a factor as large as 1 0 6 . R R is 
particularly attractive for the study o f conjugated polymers because the 
enhanced intensity permits isolation of the Raman bands of the chromophore. 
R R spectroscopy can give information about the properties of a species i n an 
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electronic excited state. T h e excitation profile can be obtained by measuring 
the R a m a n cross section for a vibrational mode as a funct ion of incident 
photon energy, and an estimation o f the strength o f the interaction between 
an electronic excited state and a vibrational mode may be obtained f r o m an 
excitation profile. Excitat ion profiles have been obtained for several vibra
tional modes o f po ly -PTS (11, 12). T o measure an excitation profile, a 
vibrational mode cannot change its R a m a n shift as the incident excitation 
energy is changed; that is, there must be no dispersion (14). 

Strong dispersion of band shapes and peak positions is often found i n R R 
spectra of conjugated polymers that are less ordered than P D A crystals, such 
as polyacetylene [ ( C H ) X ; 2] (14, 15), polythiophenes (3) (16, 17), and 
disordered films of soluble P D A such as the P D A f rom the bis(butoxy-
carbonylmethyleneurethane) of 5 ,7-dodecadiyn- l ,12-diol ( 4 B C M U ; Id) (18). 
These materials are usually studied i n th in- f i lm form. 

T h e R R studies of p o l y - P T S , - D C H , and - T H D have been per formed 
w i t h relatively thick single crystals. F o r such samples where the absorption 
coefficient exceeds 1 0 5 throughout the wavelengths of interest, it is important 
to recognize that R R spectroscopy is pr imari ly a probe of the surface regions 
o f the crystal (11). 

O u r ini t ia l motivation i n applying R R spectroscopy to the study of P D A 
was to learn greater detail about the structural changes that occur i n the 
course of the chemical modification of p o l y - D C H (19). T h e R R spectra of 
pristine p o l y - D C H and - T H D have been studied to reveal changes that occur 
f rom chemical modification. D u r i n g these studies, we found it useful to study 
R a m a n spectra of both pristine and chemically modif ied P D A w i t h mult iple 
wavelengths of excitation. W e also inc luded F o u r i e r transform ( F T ) R a m a n 
excitation at 1064 n m , w h i c h is a wavelength where the materials under 
investigation are transparent (20). H e r e i n we report our investigations o f 
Raman spectra of single crystals of p o l y - D C H and - T H D w i t h fight polar ized 
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8. HANKIN AND SANDMAN Raman Spectroscopy and Polydiacetylenes 247 

along the polymer chain direct ion as a function of wavelength of excitation, 
focusing pr imari ly on the normal modes associated w i t h tr iple- and double-
b o n d stretching. F r o m these spectra, we deduce evidence that the crystals 
have distinct surface phases, w h i c h is a previously unappreciated point . W e 
discuss the changes to the R a m a n spectra of these materials that occur o n 
chemical modification and h o w Raman spectroscopy has been used to further 
understanding of s tructure-property relationships i n these materials. T h e 
crystal structures of p o l y - D C H and - T H D are k n o w n (21) and, thus, spectro
scopic studies of these materials add detail to substances of k n o w n crystal and 
molecular structure. Because al l results o f diacetylene polymerizations do not 
lead to single crystal products, it is possible, w i t h certain assumptions (given 
i n the fol lowing text), to use Raman spectroscopy to deduce i f these less 
wel l -def ined polymers have the usual e n - y n e backbone structure established 
(21) for the best defined P D A . 

Experimental Details 

General. M e l t i n g points are uncorrected. E l e m e n t a l analyses were 
per formed b y Schwarzkopf Microanalyt ical Laboratory, Woodside , N e w York. 
T h e * H Ν M R spectrum was recorded o n a 9 0 - M H z spectrometer (Varian) i n 
C D C 1 3 solution w i t h tetramethylsilane as reference. Samples of p o l y - D C H 
(30) , p o l y - T H D (7) , brominated p o l y - D C H (19), and l ,6-bis(3 ' ,6 ' -dibromo-
N-carbazolyl)-2,4-hexadiyne ( D C H B r 4 ; 4a) (22) were either synthesized as 
previously described or were available f rom earlier studies. T h e G a m m a c e l l at 
Brandeis Universi ty was the source of the 6 0 C o radiation used i n these 
studies. 

R—C H 2~-C=G—C=0—CH gr-R 

4b 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington. D.C. 20036 
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I n v iew of our deduct ion that P D A crystals have distinct surface phases, 
it was deemed appropriate to analyze our samples of P D A - D C H and - T H D 
for trace metals by X-ray fluorescence ( X R F ) and for surface contamination 
by electron spectroscopy for chemical analysis ( E S C A ) . A recently synthe
sized sample of P D A - T H D contained F e at a less than 10 p p m level and C u 
and B i at 3 0 - 4 0 - p p m levels by X R F analysis whereas less than 10 p p m of 
each of these elements was f o u n d i n an older sample; our samples of 
P D A - D C H contained less than 10 p p m of each of these elements. E S C A 
studies of P D A - D C H and - T H D reveal atomic ratios for C and Ν compara
ble to those expected for b u l k material. T h e atomic percentages o f oxygen 
observed by E S C A were 7.4 and 5.0%, respectively, for P D A - T H D and 
- D C H . N o evidence for specific C - O single- or double-bond species was 
found. 

Raman Spectroscopy. T h e light sources for these experiments were 
an argon i o n laser (Coherent Innova 70-4) w i t h 2 - 5 m W of excitation at the 
samples i n the 514.5-, 488.0-, and 457.9-nm fines and a 1 0 - m W h e l i u m - n e o n 
laser (Spectra Physics) for 632.8-nm light w i t h < 1.5 m W at the samples. N o 
sample decomposit ion was observed w i t h laser excitation at these powers. 
T h e dispersive device is a spectrometer (Spex 1877 Triplemate) w i t h the 
entrance slit at 1 c m , the slit i n the center of the bandpass monochromator at 
8 m m , and the slit at the entrance to the dispersive monochromator at 50 
μηι, T h e front bandpass monochromator consists of two 600 g r o o v e / m m 
gratings, and spectra were obtained w i t h the 600-groove/mm grating (band
pass ± 5 c m - 1 at 19,436 c m - 1 ) i n the th i rd monochromator. L i g h t was 
detected at 90° to the exciting laser beam by an optical mult ichannel analyzer 
( E G & G P A R C O M A III). Samples were mounted o n an XYZ stage and 
aligned parallel to the i n c o m i n g light. T h e collection t ime for the mult ichan
nel analyzer was set to maximize the signal o n the detector. Damage to 
samples was observed at excitation powers near 50 m W (normal survey scan 
power) dur ing the init ial experiments on these samples. This damage ap
peared as whi tening of the sample; that is, a "b leaching out" of the sample 
color. Subsequent experiments using p o l y - T H D and 488.0-nm excitation (23) 
demonstrated the deterioration of the Raman signal w i t h laser powers above 
17 m W at the sample that was manifested by a decrease i n the ratio of the 
heights of the double- and t r ip le-bond shirts w i t h increased exposure to the 
laser. 

Preparation of Poly-DCHBr 9 . P o l y - D C H (204 mg, 0.50 mmol ) 
and bromine (10 m L ) were heated at reflux w i t h magnetic stirring for 24 h . 
T h e mixture was cooled and di luted w i t h carbon tetrachloride (10 m L ) , and 
the sol id product was isolated by suction filtration on a sintered glass funnel . 
T h e straw-colored sol id was washed w i t h C C 1 4 unt i l the washings were 
colorless and then vacuum-dr ied to give 560-mg product. X-ray powder 
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diffraction revealed the sol id to be amorphous. T h e F o u r i e r transform 
infrared ( F T I R ) spectrum was indistinguishable f rom that o f p o l y - D C H B r 8 

(19) . Analysis—Calculated for C30H16N2Br9: C, 32.07; H, 1.44; N, 
2.49; Br, 64.00. Found: C, 32.24; H, 1.42; N, 2.23; Br, 64.28. The 
observed analysis corresponds to C30 H 1 5 8 Ν1φ8 B r 8 9 9 . 

Synthesis and Polymerization of the Bis-p-chlorocinnamate 
of 10912-Docosadiyn-l,22-diol. T o a solution of subl imed p-chloroein-
namoyl chloride (24) (14.9 g, 74 mmol) and 10,12-docosadiyn-l ,22-diol (4b; 
10.8 g, 32.3 mmol) i n tetrahydrofuran ( T H F , 100 ml) , a solution o f pyridine 
(5 m L ) i n T H F (20 m L ) was added dropwise. This mixture was refluxed for 5 
h . T h e cooled reaction mixture was p o u r e d into water (500 m L ) and the sol id 
product, w h i c h turned light blue i n room light, was collected on a Buchner 
funnel . T h e sol id was dissolved i n chloroform, and this solution was extracted 
twice w i t h aqueous N a H C O s . T h e C H C 1 3 solution was d r i e d over M g S 0 4 , 
f i ltered, and evaporated to give a sol id (20.2 g, 9 4 % yield) that was recrystal-
l ized f r o m acetone to give 4b, 16.5 g ( 7 7 % yield), m p 8 4 - 8 5 °C. T h e melt 
was stable and no evidence of reaction was noted o n heating 4b at 7 0 - 7 5 °C 
for 2 days. T h e I R spectrum o f 4b [mineral o i l (Nujol)] exhibited the 
fol lowing significant absorptions (reciprocal centimeters): 1703, 1630, 1485, 
1180, 1085, 1006, 980, 815, 720. T h e LU N M R spectrum of 4b exhibited the 
fol lowing: δ 7.2-7.8 (m, 8 H , aromatic), δ 6 .3-6 .5 ( 4 H , - C H = C H - ) , δ 4.2 
(t, J = 6 H z , 4 H , - O C H 2 ) , δ 2.2 (t, J = 6 H z , - C H 2 = C - ) , δ 1.1-1.8 (m, 
2 8 H ) . T h e X-ray powder pattern of 4b exhibited the fol lowing reflections (d; 
angstroms): 33.1, 18.1, 11.3, 8.50, 5.60, 5.36, 5.15, 5.07, 4.89, 4.69, 4.54, 4.32, 
4.26, 4.18, 3.98. Analysis—Calculated for C40H48Cl2O4: C, 72.37; H, 
7.30; CI, 10.68. Found: C, 72.09; H, 7.37; Cl, 10.44. 

Exposure of 4b to 6 0 C o gamma radiation (at least 50 M r a d over 30 days) 
converted it to a coppery b r o w n crystalline solid. Extract ion of this solid w i t h 
hot hexane ( in w h i c h 4b is soluble) for 6 h d i d not result i n a weight loss. T h e 
F T I R spectrum of this polymer was similar to that of 4b and exhibited the 
fol lowing: 2920, 2851, 1714, 1638, 1592, 1492, 1466, 1407, 1321, 1274, 1253, 
1233, 1224, 1203, 1184, 1171, 1108, 1091, 1013, 981, 821, 720. T h e X-ray 
powder diffraction of this polymer revealed the fol lowing reflections (d, 
angstroms): 6.67, 5.96, 5.56, 5.41, 4.91, 4.76, 4.56, 4.39, 4.18, 4.05, 3.84. 

Raman Spectra of Single Crystals of PDA-DCH 
and PDA-THD 

Figure 2a displays an F T - R a m a n spectrum of a p o l y - D C H single crystal 
obtained w i t h 1 0 6 4 - n m excitation (20). F o r the study of P D A , 1064 n m is an 
extremely useful wavelength because P D A are transparent at this wavelength 
and there is no fluorescence to compete w i t h Raman processes. Previously 
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ι 1 1 1 1 1 1 1 1 1 
(a) 

2300 2100 1900 1700 1500 1300 1100 900 700 500 
Raman Shift (cm"1) 

(b) 

Figure 2. FT-Raman spectra (1064-nm excitation) of poly-DCH (a) and poly-
DCHBr6 (b). (Reproduced with permission from reference 20. Copyright 1990 

Gordon and Breach.) 
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8. HANKIN AND SANDMAN Raman Spectroscopy and Polydiacetylenes 251 

reported R a m a n spectra o f p o l y - D C H used only 632.8-nm excitation (12, 25, 
26); the spectrum i n F igure 2a is i n good agreement w i t h these reports. I n 
this spectrum the normal mode, w h i c h pr imar i ly involves t r ip le-bond stretch
ing (12), is found at 2081 c m - 1 , and shifts at 1491, 1466, 1450, and 1420 
c m - 1 are associated w i t h a F e r m i resonance (12) that involves the double-
b o n d , carbazole, and methylene groups. Bear ing i n m i n d that no two single 
crystals are identical , the fol lowing observations concerning spectra of poly-
D C H obtained w i t h the other wavelengths o f excitation are relevant. As 
expected for good crystals, the spectra obtained w i t h 632.8-, 514.5-, and 
488.0-nm excitation show no dispersion of the Raman signal. W i t h excitation 
at 514.5, 488.0, and 457.9 n m , some crystals show the R a m a n spectrum o n a 
luminescent background. F igure 3 displays a representative spectrum of a 
p o l y - D C H crystal obtained w i t h 457.9-nm excitation. I n addit ion to the 
luminescence, the spectrum i n F igure 3 reveals considerable broadening and 
loss o f resolution o f the Raman-shif ted lines, especially i n the double-bond 
region, w h e n compared to the spectrum i n F igure 2a and to spectra reported 
w i t h 632.8-nm excitation. Initially, we were quite puzz led by the appearance 
of the spectrum i n F igure 3; w e w i l l return to this issue later. 

2200 2000 1800 1600 1400 1200 1000 800 600 
Raman Shift (cm-1) 

Figure 3. Raman spectrum (457.9-nm excitation) of poly-DCH. 
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Figure 4 shows the F T - R a m a n spectrum of a single crystal of p o l y - T H D . 
T r i p l e - b o n d shifts of 2111 and 2099 c m " 1 and a double-bond stretch at 1485 
c m - 1 are revealed. W i t h 632.8-nm excitation (F igure 5a), a tr iple-bond shift 
is observed at 2115 c m - 1 and a double -bond shift is noted at 1485 c m - 1 , i n 
accord w i t h an earlier observation (7) . 

T h e spectrum obtained w i t h 514.5-nm excitation ( 2 7 ) is markedly dif
ferent than those of p o l y - T H D observed w i t h 1064- and 632.8-nm light. A 
broad laser-induced emission peaking at a Stokes shift of about 2300 c m - 1 

completely obscures any hint o f a Raman spectrum i n F igure 5b. This 
emission is noteworthy because its maximum is found at a wavelength 
comparable to the maximum associated w i t h the excitonic absorption of 
p o l y - T H D (7) . Addit ional ly , fluorescence f rom high-quality P D A crystals is 
negligible (28) and observed emissions i n sol id P D A are due to material 
disordered by mechanical damage or photooxidation. If the usual " m i r r o r 
image" relationship between absorption and fluorescence spectra is assumed, 
it is estimated that the absorption maximum leading to the emission i n F igure 
5b w o u l d be at 450-460 n m . A n absorption maximum i n this wavelength 
region is known to be associated w i t h disordered P D A materials (29). 

T h e spectrum observed w i t h 457.9-nm excitation (F igure 5c) is clearly 
different f rom that i n F igure 5a because the shifts associated w i t h tr iple- and 

c 
Φ 

2200 2000 1400 1800 1600 
Raman Shift (cm-1) 

Figure 4. FT-Raman (1064-nm excitation) spectrum of poly-THD. 
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(a) 

J 

(c) 
1 

« I l i l ι ~V^>» 

2400 2200 2000 1800 1600 1400 

Raman Shift (cm-1) 

Figure 5. Raman spectra of poly-THD at 632.8 (a), 514.5 (b), and 457.9 nm (c) 
wavelengths of excitation. (Reproduced from reference 27. Copyright 1991 

American Chemical Society.) 

double-bond stretching are observed at 2105 and 1504 c m " 1 , respectively. 
Spectra observed w i t h 488.0-nm excitation reveal a R a m a n spectrum super
imposed on an emission. T h e data i n F igure 5 are f o u n d i n crystals freshly 
polymerized i n inert atmosphere, i n crystals exposed to ambient conditions 
for extended t ime periods, and i n crystals w i t h freshly cleaved surfaces. 
F igure 5 displays spectra recorded at 20 °C, but spectra obtained at —100 °C 
do not differ significantly. T h e data i n F igure 5 are not the result o f thermal 
decomposit ion i n d u c e d by heating of the crystal by the incident laser beams. 
Decomposi t ion , however, may be i n d u c e d by irradiating the crystals w i t h 
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higher laser power (23). Note further that the data i n F igure 5 do not differ 
significantly for p o l y - T H D crystals polymerized thermally or w i t h 6 0 C o gamma 
radiation. 

Because R R spectroscopy of P D A bulk single crystals is pr imar i ly a probe 
of the surface region o f these crystals (12), we associate the emission i n 
F igure 5b w i t h a disordered p o l y - T H D surface structure. Aga in , wel l -ordered 
P D A crystals do not emit fight (28), and the additional features i n the 
457.9-nm p o l y - T H D spectrum correspond w e l l to features found w i t h 632.8-
n m excitation (7). Therefore, the spectrum i n F igure 5c is that of a disor
dered surface phase o f p o l y - T H D , possibly oligomerie. 

A disordered surface phase of p o l y - T H D could arise i f the surface o f the 
material fails to control the topochemical and topotactic solid-state polymer
ization of T H D monomer to the same extent as the bulk o f the crystal (21). 
Therefore, a surface structure for p o l y - T H D w o u l d be distinct i n origin f rom 
the photooxidized surface of p o l y - P T S (8). A corollary to the preceding 
statement o n the origin of a surface phase i n p o l y - T H D is that other P D A 
crystals might be expected to have disordered surface structures. I n v iew of 
our deductions concerning the spectra i n F igure 5, we associate the broad
ened spectrum i n F igure 3 w i t h the presence of a disordered surface phase o f 
p o l y - D C H . T h e spectrum of p o l y - P T S obtained w i t h 406.8-nm excitation 
(30) reveals broadened satellites associated w i t h both the double- and 
t r ip le -bond stretching modes, and may indicate a surface phase o n this 
crystal. I n v iew of these observations, it is conceivable that R R spectra o f 
P D A materials obtained w i t h wavelengths of excitation significantly shorter 
than maximum absorption wavelengths may be dominated b y disordered 
surface phases. 

F r o m the foregoing summary and earlier work on p o l y - P T S (12) and the 
P D A from the bis-ethylurethane o f 5 ,7-dodecadiyn- l ,2 -diol ( E T C D ; le) (31 , 
32) a useful s tructure-property relationship emerges. F o r P D A w i t h absorp
t ion maxima i n the 6 2 0 - 6 6 0 - n m range (blue spectra), the normal mode 
associated w i t h t r ip le -bond stretching is found at a shift of 2080-2090 c m - 1 , 
whereas P D A w i t h absorption maxima i n the 5 4 0 - 5 7 0 - n m range (red spectra) 
exhibit the t r iple-bond stretch at a shift of 2110-2120 c m " 1 . 

Raman Spectra of Chemically Modified Poly-DCH 

P D A crystals have van der Waals t ight-packed crystal structures and are not 
expected to have any particular chemical reactivity because dif fusion o f 
reagents is not facile i n crystalline regions of polymers. This was the state o f 
affairs before our observation of the reaction of p o l y - D C H w i t h bromine 
(19) . I n addit ion to bromine, chlorine and concentrated nitr ic acid can also 
react w i t h p o l y - D C H to give compositionally wel l -def ined materials that are 
homogeneous w h e n examined b y electron microscopy. T h e reactions w i t h 
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bromine y ie ld m u c h detailed information and are of great interest. B r o m i n e 
reacts w i t h p o l y - D C H crystals to form new homogeneous materials that gain 
three to nine B r atoms per repeat unit , depending o n the experimental 
conditions. T h e reactions are anisotropic, and crystallographic order is re
tained, especially i n materials that have gained u p to six B r atoms per repeat 
unit . A l though the formation of the material w i t h six B r atoms per repeat unit 
( p o l y - D C H B r 6 ) involves a single crystal-single crystal transformation, the 
product crystal is disordered. T h e nature of the reaction products was 
deduced f rom 1 3 C cross-polarization-magic angle spinning nuclear magnetic 
resonance ( C P - M A S N M R ) spectroscopy (22) rather than by single crystal 
X- ray crystallography. These N M R studies reveal that, for the case of 
p o l y - D C H B r 6 , bromine selectively substitutes the carbazole rings i n the 3 
and 6 positions, and the d iminut ion of signal i n the tr iple-bond chemical shift 
region indicates the conversion of the triple b o n d to a brominated double 
bond; that is, the P D A structure of the starting polymer is converted to a 
mixed polyacetylene structure, as shown i n Scheme I. 

T h e conclusion that p o l y - D C H is converted to a mixed polyacetylene 
structure is an indirect conclusion i n that it is deduced f r o m a loss of a signal. 
O u r interest i n a direct indicat ion of such a structure motivated us to study 
R a m a n spectroscopy of the brominated materials (20, 26, 33) because ( C H ) X 

had been studied extensively b y Raman techniques (11, 14, 15). 
O u r Raman studies of brominated p o l y - D C H have focused on samples 

that have gained five to six or eight to nine B r atoms per repeat unit . These 
studies illustrate the advantage of using mult iple wavelengths of excitation, 
inc luding those i n a transparent region. T h e solid-state electronic spectrum of 
the material that gained five to six B r atoms per repeat unit revealed a 
shoulder near 630 n m and additional absorption throughout the visible region 
(26, 33). W e initial ly felt that 632.8-nm light w o u l d excite the well-crystal
l ized regions o f the sample and that 488.0-nm fight w o u l d probe disordered 

Br Br 

Scheme 1. Conversion of poly-DCH to poly-DCHBr6. 
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conjugated chains w i t h 514.5 n m as a possible intermediate case. T h e spectra 
observed w i t h 488.0- and 514.5-nm excitation are largely dominated by 
background emission (33). W i t h 632.8-nm excitation (26, 33), Raman shifts 
of 2107 c m " 1 w i t h a shoulder near 2130 c m " 1 were revealed. This hint o f 
more than one acetylenic species is consistent w i t h N M R work (22) that 
revealed more than one residual acetylenic resonance. I n the region o f 
double -bond stretching, shifts of 1427, 1454, 1469, 1486, and 1522 c m " 1 , 
s imilar to those o f the pristine polymer, were noted. F o r the brominated 
material, these vibrations are l ikely to be due to a composite of different 
species that contain brominated double bonds i n the extended conjugated 
backbone and, possibly, F e r m i resonance that involves a backbone double-
b o n d methylene group and a 3,6-dibromocarbazolyl group. T h e most i n 
formative R a m a n spectrum of this material was obtained w i t h 1064-nm 
excitation (20) and is shown i n F igure 2b. Compar i son of this spectrum w i t h 
that of the pristine polymer (F igure 2a) reveals that the shifted lines i n the 
brominated polymer are somewhat broader. T h e shift at 1518 c m " 1 is the 
strongest feature i n F igure 2b, and we recall that a R a m a n shift near 1520 
c m " 1 is characteristic of an extended polyene chain (34). W e conclude, for 
p o l y - D C H B r 6 , that the Raman spectra obtained w i t h 632.8- and 1064-nm 
excitation strongly reinforce the conclusion (22) that this material has been 
extensively converted to a mixed polyacetylene structure. 

I f p o l y - D C H crystals are refluxed w i t h excess bromine without stirring, 
materials that have gained approximately eight B r atoms per repeat unit are 
isolated (19). These materials have some crystallinity and show a shoulder 
near 450 n m i n their solid-state electronic spectra. I n contrast to the 
c o p p e r - b r o n z e color of p o l y - D C H B r 6 , p o l y - D C H B r 8 is straw-colored, w h i c h 
suggests extensive disruption o f the conjugated backbone structure. Solid-state 
N M R studies (22) indicate that the carbazole rings are also brominated i n the 
3 and 6 positions and that remaining bromine atoms are involved i n convert
ing the conjugated backbone to a partially saturated backbone. E lementa l 
analysis of a recently isolated material indicates that nine B r atoms per repeat 
unit are gained b y refluxing p o l y - D C H and bromine with magnetic stirring. 
A l t h o u g h Raman and F T I R spectra of p o l y - D C H B r 8 and — B r 9 are indist in
guishable, the B r 9 material is amorphous by X-ray diffraction. T o date, an 
informative Raman spectrum of these materials has been obtained only w i t h 
632.8-nm excitation; the spectra obtained w i t h shorter wavelengths are d o m i 
nated by emission. F igure 6, for example, reveals the spectrum obtained at 
488.0 n m ; features near shifts o f 2100 and 1500 c m " 1 are barely noticeable. 
F igure 7 displays the spectrum obtained w i t h 632.8-nm excitation, where 
broadened shifts near 2140, 1467, 1453, and 1420 c m " 1 are noted. These 
shifts are sufficiently similar to the shifts of the pristine p o l y - D C H that we 
assume they are due to some l o w concentration of conjugated segments that 
remain at the e n d of the reaction; such segments w o u l d dominate the 
interaction of this sol id w i t h 632.8-nm light. 
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Figure 6. Raman spectrum (488.0-nm excitation) of poly-DC HBr8. 

Just as the monomer D C H B r 4 (4a) was used as a m o d e l c o m p o u n d for 
the solid-state N M R studies (22), we h o p e d to be able to use it as a m o d e l 
for R a m a n studies o f a brominated carbazole. T h e spectra, however, were 
dominated by emission for wavelengths of excitation between 457.9 and 632.8 
n m . O n l y the 632.8-nm spectrum gave hints of Raman lines near 1467, 1325, 
and 1222 c m " 1 . T h e dominat ion by emission i n attempts to record R a m a n 
spectra of 4a are not surprising i n view of the reported (35) phosphorescence 
of 3 ,6-dibrominated carbazoles. 

Raman spectra o f chemically modif ied versions of p o l y - D C H are most 
informatively studied using mult iple wavelengths of excitation. T h e R a m a n 
spectra of p o l y - D C H B r 6 and ~~ B r 8 confirm the conclusions of the solid-state 
N M R studies (22) that although these materials are homogeneous w h e n 
examined by electron microscopy, they are not homogeneous at the molecu
lar repeat level. 

Raman Spectra of PDA Materials Less Well Defined Than 
Single Crystal 

N o t al l P D A materials are as w e l l defined as the foregoing examples of ful ly 
polymerized single crystals. F o r example, there are many instances where 
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Figure 7. Raman spectrum (632.8-nm excitation) of poly-DCHBr8. 

P D A polymer crystals contain significant amounts o f monomer that do not 
polymerize due to a mismatch between monomer and polymer lattices (21). 
Addit ional ly , it does not fol low that i f a diacetylene monomer reacts to give a 
colored product, this colored product has the e n - y n e (21) backbone struc
ture. O t h e r reaction pathways are conceivable. Therefore, i n the absence o f a 
complete crystal structure, other means o f proof o f polymer backbone 
structure are highly desirable, especially for insoluble materials. U s e f u l 
experimental techniques for this purpose include X-ray powder diffraction 
[observation of a 4.9-Â repeat distance (21)], solid-state 1 3 C N M R , and 
Raman spectroscopy. Appl ica t ion of Raman techniques for this purpose 
assumes that the observed spectra are representative of the bulk of a sol id 
sample, not just the surface. 

I f a strongly colored sol id material is the product o f a diacetylene 
polymerizat ion and it exhibits a R a m a n spectrum w i t h shifts near 2100 and 
1500 c m - 1 , it is reasonable to conclude that the material has the e n - y n e 
backbone structure because wel l -def ined P D A crystals have Raman spectra 
that exhibit the normal modes associated w i t h tr iple- and double-bond 
stretching near 2100 and 1500 c m - 1 . This approach is impl ic i t i n the study of 
P D A L a n g m u i r - B l o d g e t t films ( I I ) , where excitation profiles have been 
obtained i n certain cases. 
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W e recently reported the synthesis and study of the solid-state reactivity 
of a series of bis-p-chlorocinnamates of diacetylene diols (24). T h e ester of 
10,12-docosadiyn-l ,22-diol (4b) is thermally stable, but is polymer ized b y 
370-nm light and 6 0 C o gamma radiation to a coppery b r o w n sol id whose 
X-ray powder diffraction reveals a reflection at d = 4.91 Â. T h e R a m a n 
spectrum (632.8-nm excitation) of this material is shown i n F igure 8, and the 
observation of shifts at 2133 and 1448 c m - 1 suggests the usual e n - y n e 
structure for this material. 

I n the course of our studies of the crystal and molecular structure and 
solid-state reactivity of D C H B r 4 , (4a) (36), we also studied the properties o f 
the dark violet largely amorphous sol id f o r m e d b y extended heating above 
200 °C. T h e R a m a n spectrum (632.8-nm excitation) revealed shifts at 2128, 
1481, and 1464 c m - 1 , and this information is sufficient to conclude that the 
product of thermal solid-state polymerizat ion of D C H B r 4 has the usual 
e n - y n e structure. 

Conclusions 

Raman spectroscopy, using excitation i n both transparent and absorbing 
regions, w i l l continue to be a valuable tool i n the study o f the structure and 

^ C l - ^ ~ ^ - CH= CH— C — Ο—(CH2)g — C = C 

Monomer; Co Gamma Polymerization 

2200 2100 2000 1900 1800 1700 1600 1500 1400 

Raman Shift (cm-1) 

Figure 8. Raman spectrum (632.8-nm excitation) of the PDA from monomer 4b. 
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properties of P D A materials and other conjugated polymers. The normal 
modes associated w i t h tr iple- and double-bond stretching, found near shifts 
of 2100 and 1500 c m " 1 , respectively, constitute a very useful s t ructure-prop
erty relationship for the characterization of more complex P D A materials 
than those emphasized i n earlier studies and herein. As an example of a more 
complex P D A system, a recent study of phase separation i n cross-polymerized 
diacetylenes may be ci ted (37) . 

T h e init ial comprehensive studies of R R spectroscopy b y Batchelder and 
co-workers (8, I I , 12), pr imari ly w i t h P D A - P T S single crystals, are of major 
value because the measured excitation profiles allow estimation of the inter
action between an electronic excited state and a vibrational mode. A d d i t i o n 
ally, these studies point the way toward the study of more complex systems. 
T h e studies w i t h single crystals of P D A - D C H and - T H D are an important 
extension of this work because they reveal that dispersion i n R R spectra o f 
P D A crystals may be a relatively widespread phenomenon. The deduct ion 
that disordered P D A surface phases, l ikely formed by failure of the crystal 
surface to control the topochemical and topotactic polymerization, are the 
structural source of the dispersion clearly raises an important issue i n the 
study o f conjugated polymers for electronic and optical applications. 

Dispers ion is a c o m m o n feature of the R R spectra of conjugated macro
molecules less structurally ordered than P D A single crystals. T h e three 
models (namely, amplitude mode, conjugation length, and effective conjuga
t ion coordinate) used to explain the features o f R R spectra of less-ordered 
conjugated polymers were compared recently (38) . W i t h reference to e q 1, a 
given sample of a partially crystalline conjugated polymer may be expected to 
have a variety of conjugation lengths (hence differing E 0 ) , a variety of local 
environments of varying crystallinity (hence variation i n D ) , and, i n the spirit 
of our discussions, the possibility of distinct surface structures. 

There are further indications that the surface topographies of P D A 
crystals are distinct f rom the bulk and may be quite complex. A n atomic force 
microscopy study (39) concluded that the substituent positions of a P D A 
crystal surface layer were different f rom those of the bulk. Indications that 
the surface structure of the P D A of the bis-isopropylurethane of 5,7-dode-
cadiyn- l ,12 -d io l varies f rom crystal to crystal were found i n our R R spectral 
studies using 514.5-nm excitation at ambient temperature (40). This work 
indicated that the number of shifted fines associated w i t h a given normal 
mode, the relative intensity of the lines of a given mode, and the amount o f 
background luminescence change f rom crystal to crystal. W e conclude that 
the foregoing studies are a useful beginning to understanding the potential 
complexity of the surfaces of P D A crystals. 
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Qualitative Identification of Polymeric 
Materials Using Near-Infrared 
Spectroscopy 

Huston E . Howell and James R. Davis 

Research and Development, Fibers Division, BASF Corporation, 
Enka, NC 28728 

During the past decade near-infrared (near-IR) spectroscopy has 
become a widely used analytical technique. Most applications have 
been for quantitative analysis. In the past several years, near-IR 
spectroscopy has been successfully used for qualitative analysis through 
the use of computer-assisted data processing. Two major methods of 
data analysis have yielded successful results: discriminant analysis and 
spectral searching. Discriminant analysis is useful for discrete wave
length spectra obtained with bandpass filters and continuous spectra 
obtained with a scanning monochromator. Spectral searching of first 
derivative spectra is used for continuous spectra from a scanning 
monochromator. In this study, we demonstrate the ability to qualita
tively identify various textile fibers and thermoplastic polymers with 
near-IR spectroscopy using these two methods. 

ΙΝίEAR-INFRARED SPECTROSCOPY has been widely used for over a decade for 
quantitative measurements i n many areas. Extensive calibration algorithms 
and diagnostic statistics have been developed ( I , 2) . Recently the potential o f 
near-IR spectroscopy as a qualitative identification technique has been recog
nized. 

T h e near-IR region is comprised of overtones (1100-1800 nm) and 
combinations (1800-2500 nm) of the fundamental vibrations of the m i d - I R 
region. B a n d assignments for many c o m m o n organic compounds have been 
made ( I , 3). I n general, visual interpretation of spectra is more difficult than 

0065-2393/93/0236-0263$06.75/0 
© 1993 American Chemical Society 
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i n the m i d - I R region because of the nature of the bands (i.e., overtones and 
combinations). T h e spectral bands are often overlapped, and differentiation 
between similar materials appears less definitive than i n the m i d - I R region. 
In spite of these apparent disadvantages, the near-IR region provides useful 
qualitative information, especially w h e n computer-assisted data analysis tech
niques, such as multivariate statistics and spectral searching, are used. 

M a r k and T u n n e l (4) demonstrated the qualitative classification o f 
various materials using discriminant analysis w i t h Mahalanobis distances. L o 
and B r o w n (5) demonstrated the ability to qualitatively identify materials 
using computer ized spectral l ibrary searching. Ciurczak and co-workers (6,7) 
used qualitative near-IR spectroscopy for a variety o f applications i n the 
pharmaceutical area. G h o s h and Rodgers demonstrated the ability to identify 
heat-set type and distinguish nylon 6 f rom nylon 6,6 using near-IR discr imi
nant analysis (8). 

I n this study, we examine the usefulness of near-IR spectroscopy to 
quafitatively identify various textile fibers and thermoplastic polymers. Q u a l i 
tative identification is very important w h e n w o r k i n g wi th polymeric materials. 
Consistency of composit ion, to a large extent, determines the consistency of 
physical properties that impact al l aspects of usage: f rom quality control i n 
manufacturing to performance of the final product . Because our intent was to 
per form an empir ical survey of the qualitative capabilities, we d i d not attempt 
to extensively interpret relationships between spectra and chemical struc
tures. A l t h o u g h such a fundamental exercise w o u l d be useful, it is beyond the 
intended scope of this investigation. Overal l , we found that near-IR spec
troscopy is a very useful technique for the qualitative identification o f 
polymer composit ion, especially w h e n computer-assisted data analysis tech
niques are used. 

Qualitative Identification Using Discriminant Analysis 

Discr iminant analysis using Mahalanobis distances, w h i c h is a multivariate 
statistical technique for classifying groups, has proved to be a powerfu l 
technique i n qualitative spectroscopic identification. This technique was 
demonstrated and thoroughly described b y M a r k and T u n n e l (4). Initially, a 
calibration set that consists of " k n o w n " materials (i.e., standards) is analyzed. 
T h e discriminant analysis program (used i n this study) calculates the ab
sorbance relationships at various wavelengths for each sample, and then 
mathematically selects a set of wavelengths that best reveal the differences 
between groups of materials that are identif ied as being of similar composi
t ion. I n practice, three to six wavelengths usually are adequate to provide 
good classification. F inal ly , the results are expressed as the Mahalanobis 
distances between the various groups. A n intergroup distance 15 or more 
generally indicates that discrimination is feasible. W h e n the calibration is 
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complete, " u n k n o w n s " are analyzed to determine i f they are similar to any of 
the calibration samples. 

Qualitative Identification Using Spectral Searching 

Qualitative identification can also be per formed b y computer ized spectral 
l ibrary searching. T h e spectrum of an u n k n o w n material is compared w i t h the 
spectra of reference materials. This approach is widely used i n the m i d - I R 
region to identify unknown materials. Spectral searching programs may vary 
according to the particular vendor; however, most operate i n the same 
general manner. T h e computer mathematically compares the spectrum of the 
unknown w i t h a set of reference spectra. T h e results are expressed i n a listing 
of reference materials, w h i c h is rank-ordered by the goodness of agreement 
between the spectrum of the unknown and the spectrum of each reference 
material. F o r the particular software used i n this study, the goodness o f the 
match is expressed by a numerica l value cal led the hit quality index ( H Q I ) . A 
H Q I = 0 indicates a perfect spectral match w i t h no dissimilarity. T h e good
ness of match decreases as the H Q I increases. T h e spectral search program 
also displays the spectrum of the unknown material o n the computer monitor 
together w i t h each hit f rom the spectral l ibrary to allow the user to visually 
compare the spectra. 

Experimental Details 

T h e various textile fibers studied include most of those commonly encoun
tered i n the textile industry: poly (ethylene terephthalate) ( P E T ) , polypropy
lene, cotton, acrylic, wool , rayon, and nylon. Spectra o f the fibers were 
obtained for several different forms of each fiber type, such as variable 
deniers, w i t h and without t i tanium dioxide, yarn and fabric form, and staple 
and continuous filament. 

Twenty-five widely used thermoplastic materials were analyzed: poly (vinyl 
chloride) ( P V C ) , poly (vinyl acetate) ( P V A c ) , poly (methyl methacrylate) 
( P M M A ) , poly(vinyl idene fluoride) ( P V D F ) , polyacetal ( P A ) , nylon 6, nylon 
12, nylon 6 - a r a m i d , polyethylene ( P E ) , polypropylene (PP) , poly (methyl 
pentene) ( P M P ) , poly (ethylene terephthalate) ( P E T ) , thermoplast ic 
polyurethane ( T P U ) , poly (butylène terephthalate) ( P B T ) , cellulose acetate 
( C A ) , polysulfone ( P S U ) , poly(aryl ether sulfone) ( P E S ) , polycarbonate ( P C ) , 
poly(phenylene sulfide) (PPS) , poly(aryl ether ether ketone) ( P E E K ) , 
poly(aryl ether ether ketone ether ketone) ( P E E K E K ) , polystyrene (PST) , 
acrylonitr i le-butadiene-styrene ( A B S ) , acrylonitr i le-styrene-acrylate ( A S A ) , 
and styrene-acrylonitri le ( S A N ) . Thermoplast ic materials received i n pellet 
form were ground i n a laboratory m i l l and separated into particle-size groups 
of 20, 30, and > 30 mesh. Powered thermoplastic materials were analyzed as 
received. 
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N e a r - I R spectra were col lected at 4 - n m intervals over the range o f 
1100-2500 n m using a scanning spectrophotometer (Bran + L u e b b e , Infra-
Alyzer mode l 500) connected to a personal computer ( D e l l mode l 310). 
Three scans were averaged for each sample. Spectral data were collected i n a 
quartz-windowed cup containing 2 - 3 g o f sample. A l l spectra were processed 
i n the log (1/reflectance) form. 

Discr iminant analysis using Mahalanobis distances was per formed using 
software provided b y the instrument vendor (Bran + Luebbe) . This program 
performs a mathematical computation that selects a set of wavelengths that 
best describe the differences between the various samples. Simulated filter 
spectra were created using the filter transform software function ( I D A S - P C , 
B r a n + Luebbe) . This procedure converts the continuous scan spectra to the 
spectral form obtained f rom discrete filter instruments, w h i c h are wide ly 
used. Spectral searching was per formed by import ing the spectra into Spec-
tra-Calc (Galactic Industries) software using the Joint Commit tee o n A t o m i c 
and Molecu lar Physics format. Spectral libraries of regular log( l/ref lec tance) 
and first derivative spectra were prepared b y averaging several spectra o f the 
different physical forms of each material . 

Results and Discussion 

Near-IR Spectra. Textile Fibers. T h e near-IR spectra of various 
textile fibers are shown i n Figures 1 - 3 . Significant differences across the 
entire spectral range (1100-2400 nm) are apparent between the spectra of 
polypropylene, acrylic, and P E T shown i n F igure 1. Smaller, but distinct, 
differences around 1500 ( O - H stretch overtone) and 2100 n m ( C - O stretch 
overtone) are seen for the spectra of cotton and rayon i n F igure 2. These 
materials have the same chemical structure (cellulose), but they differ, 
primari ly , i n crystalline phase morphology. Rayon exhibits the cellulose II 
morphology and cotton exhibits the cellulose I morphology. T h e spectra o f 
nylon 6 and nylon 6,6 shown i n F igure 3 exhibit very subtle, but observable, 
differences i n the region above 2000 n m (combination band region). 

F r o m this survey of various fiber types, it is apparent that near-IR spectra 
contain useful qualitative information. These examples clearly show h o w 
sensitive the near-IR region is to subtle chemical differences, and even 
morphological differences of the same chemical composit ion. This result is 
not surprising because the bands i n the near-IR region arise pr imari ly f rom 
C - H , O - H , and N - H functional groups. Qualitative differences i n the 
spectra are further enhanced b y the first derivative spectra. 

Thermoplastic Polymers. T h e near-IR spectra of al l 25 thermoplastic 
materials analyzed were sufficiently different to permit qualitative identifica
t ion. T h e near-IR spectra of two aromatic polyesters, P E T and P B T , are 
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1 1 0 O 1 5 0 0 2 0 0 0 2 5 0 0 

nm 

Figure 1. Near-IR spectra of uncolored polypropylene, acrylic, and PET fibers. 

1 1 0 0 1 5 0 0 2 0 0 0 2 5 0 0 

nm 

Figure 2. Near-IR spectra of uncolored cotton and rayon fibers. 
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1 1 0 0 1 5 0 0 2 0 0 0 2 5 0 0 

n m 

Figure 3. Near-IR spectra of uncolored nylon 6 and nylon 6,6 fibers. 

shown i n F igure 4. Al though these materials have very similar chemical 
structures ( P B T has two additional - C H 2 - groups i n the chain backbone), 
the near-IR spectra are sufficiently different i n the 1600-1800-nm region 
( C - H and C = H stretch overtone) to be distinguished f r o m each other. 

T h e near-IR spectra of three polyolefins, h igh density P E , P P , and P M P , 
are shown i n F igure 5. These materials also have similar chemical structures, 
particularly P P and P M P . P M P has four - C H 2 - groups between each 
pendant - C H 3 group, whereas P P has only two - C H 2 - groups between 
each pendant ~ C H 3 group. T h e spectrum of P E , linear - C H 2 ~ w i t h a minor 
amount of pendant ~ C H 3 groups, is significantly different f rom P P and P M P 
i n the 1600-1800- ( C - H stretch overtone) and 2000-2400-nm (combination 
bands) regions. T h e spectral differences between P P and P M P are very 
slight, but apparent i n the 1600-1800-nm region ( C - H stretch overtone). 
T h e subtle differences are more apparent i n the first derivative spectra. 

F igure 6 shows the near-IR spectra of three structurally similar high-per
formance thermoplastic materials: P E S , P E E K , and P E E K E K . Subtle, but 
distinct, differences are present i n the region above 1800 n m (combination 
bands), particularly i n the first derivative spectra. Similar differences were 
found for other classes of similar thermoplastic materials that have similar 
compositions, such as polyolefins, polyesters, polystyrenes, and polyamides. 

Al though qualitative identification can be per formed by manual inspec
t ion, computer-assisted interpretation provides enhanced capabilities. This 
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i r- f 
1100 1500 2 0 0 0 2 5 0 C 

n m 

Figure 4. Near-IR spectra of PET and PBT 

, , j 
1 1 0 0 1500 2 0 0 0 2 5 0 0 

n m 

Figure 5. Near-IR spectra of PMP, PP, and HOPE. 
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capability is particularly useful i n the near-IR region because band assign
ments are less definitive i n the near-IR region than i n the m i d - I R region. 
Bands i n the near-IR region arise f rom overtones and combinations that tend 
to be broader and more overlapped than i n the m i d - I R region. T w o types o f 
commercial ly available software designed for qualitative classif ication-
identification were evaluated: discriminant analysis and spectral searching. 

Discriminant Analysis. Fibers. W e found discriminant analysis 
using Mahalanobis distances very useful for qualitatively identifying uncol 
ored or l ightly colored fibers and thermoplastic polymers, but problems were 
encountered w i t h dark-colored materials. 

T h e discriminant analysis parameters and results expressed as M a h a 
lanobis distances for the various fibers studied are shown i n Table I. T h e 
magnitudes ( > 15) of most o f the intergroup distances indicate a significant 
discrimination between most of the groups. F o r continuous scan spectra, four 
wavelengths provide a significant discrimination between the various fiber 
types, except for rayon versus cotton. However , these two fibers can be easily 
distinguished f r o m each other b y inspection of the spectra or b y using a 
discriminant analysis search based o n standards o f these two fibers only. T h e 
discriminant analysis results for the same fibers using simulated discrete filter 
wavelengths (i.e., B r a n + L u e b b e mode l 450) are also shown i n Table I. Six 
wavelengths were used to provide intergroup distances comparable to those 
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Table I. Discriminant Analysis Results for Various Fibers Expressed as 
Mahalanobis Distances between Groups 0 

Continuous Discrete 
From To Scan Filters 

Acrylic P E T 38 42 Acrylic 
polypropylene 53 45 
rayon 31 26 
cotton 26 32 
nylon 24 20 

P E T polypropylene 32 33 
rayon 34 35 
cotton 39 21 
nylon 26 41 

Polypropylene rayon 36 49 
cotton 42 41 
nylon 29 46 

Rayon cotton 9 15 
nylon 19 14 

Cotton nylon 20 23 

a Discrimination wavelengths: continuous scan; 2480, 2260, 2440, and 2380 nm; discrete filters: 
1445, 1778, 2139, 2208, 2270, and 2348 nm. 

obtained f rom the continuous scans. These results show that discrete filter 
data are capable o f providing qualitative information, even though visual 
interpretation is more diff icult than w i t h continuous scan data. 

A n x-y plot o f two of the discriminant calibration wavelengths is shown 
i n F igure 7. T h e separation of the various groups (fiber types) is observed, 
although not completely without overlap. Another x-y plot o f two other 
discriminant wavelengths is shown i n F igure 8. Again , resolution of the 
groups is observed, although the pattern is different f rom the pattern i n 
F igure 7. This comparison of two-dimensional projections aids visualization o f 
h o w the separation between groups is increased i n mult idimensional space. 
In this case, four wavelengths (four dimensions) were used i n the discr imi
nant calibration. 

N y l o n 6 and nylon 6,6 were intentionally grouped together as nylon for 
the discriminant calibration i n the set of al l fiber types. Poor resolution 
between these materials was obtained w h e n they were treated separately i n 
the set of al l fibers. However , w h e n nylon 6 and nylon 6,6 samples were 
treated as a separate set, the discriminant calibration showed good discr imi
nation. T h e Mahalanobis distance was 21, w i t h discr imination wavelengths o f 
1759, 2230, 2270, and 2310 n m . I f an u n k n o w n sample were classified as 
nylon, then the discriminant equation developed to specifically discriminate 
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nylon 6 versus nylon 6,6 w o u l d be used to identify the specific nylon type. 
This example implies that discriminant analysis is more powerful w h e n used 
i n a series of classifications that become progressively narrower i n defining 
the differences between groups. 

Discr iminant analysis can also be used to classify groups composed of 
mixtures o f the same materials, such as textile blends. I n manufacturing, the 
consistency of the b l e n d ratio is necessary to maintain constant performance 
attributes of the product, such as dye uptake and other physical properties. 
F igure 9 shows the spectra of rayon, P E T , and two r a y o n - P E T blends. T h e 
results o f the discriminant classification using three wavelengths are shown i n 
Table II . A n x-y plot of two discriminant wavelengths that shows the group 
separation is shown i n F igure 10. These results show that discriminant 

nm 

Figure 9. Near-IR spectra of uncolored rayon, PET, and two rayon/PET 
blends. 

Table II. Discriminant Analysis Results for Rayon-PET Rlends Expressed 
as Mahalanobis Distances between Groups a 

75:25 50:50 PET 

Rayon 592 1539 6348 
75:25 Rayon-PET 947 5756 
50:50 Rayon-PET 809 

a Discrimination wavelengths: 1722, 1734, and 2336 nm. 
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analysis may be used qualitatively, and perhaps quantitatively, to identify 
composit ion variation wi th in a product . T h e technique can be used quantita
tively i n a process control situation by having a calibration f rom compositions 
that represent the lower l imit , upper l imit , and target level . 

Thermoplastic Polymers. Discr iminant analysis also y ie lded successful 
qualitative results for the 25 thermoplastic materials analyzed. T h e discr imi
nant analysis program selected five wavelengths between 2400 and 2500 n m 
that provided the best differentiation between the set of 25 thermoplastic 
materials. T h e 325 intergroup Mahalanobis distances are displayed graphi
cally, rather than i n tabulated numerica l form, i n F igure 11. The y axis is 
truncated at 50 to better show the majority of intergroup values, w h i c h are 
between 20 and 50. O n l y two groups have intergroup distances of less than 
10: nylon 6 versus P V D F and P M M A versus P V D F . T h e spectra of these 
materials are shown i n F igure 12. T h e spectrum of nylon 6 is noticeably 
different f rom that of P V D F , particularly over the range of 1100-2200 n m . 
P V D F and P M M A have more similar spectra, although they are distinguish
able i n the 1500-2000-nm region ( C - H and C = 0 stretch overtones). In 
both cases, the regions where the spectra have the most differences are not 
w i t h i n the 2400-2500-nm region (combination bands) where most of the 
other materials were better differentiated. Twenty intergroup distances are 

POLYMER TYPES 
Figure 11. Mahalanobis distances for the 325 intergroup distances for 25 
thermoplastic polymers. The upper limit is truncated at 50 to better show the 
lower portion of the scale. (A histogram presentation is used instead of the 

conventional x-y form to more clearly show all 325 intergroup values.) 
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9. HOWELL AND DAVIS Near-IR Spectroscopy 277 

between 10 and 20 (poor to marginal separation), and the remaining 303 
intergroup distances are greater than 20 (good separation). 

A severely sloping baseline is a major pit fal l for the discriminant analysis 
approach. F igure 13 shows the spectra of an uncolored (reference) and 
dark-colored (black) acrylic fiber. T h e dye that produces the totally absorbing 
(i.e., black) color i n the visible region appears to be tai l ing into the near-IR 
region. This effect was found to have a severely adverse consequence on the 
discriminant classification. 

First Derivative Near-IR Spectra. Ut i l izat ion o f first derivative 
spectra was found to greatly reduce the adverse effect of a sloping baseline 
due to absorbance f rom dyes and scattering. F igure 14 shows the first 
derivative spectra o f the same two acrylic samples whose regular spectra are 
shown i n F igure 13. N o t e that the first derivative almost eliminates the 
sloping baseline for the black acrylic sample. T h e other advantage of the first 
derivative is that it accentuates the subtle differences of b a n d shoulders and 
b a n d shapes that usually account for the differences between the near-IR 
spectra of similar materials. 

Fibers. T h e first derivative spectra of cotton and rayon shown i n 
F igure 15 are clearly more distinctive than the regular spectra (F igure 2). 
T h e first derivative spectra of nylon 6 and nylon 6,6 shown i n F igure 16 also 
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Γ « 1 — 1 
1 1 0 0 1 5 0 0 2 0 0 0 2 5 0 0 

n m 
Figure 13. Near-IR spectra of an uncolored and dark-colored acrylic fiber. 

nm 

Figure 14. First derivative near-IR spectra of uncolored and dark-colored 
acrylic fiber (as shown in Figure 13). 
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I « 
1 1 0 0 1 5 0 0 2 0 0 0 2 5 0 0 

nm 

Figure 15. First derivative near-IR spectra of uncolored cotton and rayon. 

nm 

Figure 16. First derivative near-IR spectra of uncolored nylon 6 and nylon 6,6. 
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more clearly emphasize the spectral differences i n the 2200-2500-nm region 
(combination bands) than is observed i n the regular spectra (Figure 3). 

Thermoplastic Polymers. T h e first derivative near-IR spectra of P E T 
and P B T are shown i n F igure 17. T h e first derivative significantly enhances 
the observation of the spectral differences compared w i t h the regular spectra 
(F igure 4). T h e first derivative near-IR spectra of three polyolefins ( H D P E , 
P P , and P M P ) are shown i n F igure 18. T h e differences between P P and P M P 
i n the 1700-1800- ( C - H stretch overtone) and 2300-2500-nm (combination 
bands) regions are m u c h more obvious i n the first derivative spectra than i n 
the regular spectra (Figure 5). A similar accentuation i n spectral differences 
revealed by first derivatives is seen for the spectra of P E S , P E E K , and 
P E E K E K shown i n F igure 19. I n particular, the differences between P E E K 
and P E E K E K i n the 2000-2500-nm region (combination bands) are more 
apparent than i n the regular spectra (F igure 6). T h e first derivative spectra of 
nylon 6, P V D F , and P M M A are shown i n F igure 20. These are the three 
materials that were not significantly distinguished f rom each other by discr im
inant analysis. T h e first derivative enhances the spectral differences between 
P V D F and P M M A compared w i t h the regular spectra (F igure 12). 

Near-IR Spectral Searching. Fibers. W e found spectral search
i n g to be very powerful for distinguishing between materials of similar 
chemical compositions, particularly w h e n using first derivative spectra. In al l 
the cases that were tested, the spectral search results obtained f rom first 

I 1 1 

1100 1500 2000 
nm 

Figure 17. First derivative near-IR spectra of PET and PBT. 
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nm 

Figure 20. First derivative near-IR spectra of nylon 6, PMMA, and PVDF. 
These are the three materials that were not differentiated from each other by 

discriminant analysis. 

derivative spectra were better, often significantly, than those obtained f rom 
the log( l/ref lectance) form. A s noted previously, the first derivative accentu
ates the subtle differences o f band shoulders and band shapes that usually 
account for the differences between the near-IR spectra o f similar materials, 
and it eliminates sloping baselines due to varying amounts o f scattering and 
dye absorbance. 

T h e spectral search results for the first derivative spectra of several o f the 
fibers studied are shown i n Table III . T h e results for the rayon " u n k n o w n " 
correctly identify the sample as an exact match w i t h the rayon reference w i t h 
a H Q I o f 0.00. C o t t o n is identif ied as the next closest match w i t h a H Q I o f 
0.24. Al though the spectra o f the two materials appear somewhat similar 
(F igure 15), there is a significant difference i n the H Q I values of rayon and 
cotton to indicate that rayon is b y far the better match. Similar results were 
obtained for P E T . T h e P E T " u n k n o w n " was a perfect match w i t h the P E T 
reference, and no other fiber material was close according to the H Q I values. 

F o r the nylon 6 " u n k n o w n " , the H Q I is 0.00 for the nylon 6 reference 
and 0.03 for the nylon 6,6 reference. A l t h o u g h the numerica l difference 
between the H Q I s of the two nylon types is small , the positive identification 
of nylon 6 is conf i rmed b y visually v iewing the spectra. F o r the black acrylic 
w i t h the sloping baseline (F igure 13), the H Q I of 0.12 for the first derivative 
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Table III. First Derivative Near-IR Spectral Search Results for Fibers 

Hit 
Fiber Library Quality 
Searched Match Index" 

Rayon rayon 0.00 

cotton 0.24 
wool 0.42 
acrylic 0.49 

P E T P E T 0.00 
acrylic 0.31 
nylon 6 0.34 
nylon 6,6 0.34 

Nylon 6 nylon 6 0.00 
nylon 6,6 0.03 
polypropylene 0.30 
wool 0.32 

Acrylic (black) acrylic 0.12 Acrylic (black) 
polypropylene 0.29 
P E T 0.30 
nylon 6,6 0.33 

a A smaller value indicates a better match. 

spectrum (Figure 14) is significantly better for both the closeness o f the 
match w i t h the acrylic reference and the separation f rom other materials. 

Thermoplastic Polymers. Table I V shows some representative first 
derivative spectral search results for various thermoplastic materials. T h e 
P E E K standard i n the l ibrary is consistently the best match for P E E K 
" u n k n o w n s " , although as expected, P E E K E K and P E S are also identi f ied as 
close matches for P E E K (see F igure 6). Similarly, the first derivative spectral 
search results for nylon 6 are consistently correct. E v e n though the near-IR 
spectra of nylon 6,6 and nylon 12 are very similar, there are sufficient 
differences to permit identification of each material . 

T h e P M P " u n k n o w n " was correctly identif ied w i t h an H Q I o f 0.00, 
w h i c h indicates a significant differentiation f rom the P P reference w i t h an 
H Q I o f 0.14 (F igure 18). U s i n g first derivative spectral searching, P V D F was 
correctly identi f ied and significantly distinguished f rom al l other materials; 
however, using discriminant analysis, P V D F was not significantly dist in
guished f rom nylon 6 and P M M A , w h i c h have similar spectra above 2000 n m 
(see F igure 12). 
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Table IV. First Derivative Near-IR Spectral Search Results for 
Thermoplastic Polymers 

Fiber 
Searched 

Library 
Match 

Hit 
Quality 
Index a 

P E E K P E E K 0.02 
P E E K E K 0.06 
P E S 0.10 
polycarbonate 0.14 

Nylon 6 nylon 6 0.00 
nylon 6,6 0.08 
nylon 12 0.21 
nylon 6-aramid 0.21 

P M P P M P 0.00 
P P 0.14 
P E 0.29 
nylon 12 0.32 

P V D F P V D F 0.00 
P V A C 0.26 
P P S 0.27 
P B T 0.27 

a A smaller value indicates a better match. 

Summary and Conclusions 

N e a r - I R spectroscopy can be used to qualitatively identify textile fibers and 
thermoplastic polymers, and probably any other organic material. Qualitative 
identification o f uncolored or l ight-colored materials can be satisfactorily 
achieved by discriminant analysis using Mahalanobis distances w i t h both 
continuous scan and discrete filter spectra. However , discriminant analysis 
using Mahalanobis distances seems less useful for dark-colored materials. 
Spectral searching using the first derivative is the more robust approach 
because it eliminates most of the adverse effect of sloping baselines and 
accentuates the subtle differences between spectra of similar materials. T h e 
use of higher order derivatives (not studied i n this work) w o u l d be expected 
to equal, and possibly exceed, these results. Convent ional near-IR spectrome
ters require a few grams of sample; thus, this technique may not be useful 
w h e n sample size is very small . However , the technique is nondestructive. 
Sampling techniques and accessories capable o f using m u c h smaller sample 
sizes have been ut i l ized i n a few reports. This study is l imi ted i n the n u m b e r 
of sample types. F u r t h e r work i n this area w i t h a greater variety of material 
is needed to better understand the qualitative performance of near-IR 
spectroscopy. 
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Optical Theory and Modeling 
of Gradients at Polymer Surfaces 

Leslie J. Fina 

Department of Materials Science and Engineering, College 
of Engineering, Rutgers University, P.O. Box 909, Piscataway, NJ 08855-0909 

In this chapter the quantitative aspects of depth profiling with vari-
able-angle attenuated-total-reflectance infrared spectroscopy are pre
sented. The equivalence of the electric field intensities in transmission 
and attenuated total reflection are used to derive approximate equa
tions that define the relationship between optical constant gradients 
and the experimental reflected intensities. The equations are compared 
with the exact intensities found with Fresnel coefficients as a way to 
define optimal experimental conditions. The treatment is developed to 
include optical models of concentration and structural gradients and is 
extended to include orientation gradients. Fresnel coefficients and 
electric field intensities are calculated from oriented systems and are 
used to model the reflection properties and to define the accuracy of 
the necessary approximations. 

TOTAL INTERNAL R E F L E C T I O N OCCURS w h e n the refractive index of the 
incident m e d i u m is greater than the refractive index of the second m e d i u m 
and the angle of incidence is greater than the crit ical angle of reflection. In 
the case of nonabsorbing and absorbing media, the incident and reflected 
light coherently interact at the interface to form a standing wave. T h e 
standing wave consists of a sinusoidal variation i n the electric field amplitude 
i n the incident m e d i u m ( I , 2) . T h e electric field amplitude has two compo
nents i n the plane of the interface and one normal to it. T h e components of 
the amplitude i n the plane of the interface are continuous across the 
interface; that is, values i n the denser and rarer media are identical at the 
interface (3) . O n the other hand, the component perpendicular to the 

0065-2393/93/0236-0289$06.00/0 
© 1993 American Chemical Society 
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290 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

interface displays a discontinuity because o f the requirement that the dis
p lacement—not the electric field—be continuous. A l l three components of 
the electric field amplitude decay exponentially f rom the interface, and the 
decaying field has been termed an evanescent wave. W h e n the second 
m e d i u m is nonabsorbing, a l l o f the incident radiation is reflected for light 
both parallel and perpendicular to the plane o f incidence ( p - and s-polarized 
light, respectively). T h e plane o f incidence is def ined by the incident light 
direct ion and the normal direct ion to the interface. I n other words, no energy 
f rom the evanescent wave is transmitted into the rarer m e d i u m . W h e n the 
second m e d i u m is absorbing, the evanescent wave interacts w i t h the m e d i u m , 
the reflectance is reduced, and attenuated total reflection results. 

A n importance difference between transmission and attenuated-total-re
flection ( A T R ) modes involves the spatial orientation o f the electric field. A s 
pointed out by H a r r i c k (2) , Maxwell 's equations for the propagation of 
electromagnetic radiation stipulate that electric vectors only exist perpendicu
lar to the propagation direct ion. I n the case of transmission spectroscopy w i t h 
unpolar ized light, only those dipoles that are perpendicular to the direct ion o f 
propagation or have nonzero component projections o n the perpendicular can 
be observed. This "def ic iency" most often has been c ircumvented w i t h 
t i l ted-f i lm transmission spectroscopy (4-6). O n the other hand, i n A T R 
spectroscopy unpolar ized incident radiation contains electric vectors w i t h 
nonzero components i n al l three spatial directions, w h i c h is also true o f the 
standing and evanescent waves. W i t h s-polarized fight the electric vector is 
confined to the direct ion perpendicular to the plane o f incidence; w i t h 
p-polar ized light the electric vector is i n the plane of incidence. T h e existence 
of electric vectors i n three dimensions i n A T R has been used successfully to 
probe oriented polymer systems. 

T h e first quantitative treatment of oriented polymers was given b y 
F l o u r n o y and Schaffers (7) , w h o der ived equations to describe the exact 
reflectance f rom a homogeneous system of anisotropic optical constants. 
These expressions require no assumptions and are based o n reflection coef
ficients equivalent to the isotropic Fresne l coefficients. W i t h the assumptions 
that (1) the attenuation index ( κ ) is less than 0.1 (where k = ηκ, η is the 
refractive index, and k is the absorption coefficient) and (2) the refractive 
index anisotropy is negligible, equations for the reflectances can be reduced 
to the commonly used form (7) 

In Rs = —AKX 

lnRp= —BKy — CKZ 

Rs and Rp are the experimentally observed intensities; A , B, and C are 
functions of the refractive index ratio and the angle of incident light. T h e axis 
system for these equations as w e l l as the rest of this chapter is defined i n 
F igure 1. Applicat ions o f these formulations can be found elsewhere (8-1 J) . 
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10. FINA Optical Theory and Modeling of Gradients 291 

A T R spectroscopy commonly has been used to probe optical constant 
gradients i n a qualitative or semiquantitative way. B y varying the angle of 
incidence, the exponential decay of the evanescent wave changes. T h e point 
at w h i c h the wave decays to the negative exponent ( β - 1 ) of its surface value 
is def ined as the depth of penetration Wp). T h e same depths are probed w i t h 
large angles of incidence (equivalent to small d?) as w i t h small angles of 
incidence, where the angle o f incidence is def ined as the angle between the 
normal to the interface and the light propagation direction. T h e size of the 
angle of incidence does not affect the probe depths because the field 
amplitudes, although small at distances remote f rom the interface, never go 
to zero. However , the reflected signal is more heavily weighted f rom distances 
less than the <ip. Examples of the semiquantitative use of the <ip or the 
related effective thickness parameter (de) to a change i n concentration or 
structure can be found i n the literature (JO, 12-14). 

T h e first quantitative demonstration of the use of A T R spectroscopy to 
probe optical constant gradients was given b y H i r s c h f e l d (15), w h o expanded 
equations given earlier b y H a r r i c k ( I ) . T h e absorption intensities were 
described by a Laplace transform of the absorption coefficients. T o find 
concentration gradients that are represented i n absorption coefficients as a 
function of depth f rom the interface, the absorption intensities were calcu
lated by inverse Laplace transformation. A close approach to the crit ical angle 
is necessary to obtain a physically meaningful solution to the inverse trans
form. T h e methodology was appl ied to water on the surface of glass and 
silicone o i l o n polystyrene ( J5) . A n alternate derivation to that of H i r s c h f e l d 
can be found elsewhere (16). 

T h e remainder of this chapter is d iv ided into two sections. T h e first 
section describes the use of optical theory to define and model the interaction 
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292 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

of internally reflected light w i t h materials i n w h i c h the absorption coefficient 
varies w i t h depth f rom the interface. I n this form the theory can be used to 
mode l gradients i n concentration or to calculate the gradients f rom variable-
angle A T R data. T h e second section describes how the treatment is extended 
to include optical interactions i n the presence o f orientation gradients. 

Concentration Gradients 

Quantitative treatments of the interaction of infrared radiation w i t h an 
absorbing material are based o n the calculations of the Fresne l reflection and 
transmission coefficients (17), w h i c h are defined as the ratio of the complex 
electric field amplitudes of the reflected or transmitted waves to the incident 
wave. T h e Fresnel coefficients are appl ied to isotropic-plane parallel layers of 
arbitrary optical constant inhomogeneity between layers and can be used to 
calculate the reflectance or transmittance exactly. T h e particular advantage of 
the use of Fresnel coefficients is their completely general nature; that is, 
diverse situations of internal reflection, external reflection, refraction, and 
transmission can be predicted f r o m one unifying set of equations. A d d i t i o n 
ally, the presence of an evanescent wave i n internal reflection is a direct 
result of the treatment. 

Fresnel coefficients are derived on the basis of isotropic layers and, 
therefore, cannot be directly used to mode l a gradient i n optical constants 
perpendicular to the interface. However , it is conceivable that a matrix 
treatment of η plane parallel layers such as given by Heavens (18) can be 
used to calculate the reflection properties f rom an optical gradient by 
allowing the number of layers η to approach infinity and the layer thickness 
to approach zero. D u e to its considerable simplicity (19), an alternate 
method presently is employed to m o d e l structural gradients. T h e starting 
point for the derivation of equations capable of model ing an optical gradient 
at an interface is the equivalence of the electric field intensities ( £ ) i n two 
media: 

n.iEf) = n 2 <E|> (1) 

T h e absorption of energy i n a transmission experiment (T) is proport ional to 
(Ej)de, where de is the thickness i n transmission that is equivalent to the 
thickness i n an attenuated-total-reflection experiment. Because the absorp
t ion of energy i n a reflection experiment is proport ional to the integral of the 
electric field intensity over distance (z), we can write 

V E f Κ ( θ ) = f <Ef> dz (2) 
cos θ «'ο 
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10. FINA Optical Theory and Modeling of Gradients 293 

T h e 1/cos θ term i n eq 2 takes into account the change i n beam diameter 
between transmission at normal incidence and reflection at angle Θ. Fur ther 
more, the electric field intensity decays exponentially f rom the surface value, 
( £ | 2 ) , i n an A T R experiment. T h e rate of decay is def ined b y the depth o f 
penetration Wp). Equat ion 2 can now be modif ied to 

< Ε | Κ ( Θ ) = ^ ^ f ( E * 2 ) e J - - ^ - ) d z (3) 
nx cos θ J0 \ α ρ ( θ ) / 

where ζ is the distance perpendicular to the interface and is defined as 
positive i n the probed material. I f we allow (E*) to be unity (20) , then a 
definit ion of the effective thickness (de) results: 

de(*) = ^ - ~ r f exp - 7 7 - \ d z (4) 
ηλ cos θ Λ) \ ^ ρ ( θ ) / 

I n this form de can be used to mode l the reflected intensities w i t h Beer s 
law. B e e r s law can be wri t ten for reflection i n the form 

/ 4irkdp \ 4irkde 

B = exp _ ^ | = i - _ i (5) 

for small values of the absorption coefficient k, where λ is the wavelength of 
incident fight. Because e q 5 is an approximation, it is instructive to examine 
the conditions under w h i c h the approximation is accurate. B o t h the right- and 
left-hand equalities require k to be small . A comparison of exact intensities 
calculated w i t h Fresnel coefficients and approximate intensities calculated 
w i t h e q 5 defines the limits of accuracy. This comparison is shown i n F igure 2 
for three angles of incident light. T h e curves are based on n x = 2.42, 
η2 = 1.50, X = 10/3 μπι, and s-polarized light, w h i c h is along the χ axis i n 
F igure 1. T h e figure indicates that at h igh angles of incidence the approxima
t ion holds i n a large range of k values. Close to the crit ical angle of 38.3° the 
curves diverge at large k values. 

T h e linearity of the absorption coefficient w i t h reflection expressed i n e q 
5 can be combined w i t h the definit ion of the effective thickness i n e q 4 to 
y ie ld 

where n 2 1 is the refractive index ratio n2/nl. E q u a t i o n 6 is based o n the 
assumption that i « 1, w h i c h is true for most polymer absorption bands, 
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* -1 1 1 1 1 1 
0.00 0.04 0.08 0.12 0.16 0.20 

ABSORPTION COEFFICIENT (k) 

Figure 2. Comparison of the calculated s-polarized reflected intensities for two 
models of interaction. The top curve in each set is from the first equality in eq 5, 
and the bottom curve represents the exact intensities calculated from isotropic 
Fresnel coefficients. The angles of incident light used in the calculations are 

shown. 

and that the refractive index gradient is negligibly small and can be repre
sented by a constant value n2(z) = n2. T h e electric field intensity of e q 6 i n 
each direct ion of Cartesian space can be calculated f rom (17, 20) 

<Ef ,> = | ί / β χ ρ ( 4 ι 4 ΐ π ι ξ ) 

(El) 

exp ( 4 τ τ - Ι π ι ξ 

ηλ sin θ 
e x p ^ T T — I m ξ j 

(7) 

(8) 

(9) 

where 

6 = (»I e)1 
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In eqs 7 -9 , t is the Fresnel transmission coefficient found w i t h h = η — ik 
and I m ξ is the imaginary part o f ξ. T h e ( E 2 ) for p-polar ized light contains 
components f rom both y and ζ directions. B o t h polarizations can be 
combined as 

(Elp) = (|sin θ / + Icos θ 2 | 2 ) | ί / e x p j ^ I m ξ ) (10) 

where θ 2 is calculated f rom SnelPs law nl sin θ χ = n2 sin θ 2 . I n eqs 7 -10 the 
value of the electric field intensity at the surface and i n m e d i u m 2, (EQ2), 
can be found by setting ζ = 0. T h e electric field intensities at the boundary 
of an internal reflection element and an absorbing material are shown i n 
Figure 3. T h e sol id lines are calculated for an isotropic p r o b e d material w i t h 
refractive index n 2 = 1.50 and absorption coefficient k2 = 0.01 and a nonab-
sorbing internal reflection element of ηλ = 2 .42 and kx = 0. T h e magnitudes 
are relative to a value of unity for the incident beam. T h e large values o f 
< E Q 2 > i n the χ and ζ directions near the crit ical angle of internal reflection 

Incident Angle 
Figure 3. Electric field strengths at the interface of an internal reflection element 
(rij = 2.42 and k1 — 0) and a probed material. Solid lines are calculated for an 
isotropic material (n2 — 1.50, k 2 = 0.01) and dotted lines represent a uniaxially 
oriented material with chain axes in the χ direction and dipoles parallel to the 

chain axes (nx = 1.60, ny = nz = 1.40, kx = 0.01, ky = k z = 0.00). 
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296 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

(38.3°) account for the high surface sensitivity of A T R spectroscopy. T h e 
dotted lines are calculated for an oriented system that w i l l be discussed later. 
T h e effect of nonzero k values o n (EQ2X) are shown i n F igure 4 for 
5-polarized light. N o n z e r o k values reduce the field significantly at incident 
angles close to the crit ical angle. T h e crit ical angle occurs at the discontinuity 
i n curve A . U n d e r conditions of small k values and incident angles that do 
not approach the crit ical angle, the influence of k on the electric field and o n 
the depth of penetration can be neglected. Equations 7 - 1 0 can be reduced to 

INCIDENT ANGLE 

Figure 4. The dependence of the interfacial electric field strength on the 
absorption coefficient: A, k = 0.00; B, k = 0.02; C, k = 0.06; D,k = 0.10. 
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and the depth of penetration reduces f rom the complex form 

λ 

4 IT I m ( n 2 cos θ 2 ) 

to the real form 

4 ( θ ) = 
4 τ τ ( η 2 s i n 2 8 - n | ) 1 / 2 

Substitution of the fc-independent field strengths given i n eqs 11 and 14 into 
6 yields the reflectance for s- and p-polar ized light: 

1 -
1 6 τ τ η 9 1 cos θ roo ( ζ \ 

1 6 τ τ η 2 1 cos 0 ( 2 s i n 2 θ — n| x ) ^ 

1 " β ρ ( θ ) = X ( l - n L ) [ ( l + n L ) s i n 2 9 - n y i 0
 W 

X 

exp 
^ ρ ( θ ) 

dz (16) 

W h e n k(z) is a constant, that is, w h e n no gradient exists, eqs 15 and 16 
reduce to 

1 - Η . ( Θ ) = 

1 - Η Ρ ( Θ ) = 

4 n 2 1 l c s cos θ 

( l - n 2
2 1 ) ( n 2 s i n 2 0 - n 2 ) 

1/2 

4n21kp cos 9 ( 2 s i n 2 θ — n| x ) 

(1 - n 2
2 1 ) [ ( l + n 2

2 1 ) s i n 2 θ - n 2
2 1 ] ( n 2 s i n 2 θ - n 2 ) 1 / 2 

(17) 

(18) 

Equations 15-18 require k to be small so that the influence of k on ( E 2
2 > , 

d p , and η is negligible. W h e n gradients do exist, the integrals i n eqs 15 and 
16 can be solved by assuming that the absorption coefficient gradient is 
composed of discrete depth increments. U n d e r these conditions the integral 
is replaced by a summation and the integral becomes 

z = 0 
exp -

<* ρ (θ) 
exp 

ζ + Az 

4,(e) 
k(z) (19) 
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where Δ ζ is the depth interval i n w h i c h k is constant and Ν is the depth 
where the electric field strength is negligibly small . Equations 15 and 16 
substituted w i t h e q 19 are programmable o n a computer for solutions to the 
inverse Laplace prob lem by minimizat ion of the sum of the difference of the 
squares of experimental and calculated reflected intensities. 

Orientation Gradients 

U p to this point the optical equations necessary for understanding the 
attenuated-total-reflectance properties of materials that exhibit concentration 
gradients as a funct ion of distance f rom an interface have been defined. T h e 
types of gradients that can be characterized w i t h variable-angle A T R spec
troscopy are not l imi ted as i n the past (15, 16), to the characterization o f low 
molecular weight l iquids o n solid surfaces. Potentially, any gradient i n w h i c h 
the optical constants differ between the surface and the bulk can be def ined 
b y use of the previous formulations. T w o areas are worthy of further attention 
i n the development of the methodology: 

1. T h e influence of the refractive index gradient on the calculation 
of absorption coefficients. I n the previous treatment the refrac
tive index gradient was ignored, w h i c h is a reasonable approxi
mation w h e n the surface and bulk species do not differ signifi
cantly. 

2. T h e untested potential of the method to define gradients i n 
orientation. 

T h e remainder o f this section is concerned w i t h the model ing o f orienta
t ion and orientation gradient systems and the predicted accuracy of the 
results. T w o types of m o d e l systems w i l l be used: ( l ) an oriented polymer 
matrix containing no gradients, described as homogeneous oriented, and (2) 
an oriented matrix containing depth-dependent optical constant gradients, 
t e rmed gradient oriented. 

A n early description of the use of Fresnel coefficients to define the 
optical properties of a homogeneous-oriented polymer i n attenuated total 
reflectance is given by F l o u r n o y and Schaffers (7) . This work is relevant to 
the current study i n that the exact reflectances f rom an oriented film can be 
calculated and compared w i t h the approximate Laplace transform treatment. 
T h e exact relationships that allow the 5- and p-polar ized reflectances to be 
f o u n d i n homogeneous-oriented systems are 
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n ^ n 2 — n\ s i n 2 θ ) 1 / 2 — nynz cos θ 

P %(^2 — n\ s i n 2 θ ) 1 / 2 + nynz cos θ 

K = pp* 

where ρ is a type of Fresne l coefficient. These relationships are used i n 
F igure 5 to determine the circumstances, i f any, under w h i c h the refractive 
index anisotropy can be ignored. T h e top two curves are the s-polarized 
reflectances w i t h kx = 0.01 and the bottom two are w i t h kx = 0.10. W i t h i n 
each set, the top curve is calculated w i t h nx = 1.50, w h i c h is def ined as 
isotropic. In the bottom curve i n each set, nx = 1.57, w h i c h is a typical value 
of the refractive index along the chain axis i n uniaxially oriented polymers. In 
the bottom set of two curves, where kx = 0.10, the refractive index anisotropy 
is negligible only at very h igh angles of incident light. W i t h small it values as 
i n the top two curves, the refractive index anisotropy is negligible at incident 
angles greater than ~ 12° above the crit ical angle (38.3°) . Similar behavior is 
displayed for p-polar ized light (not shown). T h e conclusion that can be drawn 

Incident Angle 
Figure 5. Calculated exact s-polarized reflected intensities from a uniaxially 
oriented polymer with chain axes aligned along the χ direction. Equations 
20-22 are used in the calculations. In the top two curves, k x = 0.01; in the 
bottom two curves, k x = 0.10. The top curve in each set has refractive index 
isotropy nx = 1.50; the bottom curve has refractive index anisotropy n x = 1.57. 

(21) 

(22) 
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300 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

f rom F igure 5 is that the refractive index anisotropy generally cannot be 
neglected i n wel l -or iented polymers. 

As i n the analysis of concentration gradients, the theory has not been 
developed to characterize orientation gradients w i t h Fresnel coefficients. T o 
understand the use of Laplace transforms for orientation gradient systems, 
homogeneous-oriented systems are further examined. T h e electric field inten
sity at the surface is directly proport ional to the reflectance i n e q 6. T h e fields 
can be calculated for oriented systems w i t h eqs 7 - 9 w h e n the oriented 
Fresnel coefficients are found. Methods described elsewhere (18, 21-23) are 
used to calculate transmission coefficients f rom optically anisotropic poly
mers, and the resulting surface electric fields are shown as dotted lines i n 
F igure 3. T h e oriented fields were found by using kx = 0.01, ky = kz = 0.0, 
nx = 1.60, and ny = nz = 1.40. These optical constants are representative of 
perfect uniaxial orientation w i t h dipoles aligned parallel to the chain axis and 
the chains aligned i n the χ direct ion of the laboratory frame of reference (see 
Figure 1). F igure 3 indicates a substantial crit ical angle shift as a result of 
orientation. T h e shift is pr imari ly a result of the refractive index anisotropy 
and displays very little dependence on the absorption coefficient anisotropy. 

T h e Laplace equations 15 and 16 can be used directly to calculate 
reflected intensities of homogeneous uniaxially oriented systems. As i n the 
case of concentration gradients presented earlier, the accuracy of the 
Laplace-calculated intensities is indicated by a comparison w i t h the exact 
reflected intensities f rom oriented systems. Exact intensities as a funct ion of 
absorption coefficient are calculated w i t h eqs 2 0 - 2 2 and are shown i n F igure 
6 for p-polar ized fight along w i t h Laplace-calculated intensities determined 
w i t h e q 18. T h e optical parameters used i n the calculations are nx = 1.60 and 
ny = nz = 1.40. T h e figure is analogous to F igure 2, but a linear relationship 
is used to calculate the approximate intensities (eq 18) instead of an exponen
tial relationship (eq 5). In the homogeneous-oriented systems examined here, 
the accuracy of the Laplace-calculated intensities follows trends similar to 
isotropic systems; that is, h igh angles of incidence and small k values provide 
the greatest accuracy. T h e use of s-polarized radiation produces calculated 
intensities similar to those i n F igure 6. 

T o account completely for orientation gradients w i t h the use of optical 
constants, determination of the influence of gradients i n both absorption 
coefficient and refractive index o n the reflected intensities is necessary. I n 
this case, the general form of the Laplace transform is 

4ir<f£> -« / ζ \ 

' - ^ v ^ o " * ( z ) M * H ~ ^ r ( 2 3 ) 

Equat ion 23 assumes a negligible gradient dependence of <ip and (EQ2). T h e 
use of discrete depth intervals allows the 5- and p-polar ized reflectances to 
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Absorption Coefficient (k) 
Figure 6. Comparison of the calculated ^-polarized reflected intensities for two 
models of interaction. The curves are analogous to Figure 2 but for oriented 
systems. Incident light angles are shown. The top curves in each set are the 
exact reflected intensities calculated with anisotropic Fresnel coefficients (eqs 
20-22). The bottom curves in each set are the Laplace intensities calculated 

with eq 18. 

be modeled by assuming the form of the optical constant gradients. This 
model ing has been done i n F igure 7 for s-polarized radiation. T h e gradients 
used i n the calculations are l inear and vary f rom a depth of 0 to 0.7 μιχι, 
w h i c h is w i t h i n the depth of penetration. A t distances greater than 0.7 μ m 
the optical constants are h e l d constant. Addit ional ly , i n al l calculations the 
values of the optical constants at the surface are h e l d constant to assure that 
observed differences i n reflected intensities are due only to the absence or 
presence of optical constant gradients. T h e lowest curve represents a homo
geneous-oriented system (where no gradient exists). T h e highest curve is 
calculated for gradients i n both n2 and k2, where n2 decreases f rom a 
surface value of 1.50 to a bulk value of 1.40 and k2 decreases f rom 0.01 to 0. 
T h e middle two curves represent hypothetically oriented systems. I n the 
dotted curve, k2 varies f rom 0.01 at the surface to 0 i n the bulk whi le n2 is 
h e l d constant. T h e large-dashed curve is calculated for an n2 variation of 1.50 
at the surface to 1.40 i n the bulk whi le k2 is h e l d constant. T h e curves i n 
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Incident Angle 
Figure 7. Calculated intensity curves for gradients in the refractive index (n2) 
and absorption coefficient fk2). Solid line, gradients in n2 and k2; small 
dashes, no gradients; large dashes, gradient in n2 only; dots, gradient in k2 

only. 

Figure 7 illustrate that gradients result i n significant intensity changes i n the 
lower half o f the incident angular range and, therefore, can be used to define 
orientation gradients. Also , the relatively small differences between the curve 
wi th gradients i n both n2 and k2 (solid line) and the curve w i t h a gradient 
only i n k2 (dotted line) suggest that the refractive index gradient can be 
neglected i n calculations of the inverse Laplace transform w i t h experimental 
data. I n contrast, the refractive index anisotropy at the surface cannot be 
neglected. 

Applications of the methods described i n this chapter to conformational 
concentration gradients at polymer surfaces can be found i n reference 19. 

Summary 

T h e electric field intensity equivalence between transmission and attenu
ated-total-reflection modes has been used to establish an optical basis for 
model ing reflectance properties o f polymer interfaces that contain concentra
tion, structure, and orientation gradients. Exact calculations of reflected 
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intensities i n gradientless systems are found f rom Fresnel coefficients and are 
compared w i t h calculations of approximate intensities f rom Laplace trans
forms that are capable of handl ing optical constant gradients. M o d e l i n g 
studies of homogeneous-oriented and gradient-oriented systems indicate that 
the Laplace treatment is accurate at low-absorption large angles of incidence 
and w h e n the refractive index gradient is neglected. Conversely, the anisotropy 
i n the refractive index at the surface of a polymer cannot be neglected. 
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Film-Air and Film-Substrate 
Interfaces of Latex Films Monitored 
by Fourier Transform Infrared 
Spectroscopy 

Timothy A. Thorstenson, Kevin W. Evanson, and Marek W. Urban* 

Department of Polymers and Coatings, North Dakota State University, 
Fargo, N D 58105 

The mobility of surfactants within latex films composed of ethyl 
acrylate and methacrylic acid is monitored via attenuated total re
flectance-Fourier transform infrared spectroscopy. Ionic surfactants 
are found to exhibit a degree of incompatibility with the acrylic 
copolymer that results in their exudation to the film interfaces. Interfa-
cial surface tension and elongation enhance exudation of surfactant to 
the interfaces. Neutralization of the copolymer acid functionality, 
however, inhibits the surfactant exudation. This inhibition is at
tributed to increased surfactant-copolymer compatibility that results 
from the formation of surfactant-copolymer complexes that become 
buried in the film during coalescene. In contrast to these observations, 
lattices prepared with a nonionic surfactant exhibit no exudation, 
which is attributed to a greater degree of surfactant-copolymer com
patibility. 

SURFACTANTS PLAY A VITAL R O L E IN L A T E X T E C H N O L O G Y , bo th i n the synthe

sis of the latex and as postsynthesis additives. T h e postsynthesis additives have 
a major influence on the stabilization of the latex against coagulation, the 
modification of rheological properties, and the dispersion and stabilization of 
pigments. Despite their utility, these low molecular weight species can also 

* Corresponding author. 

0065-2393/93/0236-0305$07.75/0 
© 1993 American Chemical Society 
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306 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

give rise to a host of undesirable properties. I f the surfactant is incompatible 
w i t h the polymer system, it can exude to the latex film interfaces, w h i c h 
results i n optical defects, premature degradation, or a loss of adhesion. Thus , 
s tructure-property relationships i n lattices are critical. 

Al though the importance o f surfactants and the potential problems 
associated w i t h their use are w e l l established, relatively little work has been 
done w i t h regard to surfactant-polymer compatibil i ty and surfactant dynam
ics w i t h i n latex films. A series o f styrene-butadiene (SB) lattices prepared 
w i t h nonylphenol ethylene oxide surfactants were examined via electron 
microscopy ( I ) . T h e compatibil i ty of the surfactants w i t h the nonpolar S B 
lattices was found to decrease w i t h the increasing polarity o f surfactant. O n 
the other hand, i n the more polar v inyl acetate-vinyl acrylate lattices pre
pared w i t h the same nonionic surfactants, surfactant adsorption increased 
w i t h the higher polarity of the latex due to greater v inyl acetate content (2) . 
Apparently , the hydrolysis of v inyl acetate groups to form poly(vinyl alcohol) 
provides O H functionality w i t h w h i c h the polyether oxygens of the surfactant 
interact. This mechanism is w h y the formation of polymer-surfactant c o m 
plexes may affect copolymer-surfactant compatibil i ty and the classification o f 
various surfactants into penetrating and nonpenetrating types may be val id 
(3) . This classification was proposed (4) for a series o f v iny l acetate-vinyl 
acrylate lattices, w h i c h exhibit increasing copolymer polarity that results i n 
i n d u c e d penetration of anionic surfactants into the latex particles. These 
assessments were based on viscosity studies, and the effect was attributed to 
the formation of polyelectrolyte-type solubil ized polymer-surfactant c o m 
plexes. Apparently, the polymer chains uncoi l , w h i c h results i n acetyl groups 
being pushed into the aqueous phase, where surfactant molecules readily 
adsorb o n the polymer chains; this leads to the increased solubility of these 
segments (3). As expected, penetration of the surfactant depended o n a 
crit ical size, the charge density at the p o l y m e r - w a t e r interface, and a shape 
conducive to penetration. I n the case of nonionic surfactants, the surfactant 
concentration was found to decrease w i t h increasing polarity while , at the 
same t ime, inhibi t ing penetration by the anionic surfactants. 

T h e presence of interfacial surface tension at the p o l y m e r - w a t e r inter
face may affect the degree of surfactant adsorption o n various polymer 
surfaces (4, 5). T h e surface area per molecule of sodium dodecyl sulfate 
( S D S ) surfactant on a latex polymer particle increases w i t h the increasing 
polarity of the p o l y m e r - w a t e r interface. T h e dr iving force for the adsorption 
of surfactant at various p o l y m e r - w a t e r interfaces was suggested to be related 
to the differences i n the interaction energy between the surfactant molecules 
and the surface i n question. 

O n a similar note, it is reasonable to expect that the surface free energy 
of the substrate may influence the distr ibution of surfactant wi th in the latex 
film. Bradford and Vanderhoff (6 ) prepared styrene-butadiene copolymer 
latex films on a variety of substrates inc luding poly(tetrafluoroethylene) 
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11. THORSTENSON ET AL. Film-Air and Film-Substrate Interfaces 307 

( P T F E ) , poly(ethylene terephthalate) ( M y l a r polyester), rubber, and mercury 
and examined the film-air and film-substrate interfaces via electron m i 
croscopy. Al though differences were observed for the film-substrate inter
faces, they were assessed as be ing too small for further analysis and consider
ation. It was concluded that the surfactant exudation and film formation 
behavior at the film-substrate interface was closely parallel to that at 
the film-air interface. However , as a recent study suggests, this is not the 
case (7) . 

Zhao et al . (8 , 9) employed attenuated total re f lec tance-Four ier trans
form infrared spectroscopy, ( A T R - F T I R ) X - r a y photoelectron spectroscopy 
(XPS) , and secondary-ion mass spectrometry ( S I M S ) to examine the film-air 
and film-substrate interfaces of butyl acry la te -methl methacrylate lattices 
prepared using the anionic surfactants sodium dodecyl sulfate ( S D S ) and 
sodium dodecyl d iphenyl disulfonate ( S D E D ) . I n this case, the latex films 
exhibited enrichment at both the film-air and film-substrate interfaces. T h e 
extent of enrichment was found to be dependent on the nature of the 
surfactant, the coalescence t ime, the global concentration of the surfactant, 
and the interface involved; the film-air interface showed a greater degree o f 
enrichment. S D S was found to form a thick boundary layer at the film-
substrate interface. This "weak boundary layer" (9) , w h i c h causes major 
adhesion problems, was attributed to a lesser degree of compatibil i ty w i t h the 
copolymer. Surfactant enrichment was attributed to three factors: (1) in i t ia l 
enrichment at both interfaces to lower interfacial free energy, (2) enrichment 
at the film-air interface due to the transport o f nonadsorbed surfactant b y 
the water flux out of the film, and (3) longer term migration to both 
interfaces due to surfactant incompatibil i ty. T h e molecular level interactions 
governing surfactant behavior were not addressed. 

Surfactant-Copolymer Interactions 

Although the previous studies provided some insight into the factors govern
i n g surfactant compatibil i ty and surfactant exudation behavior, they generally 
were confined to the study of either a specific series of lattices or a specific 
series of surfactants and, as such, it is difficult to assess the ultimate chemical 
factors that govern surfactant-polymer interactions. Evanson and U r b a n (10) 
began a systematic examination of surfactant-copolymer interactions w i t h the 
study of an ethyl acrylate-methacrylic acid ( E A - M A A ) latex prepared w i t h 
sodium dioctyl sulfosuccinate ( S D O S S ) surfactant via attenuated total re
flectance ( A T R ) and photoacoustic ( P A ) F o u r i e r transform infrared ( F T I R ) 
spectroscopy. Surfactant behavior at the film-substrate interface was m o n i 
tored dur ing coalescence v ia circle cel l A T R - F T I R spectroscopy. F igure 1 
shows the 1070-960-cm ~ 1 region of the spectra recorded dur ing coales
cence. A l t h o u g h the spectrum acquired 5 m i n after deposition of the latex 
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Figure 1. Circle ATR-FTIR spectra in the 1070-960-cm~1 region collected as a 
function of time for the EA-MAA latex as it coalesces: A, 5 min; B, 30 min; and 
C, 4 h. (Reproduced with permission from reference 10. Copyright 1991 Wiley.) 

film (trace A ) exhibits surfactant enrichment, as evidenced by the shoulder at 
1046 c m - 1 attributed to the symmetric S - O stretching mode of S 0 3 , the 
intensity of this band decreases w i t h t ime and is no longer present after 4 h of 
coalescence. A s shown i n F i g u r e 2, the preceding observation parallels the 
intensity decrease of the broad band at 3400 c m ~ 1 due to water. 

I n contrast to these results, the spectrum of the film-air interface of the 
ful ly coalesced latex film shown i n trace A of F igure 3 indicates surfactant 
enrichment to this interface, as demonstrated by the presence of the bands at 
1046 and 1056 c m - 1 , also attributed to the symmetric stretching mode of 
S 0 3 . Temporar i ly postponing the evaluation of these bands unt i l later, it was 
found that the excess surfactant could be removed f rom the surface of the 
film by washing w i t h dilute aqueous methanol . T h e A T R - F T I R spectrum of 
a surface-washed sample is shown i n trace C of F igure 3, and the bands due 
to surfactant at 1046 and 1056 c m - 1 are clearly absent. O n the basis of these 
results it was conc luded that although there is an init ial surfactant enrichment 
at the film-substrate interface, this excess of water-soluble surfactant is 
carried to the film-air interface by the water flux that passes between the 
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3400 
I 3250 

3800 3500 3200 2900 2600 

Wavenumbers (cm~1) 

Figure 2. Circle ATR-FTIR spectra in the 3800-2600-cm ~1 region collected as 
a function of time for the EA-MAA latex as it coalesces: A, 5 min; B, 30 min; 
and C, 4 h. (Reproduced with permission from reference 10. Copyright 1991 

Wiley.) 

latex particles dur ing coalescence, and the final coalesced latex film exhibits 
surfactant enrichment only at the film-air interface. 

It is apparent from the preceding results that the spectra of the 
film-substrate interface of the latex film revealed a single band due to the 
symmetric S - O stretch of S 0 3 located at 1046 c m - 1 , w h i c h diminishes i n 
intensity as coalescence proceeds. T h e film-air interface, however, exhibited 
two bands located at 1046 and 1056 c m " 1 . In contrast to these results, the 
transmission F T I R spectrum of neat S D O S S surfactant showed only a single 
band centered at 1050 c m " 1 . These observations indicate that the S - O 
stretching mode is sensitive to the local environment changes around the 
sulfonate group that alter local symmetry i n the latex-water environment. 

In an effort to determine the pr imary causes o f these local symmetry 
changes, spectra of solutions o f S D O S S i n both H 2 0 and E t O H were 
acquired, after solvent evaporation, via transmission F T I R spectroscopy. T h e 
1 0 5 0 - c m " 1 region of the spectra (with solvent contributions subtracted out) 
are shown i n F igure 4. In the case of the E t O H solution (trace B) , S D O S S 
exhibits the anticipated band due to the symmetric stretching mode of S 0 3 at 
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1110 1080 1050 1020 990 960 

Wave η umbers (cm 1 ) 

Figure 3. Circle ATR-FTIR spectra of EA-MAA latex in the 1130-950-cm~1 

region: A , Film-air interface; B, film-substrate interface; and C, film-air 
interface washed with MeOH-DDI HsO solution. (Reproduced with permission 

from reference 10. Copyright 1991 Wiley.) 

1050 c m - 1 . T h e aqueous solution, however, shows a band at 1046 c m - 1 

(trace A ) , w h i c h indicates that the b a n d at 1046 c m - 1 i n the latex spectrum is 
a result of hydration of the highly hydrophi l ic sulfonate group. 

A close analysis of transmission F T I R temperature study data (F igure 5) 
revealed that although there are no intensity changes o f the acid d imer band 
at 1703 c m - 1 o n going f rom 25 to 165 °C, the band at 1765 c m - 1 , w h i c h is 
due to " f r e e " earboxylie acid, increases. This observation indicates that only a 
fraction of the hydrogen-bonded acid species is involved i n hydrogen bonding 
interactions w i t h other earboxylie acid species. This observation was further 
substantiated by the decrease of the 1 7 3 5 - c m - 1 band i n the same tempera
ture range. T h e intensity decrease of this b a n d i n attributed to the breaking 
of interactions, w h i c h results i n free carbonyl groups of the acid functionality 
(11-13). In essence, these results indicate the presence of S O s - - Η Ο 
interactions i n the latex system. This assessment was further substantiated by 
the results of experiments i n w h i c h the latex acid functionality was e l iminated 
either through synthesis or via the addit ion of aqueous base. F igure 6 shows 
the A T R - F T I R spectrum of an "ac id-free" ethyl acrylate-methyl methacry-
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1100 950 
Wavenumbers (cm""*1) 

Figure 4. Transmission FTIR spectra of SDOSS after being dissolved in H20 
(A) and ethanol (B), followed by solvent evaporation. (Reproduced with 

permission from reference 10. Copyright 1991 Wiley.) 

late ( E A - M M A ) latex along w i t h the spectrum of the acid functional 
E A - M M A latex. Al though the E A - M M A latex (trace B) exhibits the familiar 
sphtting at 1046 and 1056 c m - 1 , the acid-free E A - M M A latex (trace A ) 
shows only a single band centered at 1050 c m - 1 . Thus, it is the simultaneous 
presence of both the surfactant sulfonate group of S D O S S and the acid 
functionality of the E A - M M A copolymer that is responsible for the split
t ing of the 1 0 5 0 - c m - 1 S - O stretching vibrat ion to two bands at 1046 and 
1056 c m - 1 . 

F u r t h e r insight into the interactions between the S O s group of S D O S S 
and the acid functionality of the latex is gained by considering the results o f 
an experiment i n w h i c h the acid functionality of the latex suspension was 
neutral ized via the addition of aqueous base. This neutralization process 
destroys the hydrogen bond-donating - O H groups present i n the latex, thus 
al lowing the assessment o f the nature of interactions between surfactant S 0 3 

groups and C O O " functionality of the neutral ized copolymer. T o investigate 
the effect o f different cations on the observed frequency shift, two different 
bases ( N a O H and N H 4 O H ) were employed i n the neutralization procedure. 
F igure 7a shows the 1 8 0 0 - 1 5 2 0 - c m - 1 region of the spectra of neutralized 
latex films. H e r e , neutralization is conf irmed by a broad band due to the 
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1840 1780 1720 1660 

Wavenumbers (cm""1) 

1540 

Figure 5. Maximum-entropy restored spectra at various temperatures for the 
EA-MAA latex in the 1860-1530-cm'1 region: A, 25 °C; B, 105 °C; and D , 165 

°C. (Reproduced with permission from reference 10. Copyright 1991 Wiley.) 

C - O stretching mode of the carboxylate salt group observed at 1590 c m - 1 

for the latex neutral ized w i t h N a O H (trace B ) and at 1570 c m - 1 for the latex 
neutral ized w i t h N H 4 O H (trace C ) . Examinat ion of the 1 0 5 0 - c m - 1 region 
(Figure 7b) shows that although the spectrum of the nonneutral ized film 
(trace A ) exhibits the familiar splitting at 1046 and 1056 c m - 1 , the neutral
ized films both exhibit only a single band centered at 1046 c m - 1 . This 
experiment confirms that the 1056 b a n d is due to S - O · · · H - O interactions 
between the copolymer acid functionality and the surfactant sulfonate groups. 
Furthermore , the b a n d at 1046 c m - 1 attributed to the S - O symmetric 
stretching mode of hydrated S 0 3 ~ N a + ion pairs is insensitive to the ionic 
strength of the neutralizing agent used. 

Effect of Surfactant Structure on Surfactant Mobility 

T h e effect of surfactant structure was examined (14) v ia the preparation of 
E A - M A A lattices using a variety of surfactants inc luding sodium dioctyl 
sulfosuccinate ( S D O S S ) , sodium dodecylbenzene sulfonate ( S D B S ) , sodium 
dodecyl sulfate (SDS) , sodium nonylphenol ethylene oxide sulfonate (2 
ethylene oxide units; S N P 2 S ) , and the nonionic surfactant nonylphenol 
ethylene oxide (40 ethylene oxide units; N P 4 0 ) . T h e structures of the 
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Wavenumbers (cm"1) 

Figure 6. ATR spectra in the 1110-950-cm~~1 region: A, EA-MAA latex; B, 
EA-MMA latex; and C, SDOSS surfactant. (Reproduced with permission from 

reference 10. Copyright 1991 Wiley.) 

surfactants are shown i n Char t I. T o identify potential spectral features that 
may be used to identify the presence of surfactant at the latex film interfaces, 
it is first necessary to identify the relevant spectral features of the copolymer 
and surfactants. F igure 8 shows the 1 8 0 0 - 5 0 0 - e m " 1 region to the spectra of 
the copolymer and surfactants, whereas Table I fists the tentative b a n d 
assignments for these species. Examinat ion of F igure 8 shows that, i n the 
case of the anionic surfactants, all spectra exhibit characteristic absorbance 
bands i n the regions of 1250-1150 ( S - O asymmetric stretching), 1060-1045 
( S - O symmetric stretching), and 750-550 c m - 1 ( S - O bending). As is 
demonstrated i n F igure 8, the latter region w i l l be particularly useful because 
it is essentially free of interfering absorbance bands due to the copolymer. I n 
the case of the nonionic N P 4 0 surfactant, identification can be readily 
facilitated by monitor ing the b a n d at 947 c m " " 1 due to the C H 2 ~ 0 stretching 
mode of the polyether units o f this surfactant. 

I n an effort to investigate the effect o f surfactant structure on sur
factant exudation behavior, films of the lattices synthesized w i t h the various 
surfactants were prepared o n a poly (tetrafluoroethylene) substrate and 
examined via rectangular A T R - F T I R spectroscopy. F igure 9a shows the 
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1 1 3 5 - 5 0 0 - c m - 1 region of the spectra of the film-air interfaces of these latex 
films. T h e S D O S S latex (trace A ) exhibits slight enrichment, as demonstrated 
by the presence of bands at 1046 and 1056 (symmetric S - O stretch of S O a ) , 
652 ( S - O bending mode of S 0 3 ) , and 581 c m " 1 ( S O a scissors.) Similarly, the 
S D B S latex (trace B ) exhibits weak bands at 614 and 583 c m " 1 due to the 
S - O bending and S 0 2 scissor vibrational modes of this surfactant, respec
tively. T h e S D S latex (trace D ) also shows slight surfactant enrichment at the 
film-air interface as shown by the weak bands at 631 and 585 c m " 1 ( S - O 
bending modes of S 0 4 ) . I n contrast, the S N P 2 S latex (trace C ) has none of 
the characteristic surfactant bands, w h i c h indicates that there is no surfactant 
enrichment at the film-air interface. T h e latex prepared w i t h the nonionic 
surfactant N P 4 0 also shows a trace of surfactant at the film-air interface 
(trace Ε of F igure 9a), w h i c h is evidenced by the presence of a weak band at 
947 c m " 1 that has been assigned to the C H 2 - 0 (ether) stretch of this 
surfactant. 

T h e spectra of the film-substrate interfaces of the same latex films are 
presented i n F igure 9b. T h e spectrum of the S D O S S latex (trace A ) exhibits 

(a) 

l / A u ^ e c * °^ Neutralization: 

III \ i \ A * ^ - a ^ e x o n 'y* 
II 11 \ B. Latex w/NaOH. 
/I/ 11 \ C. Latex w/NH40H 
\\ \ \ \ tseo 

\ \ 
1 5 7 0 

1 
1^— 

C. ^ ^ 

1820 1760 1700 1640 
" ! ' ι ι ι 

1580 1520 

Wave η umbers (cm " 1 ) 

Figure 7a. ATR-FTIR spectra in the 1800-1520-cm~1 region of A, EA-MAA 
latex; B, EA-MAA latex neutralized with NaOH; and C, EA-MAA latex 
neutralized with NH4OH. (Reproduced with permission from reference 10. 

Copynght 1991 Wiley.) 
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(b) 

1046 / \ 

\ 1056/ i\ 

Λ EA/MM Latex 
\ \ Neutralized with: 

ι \ \ A. Latex Only 

\ \ B. NaOH 

\ C . N H 4 0 H 

1100 ' ' 950 
Wavenumbers (cm""1 ) 

Figure 7b. ATR-FTIR spectra in the 1100-950-cm~1 region of A, EA-MAA 
latex; B, EA-MAA latex neutralized with NaOH; and C, EA-MAA latex 
neutralized with NH4OH. (Reproduced with permission from reference 10. 
Copyright 1991 Wiley.) 

the same characteristic absorbance bands due to surfactant that were ob
served i n the spectrum of the film-air interface. Furthermore , the intensity 
of these bands is similar at both interfaces, w h i c h indicates that a similar 
concentration of S D O S S is present at both interfaces. A greater intensity of 
the bands at 616 and 583 c m - 1 i n the spectrum of the S D B S latex (trace B ) 
indicates a somewhat higher surfactant concentration at the film-substrate 
interface. In addit ion, the b a n d at 1046 c m - 1 due to the symmetric S - O 
stretch of S 0 3 becomes more pronounced at this interface. T h e S N P 2 S latex 
(trace C ) , w h i c h exhibited no surfactant enrichment to the film-air interface, 
shows considerable exudation to the film-substrate interface as il lustrated by 
the intense bands at 1056 and 614 c m - 1 (symmetric S - O stretching and 
S - O bending modes of S 0 3 , respectively). T h e S D S latex (trace D ) also 
exhibits significant surfactant exudation to the film-substrate interface, again 
demonstrated by the intense bands due to the S - O bending mode of S 0 4 at 
631 and 585 c m - 1 . S imilarly to the spectrum at the film-air interface, the 
N P 4 0 latex (trace E ) shows a trace of surfactant at the film-substrate 
interface as evidenced by the weak band at 947 c m - 1 . I n this case it was 
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Sodlui Oioctyl Sulfoeuccinate 
0 

C 8 H 1 7 - 0 - i — C H 2 

O ^ H _ S O 3 - N . + (SDOSS) 

Sodlui Dodecyl Benzene Sulfonate 

C 8 H 1 7 _ J B - i / 

(SOBS) 

Sodlui Nonylphenol Ethylene Oxide 
r—\ Sulfonate . , t (SNP2S) 

CgH 1 9—/Q\—0CH 2CH 20CH 2CH 2-S0 3 Na ^ 

Sodlui Dodecyl Sulfate 

C 1 2 H 2 5 - 0 - S 0 3 ' N a • (SOS) 

Nonylphenol Ethylene Oxide (40 units) 

C 9 H i9 —<RV-°- ÎCH2CH20J 4 0 _ H 
(NP-40) 

Chart I. Chemical structures of surfactants. (Reproduced with permission from 
reference 14. Copyright 1991 Wiley.) 

found that even vigorous washing o f the surfaces of the film w i t h dilute 
aqueous methanol fai led to influence the intensity of the 9 4 7 - c m - 1 band, 
w h i c h indicates that the N P 4 0 surfactant is uni formly distr ibuted through the 
bulk of the film. 

The Effect of Neutralization on Surfactant Mobility 

T h e aforementioned results indicate that al l ionic surfactants exhibit some 
degree of surfactant enrichment to the latex film interfaces and, w i t h the 
exception of S D O S S , this enrichment appears to be greater at the film-sub
strate interfaces. These observations suggest that there is some inherent 
degree of incompatibi l i ty between the copolymer and the anionic surfactants. 
I n contrast, the nonionic N P 4 0 surfactant exhibits no exudation, w h i c h may 
indicate that the absence of a charged, highly polar hydrophil ic " h e a d " leads 
to increased compatibi l i ty w i t h the relatively nonpolar latex. Addit ional ly , the 
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ι ι ι ι ι ι ι ι ι ι ι ι I I I I I I I I I I I 1 I I I 1 
1750 1500 1250 1000 750 500 

Figure 8. Transmission FTIR spectra in the 1800-500-cm 1 region of the 
surfactants and EA-MAA copolymer: A, SDOSS; B, SDBS: C, SNP2S; D, SDS; 
Ε, NP; and F, EA-MAA copolymer. (Reproduced with permission from reference 

14. Copyright 1991 Wiley.) 

tendency of the nonionic surfactant to form strong hydrogen bonds w i t h the 
copolymer acid functionality ( I I ) leads to favorable interactions that may 
further enhance compatibil i ty. As was ment ioned earlier, copolymer polarity 
exerts significant influence u p o n surfactant-copolymer interactions. W i t h this 
i n m i n d , N a O H solution was added to the latex suspensions to neutralize the 
acid functionality and thus increase the polarity of the copolymer environ
ment through the formation of carboxylate salt groups. F i l m s of the neutral
i z e d lattices were prepared o n a P T F E substrate and examined i n the same 
manner as the nonneutrafized lattices. F igure 10a shows A T R - F T I R spectra 
of the film-air interfaces of the neutral ized latex films. T h e spectra of the 
lattices prepared w i t h S D O S S , S D B S , and S N P 2 S surfactants (traces A , B , 
and C , respectively) do not exhibit any of the previously observed (Figures 9a 
and b) bands characteristic of the surfactants. F o r these lattices, neutraliza
t ion of the ac id functionality inhibits the exudation of surfactant to the 
film-air interface. In contrast, the spectrum of the S D S latex (trace D ) does 
show weak bands at 631 and 585 c m - 1 due to the S - O bending modes of 
S 0 4 . This observation can be accounted for i n terms of the incompatibi l i ty of 
S D S surfactant w i t h acrylic copolymers, w h i c h has been identif ied i n previous 
studies (8, 9). T h e N P 4 0 latex (trace E ) exhibits the same b a n d observed i n 
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Table I. List of the Observed Bands and Their Tentative Band Assignments0 

SDOSS SDBS SNP2S SDS NP Copolymer Assignment 

2981 asym. C - H stretch ( C H 3 ) 
2960 2958 2954 2956 2950 2960 asym. C - H stretch ( C H 3 ) 
2934 2925 2930 2919 2930 2934 asym. C - 2 H stretch ( C H 2 ) 
2879 2871 2877 2875 2884 2879 sym. C - H stretch ( C H 3 ) 
1735 — — — — 1735 C = 0 stretch 
— — — — — 1700 Η-bonded - C O O H 
— 1625 — — — — A r - S stretch 
— 1603 1611 — 1609 — p-substituent aromatic 
— — 1582 — 1580 — C = C aromatic 
— 1493 1513 — 1513 — C = C aromatic 

1464 1463 1466 1468 1466 1466 C - H deformation 
1416 — — — 1455 1447 C H 2 scissor 
1393 — 1395 — — — H C - S deformation 
1360 1378 1364 1380 1360 1382 C - ( C H 3 ) sym. deformation 
1314 — 1295 — 1279 1299 C H 2 wagging 
— — — 1248 — — S - O stretch (S0 4 ) 
— — — 1221 — — 

1241 — 1245 — 1241 1252 C - O stretch 
1216 1192 1185 — — — asym. S > stretch ( S 0 3 ) 
1175 — — — 1146 1173 asym. C - O - C stretch 
1094 — — — 1108 1098 sym. C - O - C stretch 
— — — 1071 — — sym. S - O stretch (S0 4 ) 

1050 1046 1056 — — — sym. S - O stretch ( S 0 3 ) 
1025 — — — — 1025 C - O - C (ester) 
— 1013 1013 — — — = C - H in-plane deformation 
— — 942 — 947 — C H 2 - 0 (ether) 
— 832 828 — 843 — = C - H out-of-plane 
— — — 830 — — S - O - C stretch 
857 — — — — 854 ester skeletal vibration 
729 724 751 722 — — - ( C H 2 ) n - ( n > 3 ) 
— 691 683 — — — C H out-of-plane 
652 616 614 — — — S - O bending (S0 3 ) 
— — — 585 — — S - O bending (S0 4 ) 
581 583 589 — — — S 0 2 scissor 

alkyl chain 529 — 531 — 529 — 
S 0 2 scissor 
alkyl chain 

— — — — 511 — skeletal vibrations 

1 Reproduced with permission from reference 14. Copyright 1991 Wiley. 

the previous spectra at 947 c m - 1 . Because this band is almost the same 
intensity as that observed for the film-air interface of the nonneutrafized 
latex film (Figure 9a, trace E ) , it appears that, i n the case of the nonionic 
surfactant, the surfactant concentration at the film-air interface is not af
fected by neutralization. 

T h e spectra of the film-substrate interfaces of the neutral ized latex films 
are presented i n F igure 10b. A t this interface, none of the lattices prepared 
w i t h anionic surfactants exhibits characteristic surfactant bands. Apparently, 
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surfactant exudation to this interface is also inhibi ted. As was observed i n the 
previous spectra, the N P 4 0 latex again shows the presence of a surfactant 
band at 947 c m ~ 1 w i t h a similar intensity to that seen previously. It appears 
that the neutralization process again does not exert any significant effect on 
the distribution of this nonionic surfactant. 

Al though the spectra of the ionic surfactants i n F igure 10b do not exhibit 
characteristic surfactant bands, a l l spectra o f the film-substrate interfaces 
show that bands at 635 and 521 c m - 1 , w h i c h are attributed to the wagging 
vibrations of the long chain α-methyl carboxylate salts f o r m e d u p o n neutral
ization o f the copolymer acid functionality. T h e spectra presented i n F igure 
10a and b also indicate that these bands are detected only i n the film-sub
strate interface spectra. This observation is l ikely attributed to the fact that 
the salt groups are quite hydrophi l ic and this provides a driving force for 
migration and orientation toward the film-substrate interface where, d u r i n g 
coalescence, the aqueous phase remains for the longest per iod of t ime. 

Based o n these results it is apparent that, i n the case of the ionic 
surfactants, neutralization results i n the inhib i t ion of surfactant exudation. I n 

520 
Wavenumber (cm—1) 

(a) 

Figure 9. ATR-FTIR spectra in the 1135-500-cm~1 region recorded at the 
film-air interface (a) and at the film-substrate interface (b) of latex films 
prepared on PTFE: A, SDOSS latex; B, SDBS latex; C, SNP2S latex; D , SDS; 
and Ε, NP latex. (Reproduced with permission from reference 14. Copyright 

1991 Wiley.) Continued on next page. 
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1046 

ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι 
1 120 1020 920 820 720 620 520 

Wavenumber (cm—1) 
(b) 

Figure 9. Continued. (Reproduced with permission from reference 14. Copyright 
1991 Wiley.) 

the nonneutral ized lattices, the ionic surfactants are incompatible w i t h the 
copolymer environment, and exudation to the interfaces of the latex films 
occurs. H e r e , the copolymer environment is quite nonpolar owing to the fact 
that it is composed pr imari ly of ethyl acrylate. In comparison, the ionic 
surfactants, owing to their negatively charged sulfate or sulfonate heads, are 
highly polar and hydrophil ic . This may lead to a certain inherent degree of 
incompatibil i ty, so is is possible that dur ing coalescence these surfactants 
assemble i n the interstices of an inhomogeneous polymer matrix. Moreover , 
the ionic surfactants have relatively low molecular weight and, i n comparison 
w i t h the nonionic N P 4 0 , they are quite water soluble. T h e combination o f 
these factors makes their diffusion to the film interfaces easy i f there exists a 
dr iving force for them to do so. W h e n the copolymer acid functionality is 
neutralized, however, the copolymer becomes m u c h more polar due to the 
formation of carboxylate salt groups. This increased hydrophificity causes the 
latex particles to swell : their hydrodynamic volume increases and chain 
extension occurs. As this process continues, the anionic surfactants may 
become displaced f rom the surface of the latex particles and reside i n the 
aqueous phase. However , as chain extension proceeds further, hydrophobic 
ethyl groups pendant o n the copolymer chains are forced out into the 
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aqueous phase and water diffuses into the latex particles. T h e water-soluble 
anionic surfactants may then penetrate into the latex particles and associate 
w i t h them through hydrophobic interactions, w h i c h leads to the formation of 
solubil ized polymer-surfactant complexes that then become bur ied w i t h i n 
the latex film as coalescence proceeds. Addit ional ly , ionic interactions be
tween the carboxlate salt groups and the surfactant sulfate of sulfonate groups 
may further enhance compatibility. 

Effect of Substrate Surface Tension on Surfactant Mobility 

As was mentioned earlier, another factor that may influence surfactant 
mobi l i ty is the surface tension of the substrate. T o establish i f inhibi t ion of 
the exudation of the ionic surfactants due to neutralization was substrate 
related, films of the neutral ized lattices were prepared on glass and mercury 
substrates. F igure 11 shows the 1 1 3 5 - 4 8 0 - c m _ 1 region of the spectra ac
quired at the film-substrate interfaces of the films al lowed to coalesce on 
glass, P T F E , and mercury substrates. In this case, the S D O S S surfactant was 

A. SDOSS Latex 
B. SDBS Latex 
C. SNP2S Latex 
D. SDS Latex 
Ε. NP-40 Latex 

rA / U ^ ^ J Y Λ 

/A / U^^JEy 
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\ 947 \ 
\ ι / 
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Wavenumber (cm—1) 
(a) 

Figure 10. ATR-FTIR spectra in the 1135~480-cm~1 region recorded at the 
film-air interface (a) and at the film-substrate interface (b) of neutralized latex 
films prepared on PTFE: A, SDOSS latex; B, SDBS latex; C, SNP2S latex; D, 
SDS latex; and Ε, NP latex. (Reproduced with permission from reference 14. 

Copyright 1991 Wiley.) Continued on next page. 
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used. A l l three spectra exhibited similar features and showed no signs o f 
absorbance bands characteristic of the S D O S S surfactant. Similar behavior 
was observed for the other lattices. These data indicate that the inhibi t ion of 
surfactant exudation to the film-substrate interface observed upon neutraliza
t ion is not substrate related. I n an effort to determine i f the observed 
inhib i t ion of exudation fol lowing neutralization is inf luenced by mechanical 
strain, films of the neutral ized lattices were subjected to elongations of u p to 
5 0 % and then examined using rectangular A T R - F T I R spectroscopy. F igure 
12 shows the 1 1 3 5 - 4 8 0 - c m - 1 region of spectra acquired f rom the films of 
the neutral ized S D B S latex that were subjected to mechanical elongation of 
0, 30, and 5 0 % (traces A , B , and C , respectively). As can be seen, no 
significant spectral changes are observed as the degree of elongation is 
increased. Similar results were obtained w i t h the other lattices. As w i l l be 
shown later on, elongation o f the nonneutrafized latex films can result i n 
significant surfactant exudation, so it appears that neutralization o f the 
copolymer acid functionality results i n enhanced compatibil i ty between the 
surfactant and the copolymer. 

T h e effects of substrate surface tension and elongational strain are, 
however, m u c h more pronounced for nonneutrafized lattices (15). L e t us 
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Figure 11. ATR-FTIR spectra in the 1135-480-cm 1 region recorded at the 
film-substrate interface of neutralized SDOSS latex films prepared on different 
substrates: A, glass; B, PTFE; and C, mercury (Eg). (Reproduced with 

permission from reference 14. Copyright 1991 Wiley.) 

again consider the results obtained for the film-substrate interfaces of latex 
films prepared on a P T F E substrate. T h e spectra are shown i n F igure 9a and 
b. H e r e , all of the anionic surfactants except S D O S S exhibit a greater degree 
of exudation to the film-substrate interface. This behavior was very pro
nounced i n the cases of S D S and S N P 2 S , whereas the S D B S latex showed 
only slight preferential enrichment to this interface. A l t h o u g h the migration 
of surfactant to this interface may be accounted for i n terms of the water 
solubility of the surfactants, w h i c h provides a dr iv ing force for migration to 
the film-substrate interface where the aqueous phase is present for the 
longest per iod of t ime, it is necessary to also consider the effects of substrate 
surface tension. Because P T F E has a low surface tension (15 m N / m ) , 
deposition of a film o f latex on the P T F E substrate creates a high degree of 
interfacial tension at the l a t e x - P T F E interface, and this may provide a 
driving force for the migration of surfactant molecules to this interface so as 
to reduce the interfacial tension. 

T o establish i f the interfacial surface tension does indeed provide a 
driving force for surfactant exudation to the film-substrate interface, latex 
films were prepared directly o n the thallous bromide iodine ( K R S - 5 ) A T R 
element. K R S - 5 has a surface tension similar to that of glass (approximately 
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Figure 12. ATR-FTIR spectra in the 1135-480-cm~1 region for the 
film-substrate interface of the neutralized SDBS latex film as a function of 
elongation: A, 0% elongation; B, 30% elongation; and C, 50% elongation. 

(Reproduced with permission from reference 14. Copyright 1991 Wiley.) 

70 m N / m ) , and this higher substrate surface tension w i l l result i n a lower 
degree of interfacial tension between the latex and the substrate, thus 
reducing the dr iving force for the migration of surfactant to this interface. 
F igure 13 shows A T R - F T I R spectra acquired at the film-substrate interfaces 
of these films. As can be seen, the S D O S S and S N P 2 S lattices (traces A and 
C ) exhibit no previously detected characteristic surfactant bands. T h e S D B S 
and S D S films, however, do show some enrichment to this interface, but a 
comparison w i t h the results observed for the P T F E substrate (Figure 9b) 
indicates that the degree of enrichment is significantly smaller than that for 
the K R S - 5 substrate. I n contrast to these spectral changes, the latex prepared 
w i t h the nonionic N P 4 0 surfactant shows a familiar band at 947 c m - 1 

( C H 2 - 0 stretching mode of the surfactant ether units) that is about the same 
intensity as that observed for the latex deposited on P T F E substrate. 

T o further investigate the observed effects of substrate surface tension, 
latex films were prepared on a l i q u i d mercury substrate. A T R - F T I R spectra 
acquired at the film-substrate interfaces of these films are shown i n F igure 
14. As shown by the enhanced intensity of the bands at 1046 and 1056 c m - 1 

(symmetric S - O stretching mode of S O a ) , the S D O S S latex (trace A ) reveals 
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Figure 13. ATR-FTIR spectra in the region from 1150 to 500 cm 1 recorded at 
the film-substrate interface of latex films prepared on glass: A, SDOSS; B, 
SDBS; C, SNP2S; D, SDS, and Ε, NP. (Reproduced with permission from 

reference 15. Copyright 1991 Wiley.) 

considerable exudation to the film-substrate interface. Addit ional ly , the 
bands at 652 ( S - O bending mode) and 581 c m " 1 ( S - O scissors) are 
observed. T h e S D B S latex (trace B ) also shows significant surfactant enr ich
ment to the mercury interface, as demonstrated by the band at 616 c m " 1 due 
to the S - O bending mode of S O a . Similar results are seen for the S D S latex 
(trace D ) , as shown by the intense bands at 631 and 585 c m " 1 ( S - O bending 
mode of S 0 4 ) . 

In contrast to the ionic surfactants just mentioned, the S N P 2 S latex 
spectrum (trace C ) exhibits a degree of enrichment, as seen by the intensity 
of the S - O bending mode at 614 c m - 1 , that is less than that observed i n the 
case of the P T F E substrate. I n this case, however, a th in , c loudy film was 
observed on the surface of the mercury after removal o f the coalesced latex 
film. Analysis o f this material using transmission F T I R spectroscopy revealed 
it to be composed almost exclusively of S N P 2 S surfactant. Thus, the degree 
of enrichment to the film-substrate interface is greater than was indicated by 
the A T R - F T I R spectrum. 
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Figure 14. ATR-FTIR spectra in the region from 1150 to 500 cm'1 recorded at 
the film-substrate interface of the latex films prepared on mercury: A, SDOSS; 
B, SDBS; C, SNP2S; D, SDS; and Ε, NP. (Reproduced with permission from 

reference 15. Copynght 1991 Wiley.) 

A g a i n i n contrast wi th the preceding results, the nonionic N P 4 0 exhibits 
no surfactant enrichment to the mercury interface (Figure 14, trace E ) . This 
spectrum does, however, exhibit a broad band at 938 c m - 1 attributed to the 
O H ··· Ο out-of-plane deformation vibrations o f the earboxylie acid groups. 
Furthermore , the bands at 664, 600, and 575 c m - 1 assigned to the O - C O 
in-plane vibration of α-branched aliphatic earboxylie acids are observed. 
These features are also observed for the S D O S S latex (trace A ) . Examinat ion 
of the carbonyl region o f this spectrum (not shown) reveals that a large 
port ion of the acid groups present at the film-substrate interface are involved 
i n hydrogen bonding interactions w i t h the surfactant and other acid groups. 

In the case of the incompatible anionic surfactants, the substrate e m 
ployed i n film preparation exerts a significant influence on the degree o f 
surfactant enrichment that w i l l be observed at the film-substrate interface of 
the latex films. This phenomenon can be understood i n terms of the surface 
tension differences between the copolymer and various substrates. I n the 
case of P T F E , w h i c h has a very low surface free energy of 18.5 m N / m , a 
considerable dr iving force exists for the migration of surfactant to the 
film-substrate interface to lower the high interfacial surface tension present 
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there. In the case of the glass substrate, w i t h a surface free energy approxi
mately 70 m N / m , the polymer (surface free energy approximately 30 m N / m ) 
may readily wet the glass substrate and thus, the dr iving force for surfactant 
migration to this interface is significantly reduced. T h e very high surface 
tension (416 m N / m ) of the mercury substrate allows the polymer to init ial ly 
wet the surface, but once coalescence begins, a sol id latex film-liquid 
mercury interface exists, and this leads to a h igh interfacial tension that gives 
rise to a higher dr iv ing force for surfactant enrichment. 

This hypothesis can also explain the presence of acid d imer species that 
are observed i n the case of the N P 4 0 latex film. As the aforementioned 
results show, the degree of compatibil i ty between the N P 4 0 surfactant and 
the E A - M A A copolymer is m u c h greater than that observed for the anionic 
surfactants. D u e to this factor, it is possible that the driving force for 
exudation produced by the surface free energy of mercury substrate is 
insufficient to induce surfactant migration to the film-substrate interface. 
Because the interfacial tension is not reduced by the assembly of surfactant at 
this interface, the copolymer may respond by orientation of its acid function
ality toward the mercury. T h e acid groups, w h i c h have significantly greater 
polarity than the other species, may increase the surface free energy of the 
copolymer film-substrate interface, and thus reduce the interfacial excess of 
energy present at the sol id latex film-liquid mercury interface. Similar 
conclusions can be tentatively drawn for the S D O S S latex. D u e to the 
presence of two hydrophobic tails, it is possible that this surfactant is unable 
to properly align itself at the c o p o l y m e r - mercury interface so as to effectively 
reduce the interfacial surface tension. Again , the orientation of acid-func
tional species toward this interface appears to be a pr imary consideration. 

Effect of Elongation on Surfactant Mobility 

As was indicated i n the previous sections, the mobi l i ty of surfactants i n 
neutral ized latex films is insensitive to mechanical strain. I n contrast, it was 
found (15) that considerable surfactant exudation may result u p o n the 
elongation of nonneutrafized latex films. I n an effort to examine surfactant 
mobil i ty upon elongation, latex films were prepared o n a P T F E substrate. 
Af ter coalescence, the films were removed and washed w i t h dilute aqueous 
methanol to remove any surfactant that may have assembled at the interfaces 
dur ing coalescence. Af ter washing, the films were elongated to the stated 
degree, he ld at this elongation for 5 m i n , and then al lowed to relax. 

T h e spectral results for the S D O S S latex are shown i n F igure 15. A t 1 0 % 
elongation (trace A ) , the appearance of a weak band at 529 c m - 1 (alkyl chain 
vibration) is detected. As the degree of elongation increases, however, 
additional characteristic bands, inc luding 1046 and 1056 (symmetric S - O 
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stretch), 653 ( S - O bending mode), and 583 c m - 1 ( S 0 2 scissors), become 
evident and increase considerably f rom 30 to 5 0 % elongation (traces Β and 
C , respectively). Similar behavior is observed for the S D B S latex (Figure 16) 
and the S N P 2 S latex (F igure 17). 

I n the case of the S D S latex (F igure 18), characteristic surfactant bands 
at 631 and 585 c m - 1 ( S - O bending mode of S 0 4 ) are also observed and 
increase w i t h elongation. However , a band at 921 c m - 1 is observed at 5 0 % 
elongation (trace C ) . This band is assigned to the bisulfate ion , and its 
presence is not surprising because S D S is k n o w n to hydrolyze dur ing the 
emulsion polymerization process to form sodium bisulfate and dodecanol 
(16). T h e exudation of unhydrolyzed surfactant is conf i rmed by examination 
of the C - H stretching region of these spectra (Figure 19). T h e intensity of 
the surfactant bands at 2956, 2919, and 2852 c m - 1 increases w i t h the degree 
of elongation. This observation indicates the exudation of unhydrolyzed 
surfactant that results f rom elongation. 

T h e exudation of anionic surfactants that accompanies film elongation 
may also be addressed i n terms of surface tension. W h e n the latex film is 
elongated, the total surface area of the film is increased and the concentration 

ι — η 1 ι ι 1 1 ι 1 1 1 — τ 1 ι 
1100 950 800 650 500 

Figure 15. ATR-FTIR spectra in the region from 1135 to 500 cm'1 of the 
SDOSS latex films recorded as a function of percent elongation: A, 10%; R, 
30%; and C, 50%. (Reproduced with permission from reference 15. Copyright 

1991 Wiley.) 
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1100 950 800 650 500 

Figure 17. ATR-FTIR spectra in the region from 1135 to 500 cm'1 of the 
SNP2S latex films recorded as a function of percent elongation: A , 10%; B, 30%; 
and C, 50%. (Reproduced with permission from reference 15. Copynght 1991 

Wiley.) 
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Figure 18. ATR-FTIR spectra in the region from 1135 to 500 cm"1 of the SDS 
latex films recorded as a function of percent elongation: A, 10%; B, 30%; and C, 
50%. (Reproduced with permission from reference 15. Copyright 1991 Wiley.) 
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Figure 19. ATR-FTIR spectra in the region from 3150 to 2550 cm'1 of the 
SDS latex films recorded as a function of percent elongation: A , 10%; C, 30%; 
C, 50%; and D, SDS only. (Reproduced with permission from reference 15. 

Copyright 1991 Wiley.) 
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of surfactant at the interfaces of the film is therefore decreased. This results 
i n a higher surface tension at the latex film interfaces, and thus provides the 
necessary driving force for the exudation of surfactant; the combinat ion of 
copolymer-surfactant incompatibi l i ty and low molecular weight makes for 
ready diffusion to the interfaces of the elongated film. A similar phenomenon 
is observed for plasticizers i n thermoplastic polymers (17) . I n contrast to the 
anionic surfactants, films of the N P 4 0 latex show no exudation u p o n elonga
t ion (not shown). H e r e , the greater compatibil i ty and the higher molecular 
weight of this surfactant again overwhelm the driving force for surfactant 
exudation. 
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Surface Analysis of Thick Polymer 
Films by Infrared Spectroscopy 

Mark R . Adams, KiRyong Ha, Jenifer Marchesi, Jiyue Yang, 
and Andrew Garton* 

Polymer Program and Department of Chemistry, University of Connecticut, 
Storrs, C T 06269-3136 

Recent advances in the application of infrared internal reflection 
spectroscopy (IRIRS) are described for the surface analysis of thick 
polymer films. Examples are chosen to illustrate the nature of the 
information obtained for polymer surface modifications ranging from 
about 5 nm thickness (plasma-modified polypropylene), through about 
100 nm (sodium-etched fluoropolymers), to several hundred nanome
ters thickness of the modified layer (polyolefin surfaces modified by 
"primers"). The IRIRS data are compared to data obtained by X-ray 
photoelectron spectroscopy. Particular emphasis is placed on the use of 
derivatization reactions, and the determination of concentration pro
files in the modified surfaces. 

^VIBRATIONAL SPECTROSCOPY IS CAPABLE OF SURFACE ANALYSIS (1 ,2) at sensiti
vities corresponding to monomolecular layer coverage, using techniques such 
as ref lect ion-absorption infrared ( R A I R ) spectroscopy and surface-enhanced 
Raman spectroscopy ( S E R S ) . E v e n conventional transmission spectroscopy is 
a powerful surface analysis technique i f the specimen is adsorbed on a high 
surface area substrate such as a fine powder. However , most of the nominal ly 
"surface-sensitive" techniques analyze th in films on a nonpolymeric substrate 
(e.g., a coating o n a metallic mirror for R A I R or material sorbed o n a 
roughened silver surface for S E R S ) rather than the surfaces of thick films, 
and many specimens of scientific and technological interest are i n the form of 
thick films (i.e., greater that a few microns thick). T h e range of I R spectro-

* Corresponding author. 

0065-2393/93/0236-0333$06.00/0 
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scopic choices for surface analysis is then m u c h more l imi ted . F o r such 
applications, the infrared internal reflection ( I RIRS) technique [often cal led 
attenuated total reflectance ( A T R ) ] is often the only option. The I R I R S 
technique is w e l l established and widely used ( 3 - 5 ) , but is generally per
ceived to be insufficiently surface sensitive to be useful for surface modif ica
tions less than a few microns i n depth. This chapter describes several 
applications that demonstrate that I R I R S can perform surface analysis w i t h a 
sensitivity comparable to X-ray photoelectron spectroscopy (XPS) , and, i f 
appl ied w i t h ingenuity, can provide information unobtainable w i t h other 
techniques. T h e applications are classified on the basis of the depth of the 
surface modification. 

Surface Modification <10 nm: Plasma-Treated 
Polypropylene Films 

T h e adhesive properties or printabil i ty of polymer films can be improved by 
brief exposure to plasmas. This method is particularly useful for low surface 
energy polymers such as polyolefins (6S). F o r br ie f exposure to a relatively 
low-energy plasma, as i n this example, chemical and physical modification is 
l imi ted to the first few nanometers of the surface. M o r e prolonged exposure 
to high-intensity plasmas produces extensive roughening of the surface and 
etching of material f rom the specimen. 

A 2 5 ^ m - t h i c k commercia l polypropylene packaging film was exposed for 
5 m i n to a radio-frequency-generated air plasma at 2.1 torr and 2 0 - W 
radio-frequency discharge. I R I R S spectra of plasma-treated film were ob
tained using 60° incidence germanium 1RS element (50 m m long) and a 
F o u r i e r transform infrared ( F T I R ) spectrometer (Mattson Cygnus) operated 
at 4 c m - 1 resolution. Such a spectrometer is typical of the m i d price range o f 
commercia l F T I R s , and other than being maintained w i t h care, was not 
customized i n any exceptional way. Therefore, the data presented here could 
be reproduced i n most wel l -equipped laboratories. 

F igure 1 shows that i f the I R I R S technique is used w i t h care, informa
tion can be obtained that is unobtainable w i t h other techniques. Obviously, 
the sampling depth of the I R I R S technique W p , the depth at w h i c h the 
evanescent field has decayed to 1/e times its value at the surface) is greater 
than a few nanometers (about 300 n m at m i d - I R frequencies i n this case), but 
the evanescent field decays exponentially away f rom the element surface and 
so the first few nanometers w i l l be sampled w i t h greater sensitivity than the 
remainder of the sampling depth. T h e number of reflections (and hence 
effective thickness, de, i.e., the thickness of specimen that w o u l d give the 
same absorbance w h e n measured i n transmission) was increased b y the use of 
a th in (1-mm) 1RS element. T h e greatest experimental difficulty was i n 
ensuring cleanliness, both of the 1RS element and the specimen. The use of a 
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Untreated 

ι ι I ι ι ι ι Ι ι ι ι ι j ι ι ι ι I ι ι ι ι ; ι ι ι ι I ι ι ι ι I ι ι 

1850 1750 1650 1550 

Wavenumber (cm-1) 

Figure 1. IRIRS spectra of polypropylene film before (a) and after (b) brief 
plasma treatment. 

plasma cleaner was particularly effective for removing hydrocarbon contami
nation from the 1RS element surface. T h e specimen was Soxhlet-extracted 
before exposure to the plasma, and was handled w i t h the same degree of care 
as w o u l d normally be taken for X-ray photoelectron spectroscopy (XPS) 
analysis. Fluctuations i n the water vapor content of the instrument were also 
problematical i n the 1500-T800-cm ~ 1 region, w h i c h necessitated the use of 
bott led nitrogen for the purge rather than d r i e d laboratory air. 

T h e spectra i n F igure 1 were obtained b y averaging 1000 scans and are 
unsmoothed. Opt ica l contact between the f i lm and the 1RS element was 
i m p r o v e d by the use o f a rubber backing film and moderate pressure appl ied 
by the four screws of the 1RS specimen holder. T h e absorption at about 1650 
c m - 1 i n the untreated film is probably f rom an antiblocking agent used i n 
film manufacture. Af ter br ie f plasma treatment, a new ketonic carbonyl 
absorption at 1720 c m - 1 , w i t h shoulders at 1630 and 1750 c m - 1 , appears. 
A l t h o u g h F o u r i e r deconvolution can be useful i n the resolution of individual 
oxidized species (9) , the relatively high noise level of this spectrum (note the 
carbonyl peak is only about 0.003 absorbance units), together w i t h possible 
presence of several carbonyl species, makes deconvolution difficult . W e are 
presently exploring the use of derivatization techniques (see next example) to 
resolvç the various carbonyl species. 
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Quantif ication of I R I R S spectra can be approached i n several ways. I f 
perfect contact is assumed between the polyolefin film and the 1RS element, 
then the "effective thickness" (de) can be calculated directly f rom the optical 
parameters (2 , 3). However , because this assumption rarely holds true, we 
compared the intensity of the 1RS spectrum w i t h that of a transmission 
spectrum of a film of k n o w n thickness. Mandatory allowance for the wave
length dependence of de (3 ) l e d to a calculated de of 3.7 μηι at ~ 1700 
c m - 1 . This and subsequent calculation were based on the well-established 
equations and methodology out l ined by H a r r i c k (3). T h e sampling depth d^ 
was calculated as ~ 300 n m at 1700 c m - 1 . T h e ratio de/dp is a measure of 
the enhanced sensitivity of the I R I R S technique compared w i t h the transmis
sion technique. Assuming a reasonable value for the extinction coefficient o f 
carbonyl species (ca. 300 m o l - 1 c m - 1 ) , the carbonyl content averaged over 
the sampling depth of 300 n m is therefore about 0.047 M , or about 1 
carbonyl per 1400 carbons. It is theoretically possible to obtain information 
about the concentration profile i n the surface by varying the angle of 
incidence, but such a sophisticated analysis could not be justified for spectra 
as weak as these. 

O n e of the purposes o f this chapter is to compare the I R data w i t h those 
f rom X P S on the same specimen. T h e X P S data were obtained w i t h the 
assistance of Professor Koberstein's group at the Universi ty of Connect icut , 
using a photoelectron spectrometer (Perkin E l m e r P H I m o d e l 5300) equipped 
w i t h a monochromatized A l Κ X-ray source (1486.6 eV). T h e use of a 
monochromator reduced specimen damage dur ing long term exposure to the 
X-ray beam. Specimens were examined at ambient temperature and at 
pressures typically < 5 X 10 ~ 9 torr. Ut i l i ty scans are presented for visual 
comparison of data, but atomic composit ion data were obtained from m u l t i 
ple high-resolution spectra, after comparison w i t h appropriate standards. A t 
present, the curve fitting is intended only as a semiquantitative aid to spectral 
comparison. T h e number of floating variables was reduced by retaining, 
w i t h i n any series of modi f ied specimens, a constant number o f peaks, 
constant widths, and only slightly varying peak positions. 

X P S analysis of the untreated polypropylene film showed a surface w i t h 
2 - 3 - a t % oxygen (i.e., 1 carbonyl per 3 0 - 5 0 carbon atoms). Af ter br ie f 
exposure to the oxygen plasma, the oxygen content of the surface increased 
dramatically and a concentration gradient was established i n the surface 
(F igure 2, carbon Is data only). C u r v e fitting of the carbon Is region 
indicated that for 25° takeoff (about 2.5-nm sampling depth) almost 4 0 % of 
the carbon was b o n d e d to oxygen, whereas at 62° takeoff (about 7-nm 
sampling depth) ~ 3 0 % of the carbon was b o n d e d to oxygen. T h e major 
difference between the two spectra is i n the region of carbon singly b o n d e d 
to oxygen (285.6 eV), as might be produced, for example, by hydroperoxide 
( R - O - O - H ) oxidation products f rom polypropylene. However , it should be 
stressed that such curve fitting is semiquantitative, and the precise nature o f 
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the functionality is unclear without derivatization. F o r example, unlike the I R 
case, ketones cannot be easily distinguished f rom aldehydes, esters, or acids. 
T h e difference i n the oxygen contents averaged over 2.5 n m , and averaged 
over 7 n m indicates that the depth of the plasma treatment is only on the 
order of 5 n m , w h i c h is consistent w i t h other analyses of plasma-treated 
polyolefins (6, 10). 

It may be concluded f rom this example the I R I R S can produce spectro
scopic information of a quality similiar to X P S w h e n studying surface modi f i 
cations of only a few nanometers thick. T h e t ime of analysis is similar to X P S , 
and the l imi t ing factor is maintaining specimen cleanliness rather than 
spectrometer performance. This is not, however, a routine analysis technique 
because considerable operator skil l i n specimen manipulat ion is required for 
analysis at such a h igh sensitivity. Therefore, I R I R S usually w o u l d be used 
only i n this application i f it had some specific advantage over X P S . In this 
example, it has been speculated that modification of the polyolefins by the 
plasma can extend further than the first few nanometers examined by X P S 
because of the short wavelength U V radiation associated w i t h the plasma 
( I I ) . This hypothesis w i l l be particularly relevant i n studies of adhesion to 
polyolefins, because a layer of cross-l inked material generated just be low the 
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surface o f the polyolefin may modify the failure mechanism (in either a 
positive or negative sense) and, hence, the fracture properties. Such an effect 
w o u l d be undetected by X P S because sampling depth is l imi ted to the 
oxidized surface layer. 

Surface Modification to a Depth of ~ 100 nm: 
Fluoropolymer Films Modified by Sodium Naphthalenide 

It is notoriously difficult to adhesively b o n d fluoropolymers to other materi
als, w h i c h makes it difficult to exploit the outstanding dielectric properties 
and environmental stability o f these materials i n applications such as elec
tronic circuit boards. T h e conventional solution to this p r o b l e m is to defluo-
rinate the polymer surface w i t h electron donors such as sodium naph
thalenide (12). T h e depth o f defluorination o f a copolymer o f tetrafluoroeth-
ylene and perfluorinated alkyl v iny l ether ( P F A ; D u Pont) film may be 
determined gravimetrically because the defluorinated layer can be str ipped 
by a chromic acid etch (13). I n such a way we determined that after 1-h 
treatment, the depth of defluorination was about 110 n m . Because the depth 
of defluorination is less than the sampling depth of I R I R S , this case corre
sponds to the " t h i n film case" described by Harr i ck (3), and the relative 
concentrations o f the absorbing species may be calculated directly f rom their 
relative absorbances and extinction coefficients, without correction for the 
frequency dependence of de. F igure 3 shows I R I R S spectra (germanium 
element, 60° incidence, 5000 scans) of the carbon-carbon double-bond 
region of the spectrum as a funct ion of treatment t ime. Absorptions due to 
unsaturation (ca. 1600 c m - 1 ) and carbonyl species (ca. 1700 c m - 1 ) are 
readily apparent, and other regions of the spectra showed the characteristic 
absorptions of carbon-carbon triple bonds (ca. 2160 cm"" 1 ) and hydrocarbon 

Initial 
r 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 

1900 1700 1500 

WaTcnsmber (cm-i) 

Figure 3. IRIRS spectra of PFA film as a function of sodium naphthalenide 
treatment time. 
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functionality (ca. 2900 c m " 1 ) . Af ter the treated specimens were exposed to 
the laboratory environment for several days, the carbonyl content of the 
surface increased a further 5 0 % (23). 

T h e breadth of the absorptions i n F igure 3 necessitated the use of 
derivatization reactions to identify and quantify chemical species. As an 
example, derivatization of the surface w i t h dinitrophenylhydrazine ( D N P H ) 
converts carbonyl species to hydrazones, w h i c h then can be quantified by 
I R I R S using aromatic absorption at 1617 c m - 1 (F igure 4). Reaction of the 
surface wi th trifluoroacetic anhydride ( T F A A ) converts hydroxyl groups to 
trifluoroesters, w h i c h have a characteristic carbonyl absorption (F igure 5). 
Other derivatizations we used were reactions w i t h bromine (for unsaturation) 
and sulfur tetrafluoride (for earboxylie acids). T h e combination of I R tech
niques and derivatizations allows comparative data to be obtained o n the 
various functionalities. Therefore, absolute concentration data for all the 

2000 1700 1400 
WAVENUMBERS (cm-1) 

Figure 4. IRIRS spectrum of sodium-
naphthalenide-treated PFA after derivati-

zation with DNPH. 

I 1 1 1 1 I " 1 1 I 1 1 " 1 " 1 ' \ 1 1 1 1 I " 
1800 1600 1400 

WAVENUMBERS (cm-1) 
Figure 5. IRIRS spectra of sodium-naphthalenide-treated PFA before (a) and 

after (b) derivatization with TFAA. 
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preceding species can be obtained i f one absolute concentration can be 
determined by an independent method. I n the example, this absolute concen
tration was achieved by U V - v i s i b l e spectroscopy o f the hydrazone. T h e h i g h 
extinction coefficient of hydrazone i n the U V (21,600 m o l - 1 c m " 1 at 351 nm) 
enables the hydrazone to be quantif ied by transmission U V - v i s i b l e spec
troscopy even though the hydrazone is present only i n a th in surface layer. I n 
such a way we calculated that the original carbonyl content was 3.3 X 10~ 9 

equivalents per square centimeter of film surface [calculated assuming a 
perfectly flat film surface (13)]. I R I R S provides relative concentration data 
for ketones, hydroxyls, ca rbon-carbon double bonds, carbon-carbon tr iple 
bonds, earboxylie acid, and hydrocarbon functionality. These data may be 
visualized most easily i f the functionalities are expressed as a proport ion o f 
the n u m b e r of carbons i n the 110-nm defluorinated layer as shown i n Table I. 

W e , therefore, conclude that almost al l the carbons i n the defluorinated 
layer are functionafized i n some fashion, w i t h unsaturation being dominant. 
(Note that these data are corrected for "double count ing" , e.g., one tr iple 
b o n d per five carbon atoms implies that 4 0 % of the carbons are tr iply 
bonded.) There were, however, several more surprising results. T h e hydroxyl 
content of the surface exceeded the carbonyl content, and we determined 
that this resulted largely f rom the washing step after etching. T h e hydrocar
b o n content greatly exceeded the content of oxygenated functionality, and we 
attribute this to reaction w i t h the tetrahydrofuran ( T H F ) solvent dur ing the 
sodium naphthalenide treatment. This reaction was surprising because most 
previous studies were per formed using X P S analysis, w h i c h is insensitive to 
hydrogen. T h e presence of hydrocarbon functionality and its exact chemical 
nature (e.g., C H 2 or C H F ) w i l l be crucial to the adhesion process because o f 
its effect o n the surface energy of the polymer ( I I , 12). 

I n this case, the nature of the information provided by X P S is very 
different f rom that provided by IR . O n l y a few nanometers at the surface are 
sampled by X P S for detailed surface chemical information; thus X P S alone 
gives an incomplete picture of the total chemical change. F igure 6 gives a 
survey scan of the P F A before and after sodium naphthalenide treatment. 

Table I. Functional Group Content of Defluorinated Layer of PFA 
Averaged over the 110-nm Affected Depth 

Functional Groups 
Functional Group per Carbon 

C = C 1/4 
c = c 1/5 
C - H 1/30 
- O H 1/300 
c = o 1/400 
COOH < 1/2000 
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T h e first few nanometers are largely defluorinated and contain about l l - a t % 
oxygen (ignoring hydrogen). This result is consistent w i t h several earlier 
studies of similarly treated fluoropolymers (14-16). T h e use of a variable 
takeoff angle i n X P S analysis al lowed us to demonstrate that the oxygen was 
preferentially local ized i n the top few nanometers (13), but similar informa
t ion is obtainable at a fixed takeoff angle by examination of the oxygen 2 s and 
fluorine 2 s peaks. T h e fluorine 2s electron has a lower b i n d i n g energy than 
the fluorine I s electron, and so can escape f r o m a greater depth w i t h i n the 
specimen. Compos i t ion data obtained f rom the fluorine 2 s and oxygen 2 s 
peaks (after calibration w i t h appropriate standards) represent, therefore, an 
average over a greater depth than compositions obtained f rom the fluorine I s 
and oxygen I s peaks. F o r example, a poly(tetrafluoroethylene) ( P T F E ) 
surface after 1-h immers ion i n sodium naphthalenide contained about 15.7% 
oxygen and 5 . 7 % fluorine as determined f rom the fluorine I s and oxygen I s 
peaks, w i t h a precis ion o f a few tenths of a percent. L o w e r oxygen (13.7%) 
and higher fluorine (7.7%) levels were determined w h e n the surface was 
sampled at a greater depth using the fluorine 2s and oxygen 2s peaks. N o t e 
again that no information is obtainable on hydrocarbon functionality using 
X P S . 

T h e X P S technique was also useful for derivatized specimens. F o r 
example, F igure 7 shows that carbon I s region of the X P S spectrum of 
sodium-naphthalenide-treated P T F E before and after trifluoroacetic anhy
dride ( T F A A ) derivatization. T h e incorporation of C F 3 functionality (ca. 292 
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Figure 6. XPS survey scan of PTFE before (a) and after (b) 1-h sodium 
naphthalenide treatment. 
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291.0 2S*3 28&8 284.6 
Binding Energy (eV) 

(a) 

282J 

294.9 291.8 288.7 285.5 282.4 
Binding Energy (eV) 

(b) 

Figure 7. Carbon Is region of XPS spectrum of PTFE after sodium naph
thalenide treatment (a) and after sodium naphthalenide treatment and 

TFAA derivatization (b). 

eV) through the trifluoroester may be used as a measure of the original 
hydroxyl content o f the surface. Quantif ication of this peak indicates about 
4 . 9 % of the carbons are i n this form, w h i c h implies that the original hydroxyl 
content was on about 1 carbon i n 20. Similarly, the nitrogen I s peak i n the 
D N P H derivatized specimen could be used to determine the original car
bonyl content o f the surface (12). T h e bromine 3d5/2 peak could be used as 
a measure of the original unsaturation after brominat ion of the sodium-naph-
thalenide-treated surface, although there is some question whether fluoro-
substituted vinyl unsaturation w i l l react completely wi th bromine (13). These 
data provide qualitative support that the derivatization reactions were suc
cessful, and also allow comparison of the functionality of the first few 
nanometers of the surface w i t h the average of the first 110 n m as determined 
by I R I R S . 
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T h e data i n Table II summarize a series of analyses of sodium-naph-
thalenide-treated P F A and P T F E films. A comparison of Tables I and II 
allows us to conclude that the unsaturation was distributed relatively u n i 
formly through the 110-nm affected depth, whereas the carbonyl and hy
droxyl functionalities were concentrated i n the top few nanometers. F o r 
example, the I R I R S data for P F A indicate an average unsaturation value of 1 
functionality per 2.2 carbons, and the brominat ion results of X P S indicate a 
similar value of about 1 per 2.9 carbons. However , the X P S data indicate a 
hydroxyl content of 1 per 20 carbons (by T F A A derivatization) and a carbonyl 
content of 1 per 60 carbons (after D N P H derivatization), compared w i t h 1 
per 300 and 1 per 400 carbons, respectively, f rom I R I R S . T h e hydrocarbon 
content of the surface is not determinable by X P S and, therefore, cannot be 
compared. 

O n e may conclude f rom this example, where the surface modification is 
about 100 n m , that I R and X P S provide very different pictures of the 
chemical state of the surface. B o t h pictures are correct, depending o n how 
the surface is defined. In terms of the physical property that we were trying 
to understand (i.e., the adhesion of copper to the fluoropolymer), both 
pictures are informative. T h e X P S data reveal more about the short-range 
interaction forces between the copper and the modif ied fluoropolymer, but 
the I R data are essential i f we are to understand the adhesion process, 
because failure occurs i n this system w i t h i n the modif ied layer of the 
fluoropolymer (17) . 

Surface Modification on a Micrometer Scale; Primers 
for Polyolefin—Cyanoacrylate Adhesion 

F o r many technological applications, the formation of good adhesive bonds to 
polyolefins, such as polyethylene ( P E ) and polypropylene ( P P ) is desirable. 
However , polyolefins have a l o w surface energy and require additional 
processing steps, such as plasma or flame treatment, before even moderate 
adhesive bonds can be formed. Adhes ion to a polycyanoacrylate w o u l d be 
particularly beneficial : E t h y l cyanoacrylate (Structure 1), an example of an 
instant adhesive ( " K r a z y G l u e " ) , has many domestic and industrial applica-

Table II . Average Composition Determined by XPS over ca. 5 nm 
for Fluoropolymers 

PFA per PTFE per 
Group Carbon Carbon 

c = c , c = c 1/2.9 1/3.7 
- O H 1/20 1/18 
- c = o 1/60 1/120 
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tions. W e have examined the mechanism of pr imer action for the polyolefin 
surface, that is, materials that may be coated onto the polyolefin be
fore preparation of the adhesive b o n d (17, 18). T h e primers we have ex
amined include tr iphenylphosphine ( T P P , 2) and cobalt acetoacetonate 
[Co(acac) 2 , 3], 

T h e method of pr imer application is either spraying or brushing a th in 
coating f rom dilute solution. T h e n the solvent is al lowed to evaporate, 
fo l lowed by application of the adhesive. Typica l data for PP/cyanoacry la te/PP 
adhesive b o n d strengths are shown i n F igure 8. T h e term "coating thickness" 
is the value calculated w h e n it is assumed that the applied pr imer remains on 
the surface of the P P as a un i form film. In fact, some mixing of polymer and 
pr imer occurs (as w i l l be demonstrated) but the term remains a useful 
parameter for defining the specimen. W i t h o u t pr imer , a PP/cyanoacrylate/PP 
lap shear joint ( A S T M D 4501-85) has negligible strength. W i t h increasing 
apparent p r i m e r thickness, the joint strength increases, but then decreases, 
presumably because of a change i n the mode of failure w h e n the pr imer layer 
becomes too thick (20). 

< CN 

Ό 

C H 3 

I 
C = (K 

CH 
C - 0 ' 
I 
C H 3 

% Co 

Coating Thickness (nm) 

Figure 8. Adhesion strength of PP/cyanoacrylate/PP lap shear joint as a 
function of apparent Co(acac)2 primer layer thickness. 
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O n e characteristic of these primers is that their effectiveness diminishes 
over a per iod of hours or days i f the p r i m e d surfaces are al lowed to age 
before application of the adhesive (20) . F o r example, w h e n T P P was appl ied 
to a P P surface and the p r i m e d surface was aged i n the normal laboratory 
environment before application o f the adhesive, the lap shear joint strength 
dropped 5 0 % after 4 h and 8 0 % after 24 h . Therefore, we used the I R I R S 
technique to monitor diffusion of the p r i m e r away f r o m the surface o n a 
dimension scale of fractions of a micrometer. T h e p r i m e r was appl ied to 
low-density polyethylene ( P E ) plaques i n the conventional manner, and the 
p r i m e d surface was then pressed against a 60° incidence germanium 1RS 
element. The change i n intensity of the characteristic absorptions of the 
pr imer was then fol lowed as a function of t ime. 

F igure 9 shows I R I R S spectra of the P E surface before and immediately 
after p r i m i n g w i t h 0 .03-wt% Co(acac ) 2 solution i n toluene. T h e integrated 
absorbance of the 1 5 1 0 - c m " 1 peak was calculated using 1540 and 1489 c m - 1 

as a pseudobasehne and was taken as a measure of the C o ( a c a c ) 2 content of 
the ca. 400-nm sampling depth. T h e I R I R S specimen remained assembled 
and was stored under ambient conditions for the 5 days of the test whi le the 
pr imer absorbance was fol lowed w i t h t ime. Di f fus ion of the pr imer away 
from the surface occurs over a t ime scale of days. T h e sampling depth of the 
1RS element (60° incidence germanium) defines the distance over w h i c h the 
p r i m e r must migrate to "disappear" f rom the 1RS field of view. 

Al though it is theoretically possible to calculate a dif fusion coefficient 
f rom such data, we felt that the boundary conditions were insufficiently w e l l 

160O 1900 1400 
Wavenumbers (cm4) 

Figure 9. IRIRS spectra of PE plaques: control (a); primed with Co(acac)i 

applied from 0.03% toluene solution (b). 
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defined to justify such an analysis. Instead, we used the integrated ab
sorbance at 1540-1489 c m - 1 as an index o f p r i m e r surface concentration as a 
funct ion of aging t ime (Figure 10). W e then showed that the pr imer surface 
concentration correlates w i t h the lap shear strength obtained f rom 
P E / c y a n o a c r y l a t e / P E joints after the same per iod of aging of the p r i m e d 
surface before fabrication o f the joint. F o r example, after one day at 25 °C, 
the index of p r i m e r surface concentration had fallen about 1 5 % whereas lap 
shear joints made w i t h one-day-old C o ( a c a c ) 2 p r i m e d P E were about 2 0 % 
weaker. Joint strength data for longer aging times and higher aging tempera
tures fol lowed the t rend i n p r i m e r surface concentration (20). T h e diffusion 
of the C o ( a c a c ) 2 p r imer away f rom the P E surface and into the bulk o f the 
polymer, therefore, can be assumed to be the factor responsible for deteriora
t ion of adhesive bonding properties of the p r i m e d surface. Separate experi
ments determined that the rate of evaporation of the pr imer under these 
aging conditions was insufficient to explain the surface deterioration and that 
the pr imer was chemical ly stable to oxidation or photolysis. 

W i t h the T P P pr imer , the rate of diffusion of p r i m e r away f rom the 
surface was faster than w i t h C o ( a c a c ) 2 , as was the rate of deterioration i n 
adhesive b o n d strength. F igure 11 shows typical I R I R S spectra and inte
grated absorbance data for the 1 4 3 0 - c m " 1 p r i m e r peak ( 1 4 4 6 - 1 4 2 4 - c m - 1 

pseudobaseline). Af ter one day under ambient conditions, the pr imer surface 
concentration had fallen b y one-half, and joints made w i t h one-day-old 
T P P - p r i m e d surfaces showed about 3 0 % of their original strength. L a p shear 
joints made w i t h T P P - p r i m e d surfaces that had been aged at 80 °C for 24 h 
showed negligible strength. 

W h e n diffusion gradients occur over tens o f micrometers, it is possible to 
use I R microscopy to measure diffusion coefficients. Such a case occurs w h e n 
the T P P pr imer is appl ied f rom the melt at 90 °C and is al lowed to diffuse 
into plaques of polypropylene (PP) . Af ter 24 h at 90 °C the plaques were 
sectioned w i t h a microtome and the spatial distr ibution of the T P P was 
determined using a microscope aperture of about 20 μιτι (F igure 12). 

Figure 10. Change in Co (acac)2 surface 
concentration by IRIRS (integrated ab
sorbance at 1540-1489 cm ~1) as a func

tion of time at 25 °C. 

- o * — « • ' • l — « 1 
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Urne (days) 
(b) 

Figure 11. IRIRS spectrum (a) and 
change in primer surface concentration 
(b) [integrated absorbance 1446-1424 
cm'1) for TPP-primed PE plaques, (j. 
Yang, University of Connecticut, unpub

lished data.) 

Although this was a useful way to determine the diffusion coefficient for the 
pr imer i n the polymer (18), it is an unrealistic application procedure for the 
pr imer . 

In response to these and other observations, we have developed a mode l 
that involves at least four necessary criteria for an effective p r i m e r for this 
system (18, 20): T h e p r i m e r must (1) mix w i t h the polyolefin so as not to 
form a weak boundary layer, (2) increase the polyolefin surface energy, (3) 
not diffuse too rapidly into the bulk of the polyolefin, and (4) catalyze the 
cure of the cyanoacrylate. 

W o r k i n this area is continuing, w i t h particular emphasis o n the nature of 
the interaction responsible for improved adhesive b o n d strength, w h i c h 
includes the possible formation o f interpenetrating polymer networks ( I P N ) . 
A comparison of I R and X P S data i n this example is not relevant because 
both T P P and Co(acac ) 2 have significant vapor pressures, w h i c h make 
quantitative analysis by X P S impossible. 
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1110 1070 1030 
Wavenumber (cm-1) 

(a) 

Figure 12. IR microscopic data obtained 
at various depths inside a PP plaque 
contacted with molten TPP primer at 
90 °C: mid-IR spectra (PP subtracted) 
(a); integrated absorbance 1100-1080 

cm ~1 (b). 

Summary 

T h e I R I R S technique is capable o f nanometer level sensitivity i n surface 
analysis, and, i n combination w i t h derivatization techniques, can give chemi
cal and structural information unobtainable w i t h other techniques. Specimen 
cleanliness is a greater l imitat ion than spectrometer performance. T h e I R I R S 
technique is particularly valuable for the surface analysis of thick films (where 
the more surface-sensitive techniques such as I R R A S and S E R S are inappro
priate) and w h e n specimen limitations such as volatility preclude the use of 
high-vacuum techniques. T h e combinat ion of I R I R S and X P S allows the 
determination of concentration profiles w i t h i n a polymer surface. 
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Fundamentals and Applications 
of Diffuse Reflectance Infrared Fourier 
Transform (DRIFT) Spectroscopy 

Mark B. Mitchell 

Department of Chemistry, Clark Atlanta University, Atlanta, G A 30314 

Diffuse reflectance spectroscopy is a powerful tool for the study of 
materials such as polymers and catalysts. The bulk or surface mor
phology of these materials is many times an important experimental 
parameter that can be altered by sample preparation methods used in 
the more common spectroscopic techniques. Diffuse reflectance in
frared Fourier transform (DRIFT) spectroscopy has been shown to be 
more sensitive to surface species than transmission measurements and 
to be an excellent in situ technique. The applications of DRIFT 
spectroscopy to the investigation of polymer surfaces and surface 
structures of both fibers and films are particularly germane to this 
symposium and are covered in this review. The foundations of the 
diffuse reflectance technique in the mid-infrared range are presented, 
and methods that have been used to obtain spectra for polymer 
powders, films, and fibers are outlined, as is the use of DRIFT 
spectroscopy for depth-profiling studies. The use of DRIFT spec
troscopy for the investigation of catalytic processes is also reviewed. 

DIFFUSE R E F L E C T A N C E INFRARED F O U R I E R TRANSFORM ( D R I F T ) spec
troscopy is an infrared sampling method that involves m i n i m a l sample prepa
ration i n terms of t ime and sample manipulation. D R I F T spectroscopy is 
particularly useful for powder samples, but can also be used to investigate 
samples such as polymer fibers and films. T h e manipulations involved i n 
preparation of a sample for transmission measurements, as an example, 
involve mixing the sample w i t h an appropriate diluent and compressing the 

0065-2393/93/0236-0351$07.25/0 
© 1993 American Chemical Society 
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sample into a transparent pellet. This preparation can easily result i n irre
versible changes i n sample morphology and surface properties. Thus, m i n i 
m i z i n g sample manipulat ion becomes an important consideration w h e n 
sample morphology and surface properties are investigated, or are important 
sample variables. I n addition, because the sample is not compressed for 
D R I F T spectroscopy, good gas contact w i t h the entire sample is possible, a 
distance advantage for i n situ measurements. Gas flow through the sample is 
a capability that makes D R I F T spectroscopy useful as one segment of a 
hyphenated analytical system or as a technique for the study of gas-surface 
interactions. 

Di f fuse reflectance has been used extensively i n the visible and ultravio
let regions of the electromagnetic spectrum for the characterization of sol id 
materials such as inorganic powders. M a n y of the effects and constraints that 
govern diffuse reflectance spectroscopy were determined as a result o f 
experiments w i t h ultraviolet and visible radiation. In those investigations, the 
K u b e l k a - M u n k expression was particularly useful for relating the observed 
reflectance spectrum to the optical constants of the material under study. 
References by Wendlandt and H e c h t ( I ) and by K o r t u m (2 ) provide an 
excellent background and include reviews of these earlier investigations. 

I n 1976, W i l l e y (3) described the optical design of an instrument 
developed to extend the technique of diffuse reflectance into the infrared. 
H i s F o u r i e r transform I R ( F T I R ) spectrometer was specifically designed to 
carry out infrared diffuse reflectance measurements, although it could also be 
used for transmission measurements. 

Since the work of F u l l e r and Griff i ths i n 1978 and 1980 (4, 5), the 
D R I F T spectroscopy technique has been used for the analysis of a wide 
variety of sample types, inc luding polymer powders, films, and fibers; hetero
geneous catalysts; and high-temperature superconductors, as w e l l as " n o r m a l " 
inorganic and organic powder materials. F u l l e r and Griff i ths la id m u c h of the 
groundwork necessary for the use of the technique as an analytical tool . This 
review outlines the foundation la id by F u l l e r and Grif f i ths and by other 
investigators and presents results that demonstrate the util i ty of the D R I F T 
spectroscopy technique for a variety of sample types. 

A variety of infrared spectroscopic methods are available for use to 
investigate polymers, and many of the applications of these techniques to 
polymers have been discussed (6) . Transmission spectroscopy is one of the 
most c o m m o n methods, but, as ment ioned earlier, the pressure needed to 
form pellets of many polymers can affect surface functionality. These effects 
were documented by B l i tz et al . (7 ) i n their investigation of trimethoxymeth-
ylsilane o n a silica surface. T h e authors showed that the pressures involved i n 
making a pellet i n d u c e d chemical changes i n the surface functional groups. 
Also , many samples of interest s imply are not optically th in enough to be 
studied by transmission. F iber -re inforced composites are an example of such 
a case. 
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Attenuated total reflectance ( A T R ) is one of the best ways to obtain 
infrared spectra of polymer films. O n e of the requirements of A T R is that the 
sample make optical contact w i t h an infrared crystal. Some samples are not 
soft enough to form good contact and are difficult to study w i t h this method. 
Fibers are very difficult to measure w e l l using A T R . 

Chi lders and Palmer (8) and U r b a n et al . ( 9 ) compared photoacoustic 
spectroscopy ( P A S ) and D R I F T spectroscopy. T h e general conclusion is that 
the methods are comparable: D R I F T spectroscopy usually gives better signal 
to noise ( S / N ) ratios for most samples, but P A S is better suited for strongly 
absorbing or highly reflective samples. Another general conclusion is that 
D R I F T spectroscopy is very sensitive to sample morphology (with powder 
particle size being a crit ical parameter), whereas P A S is relatively insensitive 
to sample morphology and is perhaps better suited to the study o f carbon-fi l led 
rubbers, for example, because it is difficult to control particle size for a 
D R I F T sample. P A S can be used for depth-profi l ing (9 , 10), w h i c h is not as 
easily accomplished using D R I F T spectroscopy, although some concentration 
versus depth information can be generated using D R I F T w i t h K B r overlayers 
as is discussed later. 

Theory 

There are two general types of reflected light: specular and diffuse. A 
c o m m o n example of specular reflection (also cal led front-surface, regular, or 
Fresnel reflection) is light reflected f rom mirrors or other pol ished surfaces. 
Specular reflectance occurs at any interface between two materials w i t h 
different refractive indices. Specularly reflected light is characterized by the 
rule that the angle of reflection is equal to the angle of incidence. C o m m o n 
examples of diffusely reflecting surfaces are the matte surfaces characteristic 
of certain types of paper and powders. Di f fuse ly reflected radiation is the 
fight reflected f rom a diffusely reflecting sample for w h i c h the angle o f 
reflection does not equal the angle of incidence. 

Optical Constants. T h e intensive property that characterizes the 
reflectance and transmittance o f a material is the complex refractive index 
(nf), w h i c h is the sum of the index o f refraction (n) (called the real 
component) and the absorption index (kf) (called the imaginary component) : 

ri = η + ik' (1) 

F o r nonabsorbing materials, k' = 0. Specularly reflected light is w e l l de
scribed by FresneFs equations (see reference 1), w h i c h express the reflection 
of electromagnetic radiation at an interface as a function of the refractive 
indices of the two media that form the interface. T h e difference i n the 
refractive indices leads to reflection. T h e differences i n refractive index that 
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lead to reflection can be due to differences i n the real or the imaginary 
components. 

I n the B e e r - L a m b e r t equation, the loss o f transmitted intensity, I , due 
to absorption processes is given by 

I = I0e-k* (2) 

where k is the absorption coefficient (Φ k') and χ is the path length through 
the sample. T h e absorption index is related to the absorption coefficient b y 

Jfc'=Jfc/4irv (3) 

where ν is the frequency o f the radiation (per centimeter) and the absorption 
coefficient is related to the absorptivity, a, and the concentration, c, o f an 
absorber by 

k = 2.303ac (4) 

Kubelka-Munk Expression. I n any spectroscopic technique it is 
important to be able to characterize the response of the technique to the 
concentration of the analyte. A n u m b e r of models have been developed that 
y ie ld expressions relating observed diffuse reflectance to concentration ( J , 2, 
9) . T h e n u m b e r of independent experimental variables that must be evalu
ated for each expression is related to the complexity of the model . T h e most 
commonly used expression is the two-parameter K u b e l k a - M u n k ( K M ) ex
pression ( I , 2 , 11-13): 

f(Rœ) = (l-Rœf/2R^-k/s (5) 

where Rx is the absolute reflectance of an " inf ini te ly th ick" sample, f(Rœ) 
represents the value of the K u b e l k a - M u n k function, k is the absorption 
coefficient defined previously, and s is a scattering coefficient def ined for 
purely scattering samples b y 

1 = I0e~" (6) 

It is generally assumed that s is a constant or at most a slowly varying 
funct ion of frequency and is not a function of analyte concentration. A n 
infinitely thick sample is one through w h i c h no light is transmitted. A l l l ight is 
either reflected or absorbed. T h e infinitely thick cri terion is generally satis
fied for samples that are 3 - 5 m m thick. This thickness does not satisfy the 
infinitely thick cri terion for al l samples or for many samples over the whole 
mid- infrared range; these considerations are discussed later. Nonetheless, 
D R I F T spectra of most compounds can be at least semiquantitative w i t h 
samples of this thickness. A s an aside, Fraser and Griff i ths (14) argue that 
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because the effective path length increases by a factor of 2 for diffuse 
reflectance, eqs 2 and 6 should be modif ied such that the exponents are 
— 2 fee and — 2sx, respectively. I n principle , this change should have no 
effect on the remission function (eq 5) calculated for the infinitely thick 
sample, because the factor of 2 w i l l cancel. However , this possible discrep
ancy should be kept i n m i n d w h e n comparing k data f r o m different groups. 

Typically, the absolute reflectance of e q 5 is not evaluated. Instead, the 
reflectance relative to some nonabsorbing standard is measured. Rf

œ is 
substituted for Rœ i n e q 5, where 

R'œ = Rœ(sample)/Β» (standard) (7) 

Rœ (sample) is the reflectance of the sample and Rœ (standard) is the 
reflectance of a nonabsorbing standard, such as K B r or K C l . F o r samples that 
obey the K u b e l k a - M u n k expression, plots of f(R'«) versus concentration (c) 
yie ld a straight l ine w i t h a slope of 2 . 3 0 3 « / s . 

I n their original paper, F u l l e r and Griff i ths (4) presented results that 
showed the dependence of the D R I F T spectra o n particle size and concen
tration of the absorber. Plots of the K M intensity of a particular band showed 
deviations f rom linearity at h igh absorber concentrations. T h e K M equation is 
derived w i t h the assumption that the sample is optically dilute: the concentra
t ion of the absorber is low or the absorption coefficient is small . This 
condit ion is generally met by di lut ing the sample of interest i n a nonabsorb
ing matrix such as K B r or K C l , although for weak infrared absorptions, this is 
not necessary. F o r samples that satisfy the optically dilute criterion, small 
changes i n concentration result i n proport ional changes i n the observed K M 
intensities. 

Fresnel Reflection. T o aid a discussion of several o f the causes and 
possible solutions of nonlinearity associated w i t h D R I F T spectroscopy, it is 
useful to consider the sample material as a composit ion of small grains o f 
diluent and analyte (see F igure 1). W h e n radiation interacts w i t h the sample, 
three different events, w h i c h y ie ld three classes of reflected radiation, can 
occur. T h e first class results f rom the simple reflection of incident radiation at 
a sample grain interface that is parallel to the macroscopic surface of the 
sample; this is cal led specular Fresnel reflectance, after B r i m m e r and G r i f 
fiths (15). This reflection f rom the top surface of the powder is not isotropi-
cally scattered; the angle of reflection is equal to the angle of incidence. T h e 
reflection f rom the top surface also retains the polarization of the incident 
beam. 

T h e second class of reflected radiation is similar to the first i n that it is 
not transmitted through any sample grains. M a n y of the grain interfaces that 
the radiation encounters w i l l not be parallel to the surface of the macroscopic 
sample. Incident radiation that encounters such an interface w i l l be reflected 
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Incident Radiation 

Figure 1. Schematic diagram of the DRIFT interaction with three classes of 
interaction shown. The top ray is used to indicate the Fresnel specular component 
of the reflected radiation, which is reflected from the first interface it encounters 
at the top of the sample. The center ray indicates the Fresnel diffuse component. 
After two reflective interactions and no transmission through any sample grain, 
the sample is reflected out of the sample. The lowest ray corresponds to the 
Kubelka-Munk diffuse reflectance, which is radiation that has been reflected 

from some grains and transmitted through others. 

at an angle that is equal to the angle of incidence at the grain interface, yet 
not equal to the angle of incidence to the macroscopic sample. This radiation 
w i l l carry no information about the analyte, but it is diffusely reflected i n the 
sense that it is isotropically scattered and its polarization is scrambled relative 
to that of the incident radiation. This radiation is cal led diffuse Fresnel 
reflectance. M u l t i p l e reflection w i t h i n the sample w i l l also generate radiation 
emerging f rom the sample that has not been transmitted through any sample 
grain, and this radiation falls into the class of diffuse Fresne l reflectance. 

T h e t h i r d and final class of radiation reflected f rom the sample is called 
the diffuse K u b e l k a - M u n k reflectance. This radiation has been transmitted 
through at least one sample grain, contains all the information regarding the 
analyte that is available i n the reflected radiation, is isotropically scattered, 
and its polarization is scrambled relative to the incident field. T h e intensity of 
this radiation obeys the K u b e l k a - M u n k relation for the intensity of analyte 
absorption bands relative to concentration of the absorber, under the l imita
tions of that relation. 

The presence of Fresne l reflectance i n the radiation collected by 
the detector leads to m u c h of the nonlinearity associated w i t h D R I F T 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

3

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



13. M I T C H E L L Diffuse Reflectance IR Fourier Transform Spectroscopy 357 

spectroscopy. Specular Fresne l reflectance is relatively easy to eliminate f r o m 
the collected radiation. O n e scheme is to collect radiation i n directions that 
exclude the plane of incidence of the incident radiation (16, 17). A second 
scheme is to polarize the incident radiation and collect radiation through an 
analyzing polarizer oriented at 90° to the polarization of the incident radiation 
(17, 18). These two optical configurations are i l lustrated i n F igure 2. Ne i ther 
of the two methods w i l l el iminate the diffuse Fresnel reflectance. O n e 
method that apparently decreases diffuse Fresne l reflectance is to gr ind the 
sample and diluent to very small particle sizes. This method decreases the 
fraction of incident radiation that is reflected out o f the sample without be ing 
transmitted through a sample grain. 

Fresnel reflectance does not obey the K u b e l k a - M u n k relation whether 
specularly or diffusely reflected, and it is important to k n o w w h e n an 
observed spectrum can be characterized using the K u b e l k a - M u n k relation. 
Intensity variations i n the Fresne l reflectance components of the collected 
radiation are directly dependent on variations i n both the index of refraction 
(n) and the absorption index (kf) o f the sample. I n the neighborhood of an 
absorption band, the index of refraction fluctuates rapidly as a funct ion of 
frequency and takes o n the first derivative shape characteristic of a d a m p e d 
oscillator. This fluctuation is known as anomalous dispersion. F o r moderate to 
weak absorption bands, the Fresne l reflectance is dominated by the fluctua
tions of the index of refraction, and spectra that contain a large Fresne l 
reflectance component w i l l show characteristic derivative-shaped bands. F o r 
absorption bands w i t h very high absorption indices, the Fresne l reflectance is 
dominated by the absorption index, and the sample is actually more reflective 
i n the neighborhood o f these absorption bands than i n spectral regions i n 
w h i c h the sample is transparent. These " i n v e r t e d " reflectance bands are 
called reststrahlen bands. Anomalous dispersion and reststrahlen bands and 
their effects have been discussed b y several groups (16, 18-20). 

W i t h respect to the absorption index scale, strong infrared chromophores 
such as the 6 7 4 - c m - 1 C - H out-of-plane absorption of benzene have absorp
t ion indices o n the order o f 1.5 (21). T h e weakly absorbing C - H stretch 
vibrations of benzene have absorption indices of 0.01-0.05. F o r inorganic 
materials, the absorption indices associated w i t h meta l -oxygen and 
meta l -ha l ide vibrations can be significantly greater than 3.0. Such absorp
tions almost always lead to distorted peak shapes w h e n measured using 
D R I F T spectroscopy. 

Optical Accessories. Several companies manufacture optical acces
sories that can be used to obtain D R I F T spectra. T h e majority of these 
accessories correspond to one of the configurations shown i n F igure 2 A and 
B . However , the on-l ine configuration is used most commonly without the 
polarizers. U n d e r such conditions, the on- and off-l ine configurations per form 
m u c h differently w i t h regard to their ability to reject Fresnel reflectance. 
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Radiation from 
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Polarizer 
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Figure 2. Schematic diagram of three commonly used optical configurations that 
eliminate to a great degree the contribution of Fresnel specular reflectance to 
the collected radiation. The top diagram (A) represents the in-line configuration 
in which polarizers are used to eliminate the specular component. The middle 
diagram (B) shows the off-line configuration in which exclusion of the plane of 
incidence from the collection optics is used to eliminate the specularly reflected 
component. The bottom diagram (C) is a configuration built by Fuller and 
Griffiths (3). (Reproduced with permission from reference 17. Copyright 1948.) 
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Comparisons of these two configurations have been carried out by at least 
three groups (16-19), and it was observed that the optical off-hne configura
t ion leads to better rejection of the Fresne l components of the reflected 
radiation than the on-line configuration w h e n the polarizers are not used for 
the optical in- l ine configuration. H e m b r e e and S m y r l (19) observed that even 
for relatively weak calc ium carbonate absorptions, the on-fine configuration 
gave nonlinear results as a funct ion o f concentration even at l o w concentra
tions. T h e use of a device to physically block specularly reflected radiation 
i n the on-line configuration significantly reduced the throughput of the 
configuration. 

Sample Preparation. O n e of the limitations of diffuse reflectance 
spectroscopy w i t h regard to its use as a truly quantitative technique involves 
the reproducibi l i ty of the technique. Because the sample materials are 
typically powders, the physical characteristics of the diluent and the analyte 
play an important role i n the reproducibi l i ty of the results. 

I n their first paper, F u l l e r and Griff iths (4) investigated the effects of 
particle size o n the observed spectra. T h e spectra were clearly shown to be 
dependent on particle size, and samples w i t h smaller average particle sizes 
(average particle size < 10 μ ι η ) gave better spectra w i t h reduced peak 
widths compared to samples w i t h large average particle sizes (average particle 
size > 90 μιη) . A n average particle size of 10 μ m is a realistic goal for 
quantitative measurements o f powders. Average particle sizes of 5 0 - 1 0 0 μ m 
have been shown to y ie ld useful qualitative results (22). F u l l e r and Griff i ths 
also il lustrated the requirement for optically dilute samples; they could not 
effectively carry out spectral subtraction over large frequency ranges unless 
the sample was di luted i n a nonabsorbing matrix such as K C l . Later studies 
by Grif f i ths ' group and by other groups showed that it is not always a 
requirement that the sample be di luted; polymer films and fibers are an 
important example of systems that can be examined without di lut ion, i n many 
cases w i t h excellent results (see later discussion). 

W i t h regard to the use of pressure as a way to overcome the nonrepro-
ducibi l i ty i n the observed spectra associated directly w i t h the sample prepara
t ion step, Yeboah et al . (23) f o u n d that the K M intensities of two of the 
infrared absorption bands of caffeine increased by almost an order o f 
magnitude between a sample prepared w i t h no pressure treatment and one 
subjected to a pressure of 12,000 psi for 5 m i n . This increase i n /( lO was 
presumed to be completely due to a corresponding decrease i n the scattering 
coefficient, an effect that (as they point out) is commonly observed i n 
pressing pellets for infrared analysis. This decrease occurs because the 
scattering at a K C l - a n a l y t e interface is less than the scattering at a combina
t ion K C l - a i r - a n a l y t e interface because the refractive index for K C l is similar 
to that for many organic analytes. F o r diffuse reflectance measurements 
though, once the sample becomes transparent, the K u b e l k a - M u n k formula
t ion is no longer val id because diffuse reflectance is no longer the dominant 
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process. I n general, pressure increases the spectral contrast of the observed 
spectra and increases the reproducibi l i ty between measurements; the stan
dard deviation approaches ± 3 % for samples prepared w i t h the same pres
sure appl ied for the same length of t ime. H e m b r e e and Smyr l (19) also 
investigated the use of pressure as a way of improving reproducibi l i ty and 
found that by careful sample preparation without pressure, the standard 
deviation approached + 3 % . T h e use of pressure was found to decrease the 
magnitude of the diffusely reflected radiation and increase the specular 
component. 

T h e effect of using infrared-absorbing materials as diluents was investi
gated by B r i m m e r and Griff i ths (24). A n important example of such a 
situation is a surface layer o n a polymer fiber or film. A l t h o u g h the polymer 
fiber or film substrate is not technically a diluent i n such a sample, many of 
the considerations that B r i m m e r and Griff i ths discuss are applicable. I n situ 
catalytic studies also provide an example of a case w h e n the use of diluents is 
not desirable. A s a diluent, K C l is a source of many potential uncertainties i n 
such an investigation: Potassium is a w e l l k n o w n promoter i n many catalytic 
systems and chloride ions can act as a catalyst poison, so the use o f these 
materials for i n situ investigations can clearly distort results. I n such cases, it 
is many times preferable to dilute the sample w i t h a chemical ly inert support 
material such as a lumina or silica, both o f w h i c h , however, have strong 
absorptions i n the infrared. B r i m m e r and Griff iths reported that the effect of 
an absorbing matrix is very complex. I n general, the authors observed an 
apparent decrease i n the absorptivity of analyte bands that occurred i n 
regions of infrared absorption by the diluent. T h e authors postulated two 
possible causes. T h e increased average absorption of the sample can result i n 
a decrease i n the effective penetration depth of the radiation into the 
powder. Also , because the absorption index (&') for the diluent is nonzero i n 
frequency regions where it absorbs, more specular reflectance f rom the front 
surface of the sample powder may be observed i n those regions than i n the 
case of a nonabsorbing diluent. T h e combine d result is that the use o f 
infrared-absorbing diluents may significantly distort analyte absorption bands, 
especially the intensity of one analyte band relative to another, compared to 
absorption bands observed i n a transmission spectrum. 

Recently, Frasier and Griff i ths (14) investigated the effect of changes i n 
the scattering coefficient s (eq 6) on the observed D R I F T spectra; specifi
cally, the effect o f the scattering coefficient o n the infinite-depth cri terion o f 
the K u b e l k a - M u n k expression. T h e scattering coefficient o f K C l powder that 
had been pressed slightly, for samples of thicknesses greater than about 500 
μπι, was found equal to 25 c m - 1 , and the scattering coefficient var ied as a 
funct ion of frequency (although by no more than about a factor of 2 over the 
mid- infrared range) and as a funct ion of sample thickness. T h e calculations of 
Frasier and Griff i ths indicate that the infinite depth approximation w i l l not be 
va l id for nonabsorbing samples unt i l the sample thickness approached 1 c m . 
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However , i f a sample does have infrared absorption bands, k' w i l l decrease 
the effective depth of penetration and, over the frequency region of the 
absorption, the infinite depth approximation may be val id for samples m u c h 
less than 1 c m thick. 

Mandel is et al . (25) derived a treatment, based on Melamed's statistical 
approach (26) , for calculating the diffuse reflectance and diffuse transmit-
tance of powders w i t h a particle size that is very large w i t h respect to the 
wavelength of the incident radiation. G o o d agreement was obtained for 
samples made u p of particles w i t h (d) ~ 7k, where (d) is the average 
particle diameter and λ is the wavelength of the radiation; however, relatively 
poor agreement was found for smaller particles, where the K M expression 
becomes useful. 

Polymer Studies Using DRIFT Spectroscopy 

There are two different types of polymer investigations that have been 
carried out w i t h D R I F T spectroscopy. T h e first type results f rom the study of 
a polymer powder. I n this sort of investigation, the considerations regarding 
the sample itself are no different than those that w o u l d be involved for a 
typical organic analyte: particle size, sample homogeneity, and sample pack
ing. L e e et al . ( 2 7 ) carried out just such a study on complexes o f poly (vinyl 
phenol) ( P V P h ) and poly(2-vinyl pyridine) ( P 2 V P ) . T h e complex precipitated 
f rom solution as a powder and gave very poor K B r pellet transmission spectra 
due to the large amount of scattering caused b y the analyte powder. U s i n g 
D R I F T spectroscopy, these investigators were able to study the interactions 
between the two species that comprise the complex; the spectra indicate the 
formation of a 1:1 complex. F igure 3 shows the 2 2 0 0 - 3 8 0 0 - c m " 1 region o f 
the D R I F T spectrum of a complex of P V P h - P 2 V P , pure P V P h , and pure 
P 2 V P . T h e two broad, intense absorptions at 3525 and 3330 c m " 1 for pure 
P V P h are associated w i t h free and hydrogen-bonded O - H groups. These 
bands are not present i n the complex; rather, a n e w broad feature centered at 
about 3000 c m " 1 is apparent. This new absorption is assigned to a strongly 
perturbed O - H vibration; the perturbation is caused by interaction w i t h the 
nitrogen atom of the P 2 V P . 

Siesler (28) used silica powder to m i m i c glass fibers and treated the 
powder w i t h 7-propyltrimethyloxysilane, a coupl ing agent used to increase 
reinforcement effectiveness i n fiber reinforced plastics. This investigator was 
able to monitor the decrease i n free O H (3740 c m " 1 ) on the glass surface 
and the growth of C H 2 (2900 c m - 1 ) and C = 0 (1700-1725 c m " 1 ) due to the 
coupl ing agent, as a funct ion of the amount of coating. 

Savolahti (29) used D R I F T to study the thermal degradation of barley 
protein. T h e sample was lyophi l ized or spray-dried. Samples were mixed w i t h 
K B r and heated i n a control led environment ce l l ( from Spectra Tech) . Loss 
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3800 3000 
Cm" 1 

Figure 3. Scale-expanded DRIFT spectra in the range 3800 to 2200 cm ~1 of 
solid solutions in KCl (1:50 weight ratio): PVPh~P2VP polymer complex formed 
with 4:1 initial composition (A); pure PVPh (B); and pure P2VP (C). (Reproduced 

with permission from reference 27. Copyright 1984.) 

of the olefinic C - H stretch absorption was assigned to oxidation of the 
double bond. T h e growth o f a strong C = 0 absorption b a n d was observed as 
was the loss of intensity associated w i t h O - H , N - H , C - H , and C - O groups. 
T h e amide I and II bands decreased at 1650 and 1540 c m - 1 , respectively. 

Polymer Fibers. T h e second type of polymer investigation using 
D R I F T spectroscopy is carried out where gr inding polymer fibers or films 
w o u l d change the chemistry and morphology of the system too drastically to 
allow spectroscopic correlation of the results w i t h the unground sample. 

In 1980, Maulhardt and K u n a t h (30) used D R I F T spectroscopy w i t h 
their own optical device and a commercia l F T I R to study a silane coupl ing 
agent o n glass fibers. Contr ibutions f rom the C - H , C = 0 , and C = C vibra
tions o f the coupl ing agent were clearly seen, but useful information for 
frequencies less than about 1500 c m - 1 was not obtained because o f the 
strong infrared absorptions of the silica substrate. 

Investigation of coupl ing agents o n glass fibers was of interest to K o e n i g 
and co-workers. Al though m u c h of their early work was conducted using 
transmission spectroscopy (31), K o e n i g and co-workers carried out a n u m b e r 
of investigations using D R I F T spectroscopy to study polymer fibers and films. 
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C u l l e r et al . (6 ) characterized several o f the infrared methods that may be 
used to obtain infrared spectra of polymers, inc luding D R I F T spectroscopy, 
and pointed out several o f the advantages and disadvantages of D R I F T 
spectroscopy. These advantages include good sensitivity and little sample 
preparation; the disadvantages inc luded the need for a consistent particle size 
for quantitative results, l imi ted depth penetration, and that strongly absorbing 
modes i n a material l imit the sensitivity of the technique i n spectral regions 
that those modes overlap. T h e authors reported init ial spectra of a coupl ing 
agent on silica fibers that closely resembled those of Maulhardt and K u n a t h 
(30) . 

In 1984, the technique of using K B r overlayers to obtain D R I F T spectra 
of polymer fibers was introduced b y M c K e n z i e et al . (32), w h o investigated 
the coupl ing agent 7-aminopropyltriethoxysilane (7-APS) on Ε-glass fibers. 
Ε-glass fiber mats were cut into circles to fit the D R I F T spectroscopy cel l . 
H a d the samples obeyed the K u b e l k a - M u n k relation, it w o u l d have been 
possible to obtain the spectrum of the coupl ing agent on the fibers by 
subtracting a spectrum of the fibers alone f r o m that of the fibers treated w i t h 
7 -APS. Unfortunately, this method d i d not work w e l l . Subtraction of the 
spectrum due to the Ε-glass substrate f rom the spectrum of Ε-glass treated 
w i t h 7 -APS y ie lded a spectrum i n w h i c h some of the substrate bands had not 
been subtracted completely and some had been oversubtracted. This result 
was an obvious indicat ion of n o n - K u b e l k a - M u n k behavior, presumably due 
to anomalous dispersion. A n additional p r o b l e m that M c K e n z i e et al . encoun
tered was that rotation of the sample generated profound changes i n the 
observed spectrum. A s i n their previous study (31) and the study by M a u l 
hardt and K u n a t h (30) , the useful range of the D R I F T spectra was 4000-1600 
c m - 1 . The lower l imi t is a significant l imitat ion because it eliminates virtually 
al l of what is typically referred to as the fingerprint region of the infrared 
spectrum f rom study. Use of a relatively th in (approximately 50-mg) layer of 
K B r on top of the sample scrambled the incident radiation and removed the 
observed rotational dependence of the spectra, as w e l l as the apparent 
contribution of specular reflectance. Subtractions could be carried out over 
the range f rom 4000 to 900 c m - 1 w i t h good el iminat ion of the Ε-glass bands 
and w i t h clear spectral contributions f rom the coupl ing agent. T h e added 
K B r reduced the spectral intensities of all bands, but the reduction factor was 
greater for the substrate than for the coupl ing agent o n the surface of the 
fiber. M c K e n z i e et al . postulate that the K B r overlayer method makes the 
incident and reflected radiation isotropic, w h i c h removes the orientational 
dependence, and increases the average angle of incidence of the radiation to 
the fibers, w h i c h causes greater reflection at the fiber surface and less 
penetration into the fiber itself. 

M c K e n z i e and K o e n i g (33) compared the use of ground K B r overlayers 
o n oriented fibers to the technique of averaging several different sample 
orientations (33, 34) for obtaining D R I F T spectra of glass fibers treated w i t h 
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a coupl ing agent. E a c h orientation y ie lded a different spectrum, but averag
ing several different sample orientations y ie lded linear K M plots as a funct ion 
of surface treatment. Unfortunately, the standard deviation o f the average 
computed i n this way was as h igh as 35%, and the concentration breakpoint 
corresponding to association of the coupl ing agent could not be determined. 
M c K e n z i e and K o e n i g then used coarse-ground ( 1 2 0 - 1 8 0 - μ π ι particle size) 
K B r overlayers to remove the orientation dependence o f the observed 
spectra. T h e overlayers reduced the intensity of the observed bands by about 
a factor of 2, but e l iminated the orientation dependence of the spectra and 
enabled the use of subtraction techniques to study the onset of association of 
the coupl ing agent. 

B o t h D r i f t spectroscopy and photoacoustic spectroscopy ( P A S ) were used 
by U r b a n et al . ( 9 ) to investigate stretching-induced phase transitions of 
poly(butyl terephthalate) fibers and to characterize annealed and drawn 
fibers. T h e spectra obtained using the two methods were similar; the P A S 
studies had the added ability to characterize the orientation of surface 
species. U s i n g D R I F T spectroscopy, the authors were able to characterize 
the a lpha-beta phase transition observed u p o n drawing the fibers and 
observe the relaxation of the fibers upon annealing. 

C h a t z i et al . (35) used D R I F T spectroscopy w i t h the K B r overlayer 
technique to study water absorbed i n polyamide fibers (Kevlar 49). Use o f 
gradually increasing amounts of K B r as the overlayer demonstrated the loss o f 
absorbed water due to a nitrogen purge as a funct ion of depth i n the polymer 
fibers. T h e H 2 0 infrared absorptions were characterized w i t h respect to the 
nature of the intermolecular interactions i n the polyamide fibers. 

Polymer Films. C u l l e r et al . (36) used the K B r overlayer technique 
to study polymer films. They investigated a m o d e l system consisting of a 
1.5-μ m poly (vinyl fluoride) ( P V F ) layer over a 2 9 ^ m - t h i c k substrate of 
poly(ethylene terephthalate) ( P E T ) . A d d i t i o n o f a surface layer of K B r 
increased the relative contribution of the P V F layer i n the spectra and 
decreased the contr ibution of the P E T substrate. F i n e K B r powder (average 
particle size less than 75 μ ιη) had a more dramatic effect than course powder 
(average particle size 105-250 μηι ) . T h e authors suggest that the presence o f 
the K B r overlayer increases the average angle of incidence to the films and 
increases the amount of light reflected at the film interface, w h i c h makes the 
technique more sensitive to surface groups as K B r is added. T h e sensitivity of 
the method to a very th in film of a 7 -APS coupl ing agent o n P E T was also 
demonstrated. T h e K B r overlayer technique brought out spectral contr ibu
tions f rom the coupl ing agent, whereas the film on P E T was transparent i n 
transmission measurements. C u l l e r et al . postulate that the infrared radiation 
may make several reflections inside the thin-surface film i n this method that 
enhances the sensitivity of the technique. 
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D R I F T spectroscopy was compared to attenuated total reflectance and 
transmittance measurements b y C o l e et al. ( 3 7 ) for the study of a c a r b o n -
epoxy composite consisting of a woven carbon fiber material impregnated 
w i t h an epoxy resin. T h e sample was prepared by cutting the prepreg 
(fiber-reinforcement impregnated w i t h partially cured resin) into 1-cm X 1-
c m squares that were placed i n the sample cup. A sulfone index and an 
epoxide index were calculated f rom the observed spectra, parameters that are 
indicative of the hardener to epoxy ratio and the degree of polymerization, 
respectively. T h e method that gave the poorest results i n terms of quantita
tive performance was D R I F T spectroscopy. Some of the spectra clearly 
showed the effects of a large contribution f rom Fresnel reflectance; that is, 
the derivative-shaped bands due to the anomalous dispersion. Several differ
ent methods to reduce the Fresnel reflectance w i t h K B r overlayers were 
attempted. A n opaque layer reduced the spectral contrast of the spectra to 
the extent that the method could not be used. T w o other methods were used 
to generate very th in K B r overlayers, both of w h i c h increased the spectral 
contrast and reduced the apparent contribution of Fresnel reflectance, but 
neither of w h i c h improved the precision of the measurements to any great 
extent. T h e variation i n the thickness of the surface resin layer, w h i c h 
contributes to variations i n the Fresnel reflectance of the samples, was 
proposed to be the main reason for the lack of reproducibil i ty. C o l e et al . 
only used one orientation to acquire the spectra: and orientation w i t h 
approximately 8 0 % of the fibers aligned w i t h the beam direct ion of the 
instrument. 

C o l e et al. also used D R I F T spectroscopy to measure the degree of 
crystallinity on the surface of a composite material (38). A prepreg (different 
f rom the one i n the foregoing study) that consisted of a unidirect ional 
arrangement o f carbon fibers impregnated w i t h h igh molecular weight 
polyphenylene sulfide (PPS) was investigated. N o K B r overlayer and no 
rotation of the sample were used, and the orientation was w i t h carbon fibers 
parallel to the beam direct ion of the instrument. Excel lent spectra that 
resembled spectra obtained w i t h transmission measurements were obtained. 
T h e spectrum of a sample w i t h low crystallinity was subtracted f rom the 
spectrum of a sample w i t h high crystallinity, and a pair of peaks i n the 
resulting difference spectrum, whose ratio changed significantly as a funct ion 
of annealing, was determined. C o l e et a l obtained an excellent correlation 
between the intensity ratio and the enthalpy o f crystallization for the prepreg 
that indicates that the intensity ratio is a good measure of the crystalfinity of 
the composite. 

Foams. Chalmers and Mackenzie (39) carried out a variety of investi
gations a imed at il lustrating the util ity of D R I F T spectroscopy for industrial 
applications. O n e of the more interesting applications i n their study was the 
use of D R I F T spectroscopy for the study of foams. Foams are sometimes 
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difficult to study by A T R because the pressure placed on a foam sample is so 
crit ical i n the A T R measurement. However , the D R I F T measurement was 
easily carried out by s imply cutt ing the foam to the appropriate size, and the 
identification of a variety of foams was demonstrated. 

Catalytic Studies Using DRIFT Spectroscopy 

H a m a d e h et al . (40, 41) were the first to develop a heatable-evacuable cel l 
that c o u l d interface w i t h D R I F T optics. This ce l l was used to study the 
infrared absorption spectroscopy of alumina-supported r h o d i u m clusters u n 
der varying amounts of C O , w h i c h represented different coverages. T h e 
observed peaks i n the D R I F T spectrum were assigned by comparison of the 
D R I F T spectra w i t h previously assigned infrared spectra of rhodium carbonyl 
species. I n a recent extension of these studies, V a n E v e r y and Griff iths (42) 
obtained detection limits approaching 1 0 " 6 monolayers of C O adsorbed on 
alumina-supported rhodium and observed that equil ibration of the spectra 
w i t h t ime is a complicat ing factor that depends on the pressure of C O to 
w h i c h the catalyst is exposed. Smal l amounts of C O equilibrate relatively 
rapidly on the surface of the catalyst whereas large amounts of C O equilibrate 
over long times, presumably because this equil ibrat ion involves diffusion into 
the pores of the support. Baseline changes i n the spectra as a function of the 
pressure of admitted C O were also observed and assigned to pressure-induced 
changes i n the sample scattering coefficient. T h e results of V a n E v e r y and 
Griff i ths indicated that mercury c a d m i u m tel luride detectors are susceptible 
to conduct ion band saturation effects w h e n hot samples are being observed, 
an effect that w i l l lead to signal loss for high-temperature samples. T h e y 
showed that deuterated triglycine sulfate or triglycine sulfate detectors do not 
exhibit this susceptibility. 

W i t h regard to using D R I F T spectroscopy as an i n situ technique, F igure 
4 is a schematic diagram of an environmental chamber that has been used i n 
our laboratory to obtain i n situ D R I F T spectra. T h e chamber is similar i n 
design to commercial ly available cells, although most currently available cells 
are m u c h more sophisticated i n design than the cel l shown. T h e sample sits 
o n top of a post that can be heated via the cartridge heaters, and the 
temperature of the cel l is moni tored wi th the thermocouple. M o r e sophisti
cated designs cal l for a thermocouple to be placed directly i n contact w i t h the 
sample, so that an accurate reading of the sample temperature can be 
obtained (43, 44). T h e cel l allows for control of the internal atmosphere, 
either vacuum or a gas mixture, through connections to an external gas 
mani fo ld and a vacuum p u m p . Commerc ia l ly available cells allow for cool ing 
the section of the cel l containing the windows, because the w i n d o w seals are 
usually the l imi t ing consideration w i t h regard to the ultimate temperature 
attainable. T h e f low path of any gases f rom an external gas manifo ld takes the 
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13. M I T C H E L L Diffuse Reflectance IR Fourier Transform Spectroscopy 367 

Figure 4. Schematic diagram of a DRIFT spectroscopy environmental chamber. 

gases directly through the sample material . This flow-through of gases 
compresses the powder to a certain extent, w h i c h gives rise to enhanced band 
intensities compared w i t h intensities observed without the flow. T h e samples 
should not, however, be mechanically pressed to any great extent, because 
compression prohibits gas flow through the sample (40). In addition, after 
flowing through the sample material, the gas stream can be sampled b y gas 
chromatography ( G C ) or gas chromatography-mass spectroscopy ( G C - M S ) , 
an application suggested by H a m a d e h et al . (40) and implemented b y M a r o n i 
et al . (43). 

M a r t i n and Zabransky (45) s tudied various forms of the zeolite Z S M - 5 
( H - Z S M - 5 , F e - Z S M - 5 , and N a - Z S M - 5 ) and sihcalite for the conversion of 
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methanol to dimethyl ether. T o study the adsorption process and products, 
neat samples of the zeolites i n a commercia l environmental chamber were 
used. Changes i n the O - H stretching region (3500-3750 c m - 1 ) that oc
curred as methanol adsorbed on the zeolites were studied to determine w h i c h 
sites were being occupied b y the methanol as it adsorbed as a funct ion o f 
temperature. A t r o o m temperature, adsorption of methanol onto the zeolites 
occurred at only one O H site; at 150° C , two sites were involved for the active 
zeolites H - Z S M - 5 and F e - Z S M - 5 , and only one site is involved for 
N a - Z S M - 5 . 

M e t h a n o l fragmentation products were studied by observation o f the 
infrared absorption pattern i n the C - H stretching region (2700-3100 c m - 1 ) . 
O n H - Z S M - 5 , adsorption of methanol gave rise to infrared bands that could 
be assigned to the methoxide group at room temperature. A t higher tempera
ture (150 °C), the absorption pattern changed and the result could no longer 
be identi f ied as a methoxide. F e - Z S M - 5 gives the same sequence of p r o d 
ucts. M e t h a n o l adsorption on N a - Z S M - 5 and silicalite resulted i n the forma
t ion o f the surface methoxide only at room temperature and at 200 °C. 

T h o m p s o n and Palmer (22) used in situ D R I F T spectroscopy to study 
the reaction of S 0 2 w i t h C a C 0 3 . C a C O s is used as an adsorbent for S 0 2 i n 
dry-injection flue gas cleanup systems. T h e evolution of adsorbed S 0 2 as a 
funct ion of t ime and temperature f rom sulfite to sulfate was investigated. 
Based o n their assignment of the observed vibrational bands and o n their 
previous infrared photoacoustic measurements o n pure C a C 0 3 , T h o m p s o n 
and Pa lmer proposed a mechanism for the adsorption of S 0 2 and the 
conversion of the physisorbed species to S 0 3

- or S O f - depending on 
temperature. 

O n e of the limitations of the D R I F T technique is the need to dilute 
strongly absorbing samples i n a nonabsorbing matrix to avoid reststrahlen 
effects. I n their D R I F T studies, T h o m p s o n and Palmer used N a C l as the 
diluent (1:10 C a C 0 3 : N a C l ) , and i n their photoacoustic studies using pure 
C a C O s , bands that were assigned to C a S 2 0 3 were observed. These bands 
were not observed i n the D R I F T studies. Because N a C l , as w e l l as other 
alkali additives, is k n o w n to accelerate the conversion of C a S 0 3 to C a S 0 4 , 
T h o m p s o n and Pa lmer point out that the need to use the diluent i n the 
D R I F T studies is potentially a very serious drawback, especially at elevated 
temperatures. 

M a r o n i and co-workers (43, 46, 47) s tudied a variety o f molecular sieve 
catalysts by using D R I F T spectroscopy. T o avoid problems associated w i t h 
alkali halide diluents, pure zeolite materials were used and regions o f the 
spectrum that can show contributions f rom reststrahlen effects (which i n 
cludes m u c h o f the region be low 2000 c m - 1 for these types o f samples) were 
not investigated. Investigations were l imi ted to the O - H and C - H (or O - D 
and C - D ) stretching regions ( from approximately 2000 to 4000 c m - 1 ) . 
Because m u c h of the catalytic activity o f these zeolite catalysts is determined 
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by the nature of the acid sites, a significant amount of information c o u l d be 
obtained even w i t h this l imitat ion. 

T h e differences i n the n u m b e r and type of O - H sites were studied by 
M a r o n i and collaborators on three different zeolites as a funct ion of metal 
atom substitution ( H - Z S M - 5 compared to A F S - H - Z S M - 5 , a ferrisilicate 
zeolite) and as a funct ion of aluminosilicate framework ( H - Z S M - 5 compared 
to H - o f f r e t i t e ) . D R I F T spectroscopy w i t h subsequent gas chromatography-
mass spectrometry ( G C - M S ) was then used for determination of products to 
compare the reactivity of the ferrisilicate zeolite A F S - H - Z S M - 5 and its 
sodium exchanged form A F S - N a - Z S M - 5 toward the conversion of methanol 
to higher hydrocarbons as a function of temperature and composition. T h e 
experimental setup inc luded a provision for sampling the exhaust gases of the 
D R I F T environmental chamber w i t h an on-l ine gas chromatograph and w i t h 
a sample bulb for G C - M S analysis. T h e sodium-exchanged forms were found 
to be 2 orders of magnitude less reactive. T h e authors point out that probably 
the most effective use of the D R I F T technique i n i n situ measurements is 
not as an absolute technique, but rather as a monitor of changes that occur as 
a funct ion of experimental variables. A D R I F T spectrum is obtained o f some 
init ia l sample; then this spectrum is subtracted f rom subsequent spectra. T h e 
set of difference spectra shows changes i n the infrared spectrum as a funct ion 
of t ime, temperature, and reaction conditions i n a very clear way. A stacked 
plot of these spectra is a dramatic method for showing spectroscopic changes 
as a function of the various experimental parameters. 

M a r o n i and co-workers (46) used the same experimental arrangement to 
study the formation of Z S M - 5 f rom the template tetrapropylammonium 
cation ( T P A - Z S M - 5 ) and to study the reaction of methanol, ethanol, and 
ethylene on H - Z S M - 5 for the formation of higher hydrocarbons. U s i n g the 
D R I F T technique i n conjunction w i t h on-l ine G C analysis of reaction p r o d 
ucts, the investigators were able to show that O H groups finking a l u m i n u m 
and sil icon atoms ( S i - O H - A l sites) are the sites at or near w h i c h the alcohol 
decomposit ion products adsorb, and that terminal O H groups b o u n d to 
sil icon atoms ( S i O H sites) are labile but do not appear to be active i n the 
catalysis. T h e shape of the C - H stretch absorption due to the organic 
fragment is indicative of the activity of the catalyst for a particular reactant. 
A t temperatures Τ > 673 Κ, the reaction continues to generate products as 
shown by the G C results, but the surface-adsorbed species are not he ld 
tightly enough to remain o n the surface after a nitrogen purge. T h e onset of a 
broad infrared absorption i n the range 3000-3200 c m - 1 is attributed to 
polycyclic aromatic coke precursors. 

Iton et al . (47) used D R I F T spectroscopy to examination the stabiliza
t ion and redox chemistry of C o (III) i n aluminophosphate zeolites. T h e y were 
able to study the oxidation of H 2 by the stabilized C o (III) at elevated 
temperatures through an increased O H absorption, and the 50 and 100 °C 
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oxidation of N O to N O + by C o (III) through the infrared absorption of the 
nitrosyl cation at 2162 c m - 1 and coordinated nitrosyl at 1674 and 1562 c m - 1 . 

T h e species adsorbed on a silver catalyst dur ing the oxidation of acetalde-
hyde was analyzed b y K a n n o and Kobayashi (48) using D R I F T spectroscopy. 
T h e D R I F T spectra obtained f rom the reaction were compared w i t h similar 
spectra for silver salts, such as silver acetate, silver lactate, silver ketenide, 
and silver carbonate. These comparisons, facilitated assignment of observed 
peaks i n the infrared spectrum of the catalyst as being due to silver acetate 
intermediates, a strongly adsorbed acetaldehyde, and an adsorbed alcohol. 
T h e spectra obtained w i t h the D R I F T technique were compared w i t h spectra 
for similar samples obtained by transmission methods; the D R I F T method 
y ie lded m u c h better spectra i n the lower frequency region (1100 c m - 1 > v) . 
A l t h o u g h K a n n o and Kobayashi d i d dilute their catalyst samples i n K B r 
dur ing the actual oxidation reactions, w h i c h were carr ied out at elevated 
temperature (160 °C), they d i d not address the possibility of perturbation of 
the catalysis results due to the h igh concentration of alkali halide. 

D R I F T spectroscopy was used by Fr ies and M i r a b e l l a (49) to study 
commerc ia l T i C l 3 - A l C l 3 catalysts used i n the polymerizat ion of propylene. 
T h e y were able to monitor the decay of the 1 6 4 0 - c m " 1 absorption due to the 
C = C group of gas-phase propylene and the simultaneous growth of an 
absorption at 1370 c m - 1 due to a methyl deformation mode of polypropylene 
o n the catalyst surface. T h e 1 8 2 0 - e m - 1 b a n d of propylene, w h i c h corre
sponds to the first overtone of the terminal C H 2 wag, provided a more 
reliable measure of the loss of propylene due to the lack of overlap b y other 
spectral bands. 

Smyr l and F u l l e r (50) used i n situ diffuse reflectance spectroscopy to 
examine the reactions of neat coal samples. These authors point out that coal 
samples need no diluent to be studied by D R I F T spectroscopy, because coal 
effectively forms its o w n dispersion m e d i u m . B r i m m e r and Griff i ths (24) 
suggested a reason for this effect, based o n the idea that the coal particles 
absorb so strongly that the effective penetration depth is very small (on the 
order of 10 μ η ι ) so that a sample normally considered too strongly absorbing 
to study by D R I F T spectroscopy actually yields quite good spectra. V e r y 
careful D R I F T investigations b y Smyr l and F u l l e r y ie lded well-resolved 
spectra for the entire mid- infrared region. Use o f the acetylation reaction as a 
probe of the O H sites o n the coal and use o f the infrared results to determine 
exactly what types o f esters were formed b y the acetylation al lowed Smyr l and 
F u l l e r to propose that the particular type o f coal under study contained only 
phenolic-type O H groups and no alkyl-type O H groups. T h e method holds 
m u c h promise for the study of coal O H - s i t e distr ibution and coal chemistry i n 
general. 

T h e use of D R I F T spectroscopy for the study of carbon-supported metal 
catalysts, i n particular metal carbonyls, was explored b y Venter et al. (44, 
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51-53). T h e i r ini t ia l investigations (44, 51, 52) focused on the adsorption o f 
F e 3 ( C O ) 1 2 , R u 3 ( C O ) 1 2 , and O s 3 ( C O ) 1 2 o n amorphous carbon black. T h e i r 
studies investigated, i n a very careful manner, the effects of a variety o f 
experimental parameters on the observed spectra, both theoretically and 
experimentally. T h e effects of metal loading, choice of background spectrum, 
various forms of baseline correction, and the diluent, both the di lut ion ratio 
and the type of diluent, were observed and the linearity of the K u b e l k a - M u n k 
transform of the data for a range o f metal loadings on these carbon-supported 
samples was established. This range depended on the di lut ion ratio, and the 
choice of di lut ion ratio involved a compromise between detection limitations 
and linearity of the transformed data. T h e final choice for di lut ion ratio was 
1:200 by weight for carbon-supported catalyst to diluent. T h e choice for the 
diluent itself was a compromise between the effect of the diluent o n the 
observed chemistry and the effect o n the observed spectroscopy. A l 2 O s and 
S i 0 2 had the least effect on the chemistry but tended to adsorb water, w h i c h 
caused baseline drifts i n the spectra and made the spectra h a r d to interpret. 
Ult imately, C a F 2 was chosen as the diluent. 

T h e choice of material to generate the background spectrum also af
fected the final K u b e l k a - M u n k spectra. Rather than use a nonabsorbing 
sample (i.e., pure diluent) as the background "sample" , Venter et al . used a 
sample consisting of decarbonylated carbon black i n the appropriate ratio, 
1:200, i n the diluent. Thus, the K u b e l k a - M u n k spectra were calculated 
relative to a background that absorbed radiation at the same frequencies as 
the catalyst support. This background was not expected to have any effect o n 
the l inearity of the K M intensities for the bands due to the adsorbed 
C O - c o n t a i n i n g species, and the use of this material to generate the back
ground spectrum yie lded m u c h better signal-to-noise ratios and better base
l ine correction. 

I n later investigations, Venter et al . (53) used the technique d e m 
onstrated i n earlier studies to examine the thermal decomposit ion of 
five different metal carbonyls on carbon: F e 3 ( C O ) 1 2 , N E t 4 [ F e 2 M n ( C o ) 1 2 ] , 
M n 2 ( C O ) 1 0 , K [ H F e 3 ( C O ) n ] , and K [ F e 2 M n ( C O ) 1 2 ] . D R I F T spectroscopy 
alone was used to measure the rate constant for decarbonylation as a funct ion 
of temperature and to calculate the activation energy of decarbonylation for 
these five carbon-supported species under H e and H 2 . T h e decomposit ion 
kinetics o f all of the species fo l lowed first-order kinetics, and the rates as a 
funct ion of temperature were fitted w e l l w i t h the Arrhenius expression. T h e 
F e 3 ( C O ) 1 2 clusters were the least stable, w i t h rate constants for decomposi
t ion of about 1 m i n - 1 and EA values of 7 5 - 8 8 k j / m o l . M n 2 ( C O ) 1 0 proved to 
be the most stable c o m p o u n d w i t h decomposit ion rate constants of approxi
mately 0.001 m i n - 1 at 350 Κ and activation energy EA values for the 
decomposit ion of 134-155 k j / m o l . The decomposit ion routes of the M n -
containing clusters were found to depend o n the atmosphere under w h i c h the 
decomposit ion took place. 
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N A V E N U M B E R 

Figure 5. Evolution of the DRIFT spectrum of supported Cu(acac), as a 
function of metal loading. The lowest spectrum is that of a 0.92% wt/wt Cu 
sample on Si02 (Cab-O-Sil). The spectra of six different metal loadings are 
shown in sequence from bottom to top representing metal loadings of 0.92, 1.7, 

2.5, 3.8, 4.5, and 5.6% Cu on Si02, respectively. 

A l l of the foregoing data was generated b y studying the infrared absorp
t ion of the C O species, nominal ly 1900-2100 c m - 1 . T h e region of C H 
stretch absorption yie lded some information concerning the types o f products 
that might be expected. T h e K-conta ining catalysts showed significantly 
greater infrared absorption due to C H 2 (as opposed to C H 3 ) groups, presum
ably on the support surface. This information is consistent w i t h earlier 
observations that the presence of potassium promotes chain growth i n the 
products of the syngas reaction. 

K e n v i n and co-workers (54-56) showed that D R I F T spectroscopy is very 
useful for the study of supported catalyst precursors o n oxide surfaces. T h e i r 
study of Cu(acac) 2 o n S i 0 2 demonstrated that the D R I F T technique c o u l d 
be used to show the onset of multi layer formation of the supported complex 
and that subtraction of K M plots of the first-layer species f rom spectra o f 
samples that had mult iple layers of Cu(acac) 2 on the silica surface y ie lded a 
spectrum of the overlayers; that is, the Cu(acac) 2 species not i n direct contact 
w i t h the silica surface. F igure 5 shows a spectrum of the impregnated silica 
powder as a funct ion of metal loading. T h e onset of the absorption at 1552 
c m " 1 is thought to indicate the presence of mult iple layers of Cu(acac) 2 o n 
the silica surface. F igure 6 is a spectrum that results f rom a subtraction of a 
less-than-a-monolayer spectrum f rom a spectrum of a sample containing 
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more than one monolayer of complex. T h e result is i n remarkably good 
agreement w i t h that of pure Cu(acac) 2 as shown i n F igure 7. K e n v i n (55) 
appl ied the D R I F T technique to the study of a variety of similar complexes, 
inc luding Pd(acac) 2 , Pt(acac) 2 , and C r ( a c a c ) 3 . T h e pal ladium and plat inum 
complexes showed behavior similar to that shown by the copper system, 
although less adsorption for these complexes was observed. T h e c h r o m i u m 
complex showed very little adsorption and no spectral changes for the 
material that d i d adsorb, w h i c h might be expected for the octahedral 
complex. 

Summary 

Diffuse reflectance spectroscopy i n the mid- infrared range is a powerful 
technique for the study of certain types of samples, inc luding polymers, 
heterogeneous catalysts, and novel materials. D R I F T has great potential for 
the study of a wide variety of processing problems and for i n situ investiga
tions, both as a stand-alone technique and i n conjunction w i t h G C and 
G C - M S . W h a t must be kept i n m i n d i f useful results are expected are the 
approximations inherent i n the technique such as optically dilute samples, the 
problems and the solutions associated w i t h specular and diffuse Fresnel 
reflectance, and the need for reproducible sample preparation. 
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Surface-Enhanced Raman 
Spectroscopy as a Method 
for Determining Surface Structures 
One- and Two-Dimensional Polymeric 
Copper Azoles 

Mary L. Lewis and Keith T . Carron* 

Department of Chemistry, University of Wyoming, Laramie, WY 82071-3838 

We report the results and interpretation of a surface-enhanced Raman 
spectroscopic (SERS) study of benzimidazole, benzotriazole, and benz-
imidazole-2-thione on copper surfaces in aggressive media. We have 
found that SERS is an excellent tool for the study of corrosion 
inhibition on copper. SERS has enabled us to carry out in situ 
chemical analysis, isotopic substitution, and orientation determination 
for the inhibitors on copper. The results indicate an important role 
of the bridgehead heteroatom in imidazole compounds. We found 
that the progression of corrosion inhibition is benzimidazole < 
benzotriazole < benzimidazole-2-thione. Our orientation study of ben
zimidazole indicates that it is predominantly flat on copper surfaces. 

MANY METHODS EXIST FOR DETERMINING THE BULK STRUCTURE OF poly
mers. O n e approach that has y ie lded very good descriptions of polymeric 
systems is vibrational spectroscopy (1). Of ten vibrational techniques are the 
only choice for structure determination because the amorphous nature of 
many polymers rules out the use of X-ray diffraction techniques. B o t h 
infrared and Raman spectroscopy provide a spectrum of the vibrational 
modes i n molecular and polymeric systems. T h e compatibil i ty of Raman 

* Corresponding author. 

0065-2393/93/0236-0377$06.00/0 
© 1993 American Chemical Society 
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378 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

spectroscopy w i t h al l phases of matter and complex environmental conditions 
makes it an excellent tool for i n situ studies of polymers. 

As the polymer films become thinner, problems begin to arise w i t h 
sensitivity. T h e advent of F o u r i e r transform infrared spectroscopy ( F T I R ) has 
overcome this prob lem for infrared spectroscopy (2) . Recently developed 
optical mult ichannel systems based on charge-coupled devices ( C C D ) (3) and 
F o u r i e r transform Raman spectroscopy ( F T - R a m a n ) (4) are alleviating the 
sensitivity prob lem for R a m a n spectroscopy. Current ly , vibrational spectra 
can be obtained via either technique on monolayer films, but the instrumen
tation is very expensive and often the resulting spectra are of low quality due 
to the need for long integration times and sample degradation. 

Surface-Enhanced Raman Spectroscopy 

O n e technique that yields high-quality spectra of monolayer films is surface-
enhanced R a m a n spectroscopy ( S E R S ) . T h e S E R S effect arises f r o m two 
sources: chemical enhancement (5 ) and electromagnetic enhancements. 

Chemical Enhancement. C h e m i c a l enhancement occurs w h e n the 
monolayer is composed of molecules that contain groups or atoms that can 
coordinate w i t h the metal surface. T h e resulting surface complex can form 
charge transfer states w i t h energy levels i n the metal. This condit ion leads to 
an optical absorption and a surface-localized resonance Raman enhancement. 
M a n y o f the molecules studied by S E R S belong to this class of materials. F o r 
example, pyridine has been exhaustively studied as a probe for the S E R S 
effect. Pyr idine is a good lone-pair donating l igand for transition metals. 
C a r e f u l ultrahigh vacuum ( U H V ) studies have shown that it is possible to 
observe S E R S f rom pyridine on substrates that, because of their morphology 
(smoothness), only show the chemical effect (6) . O n the other hand, some 
substrates show both chemical enhancement f rom chemisorbed pyridine and 
also multilayers of physisorbed pyridine. T h e long-range (multilayer) effect 
precludes the possibility of a chemical effect, and therefore, a through-space 
electromagnetic enhancement has also been proposed (7) . M o s t substrates 
w i l l show both forms o f enhancement. 

Electromagnetic Enhancement. In the experiments presented i n 
this chapter we w i l l be most concerned w i t h the electromagnetic enhance
ment (8) . Electromagnetic enhancement occurs w h e n the surface contains 
roughness features smaller than the wavelength of light. T h e physics neces
sary to predict the enhancement was formulated at the e n d of the last century 
by Lorentz (9) . Lorentz derived the solution for the response of a dielectric 
sphere i n an electric field. I f the radius of the sphere is m u c h smaller than 
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14. LEWIS AND CARRON Surface-Enhanced Raman Spectroscopy 379 

the wavelength of light, the solution to the Laplace equation leads to (10) 

E * n = , f , E0 (1) 
€(ω) + 2 

where E i n is the electric field inside the particle, E0 is the electric field of the 
fight incident on the sphere, and ε(ω) is the dielectric funct ion of the particle 
material. T h e purpose for Lorentz 's derivation was the understanding of 
clouds and col loidal dispersions. I n most o f these systems ε(ω) is real and 
positive. However , i n free electron metals e(w) can be negative and the 
imaginary part of e(<o) is small . E q u a t i o n 1 demonstrates that a resonance 
w i l l occur w h e n ε(ω) is —2. T h e electric field inside the particle does not 
reach infinity because of the imaginary part o f e(o)). However , the simple 
equation does provide the rudiments for understanding the electromagnetic 
contribution to S E R S . 

Silver exhibits a resonance w h e n ε(ω) = —2, around 380 n m , and has 
been shown to produce large enhancements i n col loidal silver at this fre
quency (11). F o r the effect to be more generally useful the resonance must 
be shifted toward the lower frequencies where most lasers operate and other 
metals have resonances. F o r example, copper and gold both have large 
interband transitions i n the b l u e - g r e e n region of the spectrum that increase 
the value of the imaginary part of the dielectric constant and damp out any 
possible resonances. A s the particles are deformed f rom a perfect sphere into 
an el l ipsoid the single sphere resonance is split into a resonance at high 
frequencies along the short axis and at low frequencies along the long axis. 
T h e plasmon resonance along the long axis is most often used i n S E R S and 
can be described by (JO) 

1 E0 (2) 
1 + A(e(w) - 1) 

where A is a geometric factor accounting for the eccentricity of the particle 
(10): 

1 -e2 

A = 
e2 

e2 

1 l + e ' 
+ — In- (3) 

2e 1 — eJ 

b2 

= 1 - - (4) 
a 

where a is the major axis, b is the minor axis, and e is the eccentricity of the 
el l ipsoid. T h e geometric factor A is 1/3 for a sphere and becomes smaller as 
the particle becomes more eccentric. This decreasing factor has the effect of 
moving the resonance farther into the red spectrum. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

4

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



380 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Three additional factors have been added to equation 2 to correct for 
particle size effects. T h e first of these is electron scattering and it takes into 
account the depolarization of particles that can occur w h e n the particle is 
smaller than the mean free path of an electron. This correction is added 
through e i n the form (12) 

ω — iy 
€ = C ~ T 2 η ( 5) 

where ω is the frequency of the light, y represents the damping constant, 
and c is the proportionality constant. T h e l i fet ime of the resonance is l/y. 
F o r large particles, y is determined by damping due to collisions of the free 
electrons w i t h the metal lattice. W h e n the particles become smaller than the 
mean free path of the electron, 7 w i l l increase (12): 

1 1 
(6) 

where vF i f the F e r m i velocity o f the electron, lœ is the mean free path 
length of an electron, and Z e f f is the smallest radius of the particle. 

T h e second correction takes into account that as the electrons are 
accelerated by the electric field of the light they also emit radiation at 90° to 
the incident radiation. This term is cal led radiation damping and places an 
upper l imi t o n the particle size. This correction is added through the A t e rm 
i n equation 2 (13): 

2 a3 

AefÎ = A - i k * — (7) 

where k is the wave vector 2 ττ/λ and a is the particle radius along the axis 
involved i n the particle resonance. This contribution is imaginary because the 
emitted radiation is directed 90° to the incident light. T h e frequency posit ion 
of the resonance is determined b y the real part of €; therefore, this term w i l l 
not shift the posit ion of the resonance. 

T h e final t e rm accounts for corrections to the assumption of a static 
electric field. A g a i n this correction w i l l occur at large particle sizes w h e n the 
t ime-dependent electric field strength can vary across the particle. This te rm 
is denoted dynamic depolarization, and it too is added through the A term of 
equation 2 (14): 

A ' : f f = A ' e f f - l / 3 f e V (8) 

In this case, the contribution is real. Therefore, it causes a small frequency 
shift i n the plasmon resonance as particles become large and also causes a 
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14. LEWIS AND CARRON Surface-Enhanced Raman Spectroscopy 381 

slight damping of the resonance. T h e inclusion of these corrections yields a 
single equation that accurately matches the experimentally determined excita
t ion profiles of isolated noble metal particles. 

A n important result f rom the derivation of equation 2 comes f rom the 
boundary conditions. T h e field perpendicular to the particle must obey ( J 5 ) 

Dinr=a = Dottr = a (9) 

whereas the field parallel to the surface obeys 

E i l r = a
 = E L t r = a (10) 

because D = eE, a preferential enhancement of vibrations that contain a 
component perpendicular to the surface results. This preferential enhance
ment can be used as a basis for determining the orientation of molecules 
relative to the surface. 

W h e n the molecule contains a local C2v symmetry, it is possible to 
express the vibrations clearly as modes that contain an xz or a yz compo
nent. I n the C2v point group the bl (otxz) and b2 (ayz) modes can be used 
for orientation determinations. Because the modes perpendicular to the 
surface are along the ζ axis, a molecule that is perpendicular to the surface 
w i l l show equal enhancement of the bx and h2 modes. As the <JO(yz) plane 
of the molecule becomes parallel to the surface, the bx modes that contain an 
out-of-plane component w i l l become preferentially enhanced. T h e azole 
compounds that w e are studying all have a local C2v symmetry. 

Experimental Details 

T h e azole compounds were purchased f r o m A l d r i c h and pur i f ied b y crystal
l ization f rom ethanol. T h e copper substrates were 99 .999% copper fo i l 
(Aldr ich) w i t h a thickness o f 0.025 m m . T h e copper substrates were maero-
scopically roughened w i t h a fine grade o f sandpaper and then chemical ly 
etched i n a 1 2 % H N 0 3 solution for 4 m i n w i t h vigorous stirring. This 
procedure is similar to that developed b y M i l l e r et al . (16) and more recently 
by C a r r o n et al . (17) . T h e fo i l was then washed w i t h dist i l led water and 
immediately immersed i n a 2 - 3 % ethanolic solution of the azole c o m p o u n d 
of interest. U p o n removal f rom this solution the treated copper fo i l was 
rigorously washed w i t h ethanol to remove any physisorbed species. T h e 
treated copper fo i l was then al lowed to dry completely. W e often observe 
oxides w i t h our treated films, w h i c h indicates that the azole passivates the 
surface against further formation of copper -azo le complexes. Therefore, our 
data indicate that the azoles are reacting w i t h the first couple of monolayers 
of C u 2 0 that form at a freshly etched copper surface (18). Preparations for 
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the i n situ experiment were the same as previously described. T h e treated 
copper fo i l was subsequently placed i n a cuvette w i t h water or a 3 % solution 
of either sodium chloride, hydrochloric acid, or sodium hydroxide. Spectra 
were obtained immediately and again after 12 h without removal f r o m 
solution. 

T h e Raman spectra were obtained w i t h a double monochromator 
(Jobin-Yvon M o l e 1000), double monochromator, a photomult ipl ier tube 
( R C A 31034), and photon counting electronics (Ortec). Laser excitation was 
provided w i t h a K r + ion laser (Spectra Physics 2025). A backscattering 
geometry was used for all samples and a cyl indrical lens was used to focus the 
laser to decrease the power density at the sample. A l l spectra were acquired 
w i t h 647-nm radiation and laser powers of 100-150 m W . A 647-nm interfer
ence filter was used to remove most of the plasma lines. A plasma fine at 235 
c m - 1 was used to maintain frequency calibration between the spectra. D a t a 
collection and storage were interfaced through a 386-20 microcomputer . 

Results and Discussion 

T h e mult iple coordination site, variable heteroatom nature of the azole 
compounds that we have studied make their surface structure determination 
a formidable challenge to the surface spectroscopist. These compounds have 
been studied electrochemically and w i t h electron spectroscopies ( 1 9 - 2 7 ) . 
However , i n both cases the results are incomplete and inconclusive due to 
the stringent ambient conditions that are associated w i t h these techniques. 
T h e weak Raman scattering associated w i t h aqueous solutions and air makes 
S E R S an excellent technique for surface structure determination i n realistic 
environments (28-31). 

T o determine the surface structures, we have employed synthesis of the 
bulk organometallic equivalent of the surface species, isotope substitution, i n 
situ chemical modifications, and surface orientation studies w i t h S E R S . F o r 
clarity o f presentation we w i l l present our results for benzimidazole ( B I M H ) , 
benzotriazole ( B T A H ) , and benzimidazole-2-thione ( S B I M H ) separately. 
Chart I shows the structures of the azoles discussed i n this chapter. F o l l o w i n g 
the separate discussion of each compound, w e w i l l summarize our results 
w i t h a comparison of each azole c o m p o u n d i n terms of its ability to inhibi t 
corrosion i n aggressive media. 

Benzimidazole. B I M H is the only c o m p o u n d for w h i c h a normal 
coordinate analysis has been performed. Furthermore , because Raman data 
were not available, it was necessary to use an incomplete set of frequencies 
for the normal coordinate analysis (32). This reference assigns the in-plane 
direct ion to the χ axis, and therefore, a juxtaposition o f the b1 and b2 modes 
must be made to correspond to the accepted convention. However , the 
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14. LEWIS AND CARRON Surface-Enhanced Raman Spectroscopy 383 

incomplete analysis provides us w i t h information that can aide i n the analysis 
of some of the important features of the surface product o f B I M H o n copper. 
W e have observed the fol lowing changes i n B I M H u p o n deuteration. T h e 
848- and 9 5 6 - c m - 1 bands associated w i t h the bridgehead carbon of the 
imidazole r ing either disappear or shift to lower frequencies. The 634-, 1136-, 
and 1 4 9 6 - c m - 1 bands associated w i t h the pyrrole nitrogen of B I M H either 
disappear or shift to lower frequencies. These same bands, w h i c h have been 
assigned to the pyrrole Ν — H vibrations, are not observed i n the surface 
product. This observation indicates that the surface species is the anion of 
benzimidazole. T h e S E R S spectrum of the surface product can be seen i n 
F igure 1. F igure 1 also illustrates the strong oxidation of copper that occurs 
w h e n the B I M H - t r e a t e d samples are placed i n water. Furthermore , these 
spectra show an important aspect of the oxidation of B I M H - t r e a t e d copper. 

H 

B I M H B T A H S B I M H 

Benzimidazole Benzotriazole Benzimidazole -2-Thione 

Chart I. Azole compounds investigated: benzimidazole (BIMH), benzotriazole (BTAH), 
and benzimidazole-2-thione ( SBIMH). 

(a) 778 

V 
(c) oxide 

(b) oxide (d) 

1800 cm'1 300 1800 crn*̂  300 

Figure 1. SERS spectra of benzimidazole-copper surface film in (a) air 
immediately, (b) air after 12 h, (c) water immediately, and (d) water after 12 h. 
Spectra were obtained with 150 mW of 647-nm laser irradiation, 5-cm~1 

bandpass, 5-cm ~~1 step size, and 10-s integration time. 
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After 12 h the B I M H - C u film is still present o n the copper foi l as can be 
seen f r o m the presence of the 7 7 8 - c m - 1 band. W e also observed that w h e n 
untreated copper is exposed to water, the oxide bands are not present. O u r 
interpretation of this is the removal of oxide due to its slight solubility i n 
water. Apparent ly the treated sample retains its a z o l e - C u layer i n water, but 
the oxidation occurs under the layer and is trapped. This situation indicates 
the occurrence o f a directional transport of material. Oxygen is transported 
into the copper lattice, but C u + / + + is not solvated and conveyed i n the 
opposite direct ion through the film. 

T h e strong peak at 778 c m - 1 is assigned as an imidazole ring-bending 
mode (33). In reference 32 this peak is assigned as an in-plane b e n d . 
However , the same reference assigns this peak to a normal coordinate w i t h 
bx symmetry, w h i c h is indicative o f an out-of-plane bend. Furthermore , a 
more recent normal coordinate analysis has assigned this 7 7 8 - c m - 1 peak to 
an out-of-plane mode (34). T h e surface selection rules for vibrations that 
contain components perpendicular to the surface can be used to find the 
orientation of the B I M H on the surface. Because the B I M H is expected to 
b i n d through both nitrogens of the imidazole r ing, the molecule is expected 
to be ly ing flat o n the surface. W e have determined the orientation w i t h the 
fol lowing formula (35) : 

4 2 Γ sin(6)eos(c|)) + e sin(0)sin(<f)) 4- cos(O) 2 

Ibl [ sin(e)sin(<})) + € sin(0)eos(<j>) + cos (6 ) 

where R is the ratio of b2 to bl9 θ is the axial or tilt angle w i t h respect to the 
ζ axis, Φ is the rotational angle about the C 2 axis of the molecule, and e is 
the dielectric constant of the metal . F o r copper e = —12.2 at 647 n m . W e 
have used the 7 7 8 - c m - 1 band as the b} mode and the 1 4 7 8 - c m - 1 b2 

vibration for the analysis. In bulk C u ( B I M ~ ) 2 spectra the 1 4 7 8 - c m - 1 b a n d is 
moderately strong. However , i n the surface product this vibration is very 
weak. T h e ratio, R, of b2/bl for S E R S - b u l k spectra for these peaks is 0.094. 
T w o solutions to e q 11 were found. O n e solution gave Φ « 0° and a negative 
value for Θ. Based o n this we chose the more intuitive solution of θ = 5° and 
Φ = 14°. These are average angles and are based on the weak 1 4 7 8 - c m - 1 

band i n the surface spectrum. However , the analysis does verify the expected 
result that the B I M H is predominantly flat o n the surface. W e have reported 
i n an earlier publ icat ion that it should be possible for an axial B I M H to be 
perpendicular to the surface (17) . These results indicate that this site is most 
l ikely not occupied for B I M H . Tompkins et al . also found evidence f rom 
infrared ( IR) reflectance studies that B I M H is mostly parallel to the surface 
(36, 37) . 

F igure 2 shows the effects of aggressive media on B I M H - t r e a t e d copper. 
M o s t apparent i n these spectra is the inabil i ty for B I M H to protect the 
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14. LEWIS AND CARRON Surface-Enhanced Raman Spectroscopy 385 

NaCl HCI NaOH 
(a) 778 I ( c ) U h - -NQ, (e) ( 

300 1800 300 1800 300 

Figure 2. In situ SERS spectra of benzimidazole-copper surface film in (a) 3% 
NaCl immediately, (b) 3% NaCl after 12 h, (c) 3% HCl immediately, (d) 3% 
HCI after 12 h, (e) 3% NaOH immediately, and (f) 3% NaOH after 12 h. 
Spectra were obtained with 150 mW of 647-nm laser irradiation, 5-cm~1 

bandpass, 5-cm 1 step size, and 10-s integration time. 

copper against oxidation. T h e spectra were obtained i n 3 % solutions of the 
materials listed. T h e oxides of copper appear as two broad peaks around 585 
and 520 c m - 1 (38) that are the symmetric and asymmetric stretches of 
C u 2 0 , respectively. In sodium chloride solution these oxide peaks can be 
seen after 12 h . As i n water, the oxide appears to be trapped by the overlayer. 
I n sodium hydroxide solution no bands f rom the B I M H - C u film can be seen 
either initially or after 12 h . T h e surface film has been completely destroyed 
and after 12 h al l that can be seen are two peaks associated w i t h the copper 
hydroxide and copper oxide. T h e peak at 695 c m - 1 is at a significantly higher 
wavenumber than that reported for the copper oxide; therefore, we have 
assigned it to a copper hydroxide vibration. T h e most significant changes i n 
the surface product occur i n hydrochloric acid solution, where the spectra 
become strongly enhanced and a new peak at 1380 c m - 1 appears. This peak 
is characteristic of the symmetric nitro stretch (39) and appears to be due to 
the oxidation of at least one of the imidazole nitrogens i n the presence of 
H C l . Fur ther evidence for this is the complete loss of the 7 7 8 - c m - 1 i m i d a 
zole peak after 12 h . 

Benzotriazole. T h e surface products of B T A H i n air and water are 
shown i n F igure 3. In air, the 7 8 8 - c m - 1 peak is split i n B T A H . B y 
comparison to the B I M H molecule this peak has been assigned to the 
out-of-plane bending of the triazole ring. This splitting is not possible f rom 
symmetry lowering and has been interpreted as the presence of two 
B T A H - C u species i n the surface film (17). T h e possibility of the splitting 
being due to a mixture of C u ( l ) and Cu(I I ) species on the surface has been 
ru led out because bulk samples of the surface product show only a C u ( l ) 
species is present. Based on these data we believe the two peaks are due to 
B T A H anions on the surface that are b o n d e d through either the two 
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386 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

imidazole nitrogens or through al l three nitrogens i n the triazole ring. Some 
oxidation of the metal surface is observed i n air and strong oxidation is 
observed for samples placed i n water. 

O u r i n situ study w i t h B T A H is il lustrated i n F igure 4. It can be seen 
that B T A H is superior to B I M H as a corrosion inhibitor . I n sodium chloride 
and hydrochloric acid solutions little or no oxidation is observed. N o decom
position of the surface film is observed i n the acidic solution as was the case 
for the B I M H surface film. I n sodium hydroxide the film appears to be 
protective over short t ime periods. However , after 12 h the films appear to 
have decomposed. Oxide peaks are al l that can be seen here. T h e copper 
hydroxide peaks are not observed as they were w i t h the B I M H - C u surface 
after 12 h . 

(c) oxide I 

Is (d) A 

Figure 3. SERS spectra of benzotriazole-copper surface film in (a) air 
immediately, (b) air after 12 h, (c) water immediately, and (d) water after 12 h. 
Spectra were obtained with 150 mW of 647-nm laser irradiation, 5-cm~1 

bandpass, 5-cm~1 step size, and 10-s integration time. 

NaCl HCI NaOH 
(a) 

Jj 

788 

U.JLAJ 

(c) 

J 
(b) 

1800 300 

(d) I 

)aS 
1800 300 1800 300 

Figure 4. In situ SERS spectra of benzotriazole-copper surface film in (a) 3% 
NaCl immediately, (b) 3% NaCl after 12 h, (c) 3% HCl immediately, (d) 3% 
HCl after 12 h, (e) 3% NaOH immediately, and (f) 3% NaOH after 12 h. 
Spectra were obtained with 150 mW of 647-nm laser irradiation, 5-cm~1 

bandpass, 5-cm~l step size, and 10-s integration time. 
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14. LEWIS AND CARRON Surface-Enhanced Raman Spectroscopy 387 

Compar ison of Figures 3 and 4 shows a large enhancement of the Raman 
signal i n our aggressive media. Because we prepared the films pr ior to 
immers ion i n the media and no excess B T A H is present, the observed signal 
increase cannot be due to increased coverage of B T A H . This enhancement 
was observed before by Kester et al . (28). W e interpret that the enhance
ment is due to the adsorption of anions at the interface and contributions 
f rom the hyperpolarizabil ity contributing to the Raman signal. T h e observed 
Raman scattering i n this case w o u l d be described by (40) 

Ρ = ( α + β Ε ^ ) Ε ο ρ & ϊ 1 (12) 

where F is the i n d u c e d dipole , α is the polarizability, β is the hyperpolariz
ability, E s t a t i c is the electric field due to the adsorption of anions, and Ε ο ρ ΰ ο α ι 
is the electric field of the incident radiation. T h e capacitive effect of the th in 
film of B T A H - C u on the C u surface should be significant enough to create 
large static electric fields. T o test this hypothesis we repeated the experiment 
w i t h noncoordinating anions, PF6"~ and C l O ^ , and found that the signals 
were not enhanced as i l lustrated i n F igure 5. 

Kester et al . observed an intensity dependence due to the presence o f 
C l ~ (28). T h e y found that enhanced signals f rom B T A H o n C u c o u l d be 
obtained b y anodizing the electrodes i n the presence o f laser i l luminat ion. 
T h e i r interpretation is that special surface sites are formed w h e n C u C l is 
present and the electrode is i l luminated. This mechanism has been observed 
i n other systems as w e l l (41). In our case the surface was roughened and 
treated w i t h B T A H pr ior to i l luminat ion and exposure to C l ~ . W e also 
observed enhancements f rom O H ~ i n the case of S B I M H on C u . Because it 
is unlikely that the i l luminat ion i n our studies was roughening the electrode 
or changing the structure of the existing film, we interpret the C l ~ enhance
ment as be ing due to the formation o f a large static field. E n h a n c e d 
second-order optical processes by static fields local ized at surfaces are w e l l 
documented i n the literature (42, 43). 

1800 cm 2 0 0 

Figure 5. In situ SERS spectra of benzo
triazole-copper surf ace film in noncoor
dinating ion solutions: (a) 3% KPF6 and 
(b) 3% NaCl04. Spectra were obtained 
with 150 mW of 647-nm laser irradia
tion, 5-cm~1 bandpass, 5-cm~1 step 

size, and 10-s integration time. 
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388 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Benzimidazole-2-thione. S B I M H has the potential to b o n d to a 
copper surface through both of the imidazole nitrogens and the sulfur. T h e 
bulk and S E R S spectra o f S B I M H are illustrated i n F igure 6. W e have 
identi f ied the C = S and an N - H vibration at 616 and 1196 c m " 1 , respec
tively, through deuteration studies and comparisons w i t h imidazole-2-thione 
(44). These bands are labeled i n the bulk spectrum and are not present i n the 
S E R S spectrum, and we use this as evidence for a threefold bonding to the 
copper surface. F u r t h e r evidence can be seen i n F igure 7, w h i c h shows 
acidified copper substrate that was treated w i t h S B I M H . W e find that the 
Ν — H stretches appear w h e n the substrate is exposed to the acidic solution. 
F i n a l proof that the change is i n the imidazole nitrogens comes f rom a similar 
study where we exposed the copper foi l to D C l . In this case we see the 
appearance of new R a m a n bands due to the N — D stretch. This b a n d is 
shifted to lower frequency by an amount similar to that for the deuterated 

Figure 6. (a) The bulk spectrum of benz-
imidazole-2-thione obtained with 150 mW 
of 647-nm laser irradiation, 2-cm ~~1 

bandpass, 2-cm ~1 step size, and 10-s 
integration time, (b) SERS spectrum of 
benzimidazole-2-thione—copper surface 
product obtained with 150 mW of647-nm 
laser irradiation, 5-cm "7 bandpass, 5-
cm"1 step size and 10-s integration time. 1800 c m ' 1 2 0 0 

Figure 7. In situ SERS spectra ofbenzim-
idazole-2-thione-copper surface film in 
(a) 3% HCl and (b) 3% DCl. Spectra 
were obtained with 150 mW of 647-nm 
laser irradiation, 5-cm~1 bandpass, 5-
cm~l step size, and 10-s integration 

time. 
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14. LEWIS AND CARRON Surface-Enhanced Raman Spectroscopy 389 

bulk sample. This i n situ study distinctly illustrates the value of S E R S i n 
determining surface structures. 

F igure 8 shows the i n situ spectra of S B I M H on copper. W e found that 
S B I M H was superior to both B T A H and B I M H w i t h respect to corrosion 
prevention. F e w oxides are observed, even i n basic solutions. T h e improved 
corrosion inhibi t ion appears to be related to the ability of S B I M H to remain 
surface-bound even i n basic media whereas both B T A H and B I M H surface 
complexes decompose and the inhibitor is dissolved off the surface. W e also 
observed unusual enhancements i n sodium hydroxide and sodium chloride 
solution. T h e 1 2 8 0 - e m - 1 peak, w h i c h is greatly enhanced, has been assigned 
to an amide III stretch. T h e origin of the enhancement under investigation at 
this t ime. 

Summary 

W e have found the corrosion inhibi t ing strength of the three azole c o m 
pounds studied to fol low the order S B I M H > B T A H > B I M H . T h e ability 
to prevent corrosion appears to be related to the heteroatoms that are 
present. I n particular, sulfur binds very strongly to copper surfaces and 
prevents desorption of the azole anion i n basic solution. 

Enhancements of the S E R S signal can be seen i n solutions containing 
coordinating anions. These enhancements can be explained by the presence 
of a large static electric field created by the adsorption of anions. Surface 
orientation for the B I M H surface product has been determined b y using 
surface selection rules associated w i t h S E R S . O u r init ial study indicates that 
it is predominantly flat. 

NaCl HCI NaOH 
(a) J (c) J 1280 

(b) 

J 
(d) J 

1800 300 1800 300 1800 300 

Figure 8, In situ SERS spectra of benzimidazole-2-thione-copper surface film in 
(a) 3% NaCl immediately, (b) 3% NaCl after 12 h, (c) 3% HCl immediately, (d) 
3% HCl after 12 h, (e) 3% NaOH immediately, and (f) 3% NaOH after 12 h. 
Spectra were obtained with 150 mW of 647-nm laser irradiation, 5-cm ~ 1 

bandpass, 5-cm ~1 step size, and 10-s integration time. 
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390 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

F u tu re work w i l l be directed at the determination of the mechanism 
of reaction of the surface products w i t h aggressive media. As w e l l , we 
w i l l determine the surface orientation for the S B I M H and B T A H surface 
products. 
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Surface-Enhanced Raman 
Spectroscopy as a Method 
for Determining Surface Structures 
Thiophenol at Group Ib Metal Surfaces 

Keith T. Carron and Gayle Hurley 

Department of Chemistry, University of Wyoming, Laramie, WY 82071-3838 

Raman spectra of noble metal phenyl thiolates and the corresponding 
surface-enhanced Raman spectroscopy (SERS) spectra of the surface 
species on copper, silver, and gold are reported. The SERS spectra 
were used to obtain orientations of the thiophenol species at the noble 
metal surfaces. Orientations were determined through the electric field 
enhancement of vibrations normal to the metal surface. The model 
developed in this chapter allows both the azimuthal and axial angles of 
C2v molecules at surfaces to be determined by performing the SERS 
measurement in media of differing indices of refraction. For silver and 
gold we found the axial angle θ = 85 and 76°, respectively. The 
azimuthal angle Ф was found to vary from 32 to 0° from silver to 
gold. The SERS spectra of thiophenol adsorbed onto copper were too 
weak for accurate angle determinations with a surrounding media 
other than air. However, the SERS spectrum observed on copper in 
air does indicate a near perpendicular orientation. 

PROPERTIES O F POLYMER A D H E S I O N T O SURFACES are greatly affected by the 
structure of polymeric materials at interfaces. I n this chapter we w i l l present 
a method for the determination of orientation of a two-dimensional polymer 
composed of noble metal phenyl thiolates. 

Organic th io l compounds form self-assembled monolayers o n noble 
metal surfaces (1). Self-assembled monolayers can be f o r m e d f rom a large 

0065-2393/93/0236~393$06.00/0 
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394 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

variety o f organic thiols. A n example of the importance of self-assembled 
monolayers is seen i n the n-alkane thiols that form surfaces that have the 
lowest surface-free energies k n o w n (2) . W h e n the n-alkane is replaced by 
earboxylie or hydroxyl groups, it is possible to produce h igh free-energy 
wettable surfaces. T h e macroscopic properties of the films are determined i n 
part by the nature of the organic functionality and i n part by the self-assem
b l e d structures that form at the surface. T h e goal of this research is to 
develop a spectroscopic method b y w h i c h the surface structure o f organic 
thiols o n noble metal surfaces can be determined. W e chose thiophenol , 
phenyl sulfide, and phenyl disulfide as probes to develop and test our method 
of structure determination. 

Self-assembly is bel ieved to occur on noble metal surfaces due to A u - S R 
b o n d strengths that are weak enough to allow lateral surface diffusion, yet 
strong enough to prevent desorption under ambient conditions. Because 
m u c h of the work has been o n noble metal surfaces and the symmetric 
disulfide stretches i n organic disulfides are not IR-active, many of the 
spectroscopic studies have used surface-enhanced Raman spectroscopy 
( S E R S ) as the spectroscopic tool ( 3 - 6 ) . T h e first reported S E R S study of 
thiols and disulfides o n a surface was b y Sandroff and Herschbach (3) , w h o 
found that the surface products of thiophenol and phenyl disulfide o n silver 
were identical . M o r e recently, Sobocinski et al . (4) studied alkyl thiols at 
electrode surfaces using S E R S and made comparisons between the surface 
interactions of alcohols and thiols. Another study of interest is that b y Joo et 
al . ( 5 ) that indicates a photochemical cleavage of one of the C - S bonds i n 
organosulfides on silver colloids. I n our study we found that the formation of 
metal thiolates o n roughened noble metal surfaces i n air is not photochemi
cal. However , our studies w i t h colloids do conf irm the results o f photochem
istry o n colloids and roughened surfaces i n aqueous salt solutions. 

S E R S spectra of thiophenol , phenyl sulfide, and phenyl disulfide were 
obtained o n copper, silver, and gold surfaces. I n al l cases the surface products 
were similar regardless of the ini t ia l material. This result indicates that the 
metals are capable of breaking the thiol , sulfide, and disulfide bonds. T h e 
surface spectra also closely resemble the bulk Raman spectra of the metal 
phenyl thiolates. 

I n Chapter 14 we out l ined the or igin of the surface enhancement. W e 
found that the general formula for the perpendicular and parallel electromag
netic contributions, Ε ± and E,, , to S E R S is (7 ) 

E„ = 

3e 

(1 + A ( e - 1 ) ) 

3 

( 1 + A ( e - 1 ) ) 

(1) 

(2) 
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e is the dielectric constant o f the metal and A is a geometric factor 
equivalent to (8) 

A = 
1 - e 2 1 1+e 

- 1 + — I n 
2e 1 - e 

i - l -
a 

where a and b are the major and m i n o r axes o f the el l ipsoid, respectively. 
T h e resonance condit ion shifts toward the red as e becomes more negative, 
w h i c h can have drastic effects o n the orientation analysis. F o r copper, silver, 
and gold at 647 n m , € is about —12.2, —18.4, and —11.5, respectively (9) , 
w h i c h means that the ratio of modes w i t h a single perpendicular component 
w i l l be enhanced 338:1 over purely parallel modes i f the molecule is oriented 
perpendicular to a silver surface. 

W e have extended the orientation analysis to ascertain not only the tilt 
(or axial) angle of the ζ axis, but also to inc lude the determination of the 
azimuthal rotation o f the molecule about the ζ axis. F igure 1 is a depict ion o f 
o u r angle definitions. T h e analysis and experiments here in are for molecules 
w i t h a local C2v symmetry. In general, a2 modes are very weak i n aromatic 
ring systems because of the relatively small polarization changes that occur 
w h e n the ring bends out of its plane. W e are able to observe a moderately 
intense bl mode. In Chapter 14, the determination of orientation w i t h bl 

and b2 modes was demonstrated. T h e bx modes contain the a x z polarizabi l -
i ty vector and the b2 modes are composed o f the a y z vector. Unfortunately, 
b2 modes are very weak i n the bulk and S E R S spectra of phenyl thiolates 
(see F igure 3), w h i c h precludes accurate determinations of surface orienta
tions. T h e aY modes are very strong i n the R a m a n spectra of aromatic 
compounds, and can be difficult to use i n orientation analyses because they 

Figure 1. A definition of the axial and 
azimuthal angles. The axial angle θ is the 
angle between the C2 axis and the sur
face. The azimuthal angle φ is the angle 
of rotation about the C2 axis of the 
phenyl ring. In the text θ is equal to 0 
when the molecule is oriented perpendic
ular to the surface; φ is 0 when the plane 

of the ring is parallel to the surface. 
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256 

R 1.33 

0 

0 β 90 

Figure 2. Changes in the value of R as a function of θ for various values of φ. 
When φ < 45°, R goes to 1/e2 as θ goes to 90°, and when φ > 45°, R goes to 
e2 as θ goes to 90°. Our method of angle determinations fails when φ = 45°. 
This indeterminacy could be alleviated by using an a1 mode, which contains an 
axx component. For this figure we have assumed that the dielectric constant of 

the metal is — 16. 

are composed of a linear combinat ion of otxx, &yy, and a z z . T o solve 
orientations we use the totally symmetric ax stretch mode of the phenyl ring. 
S imple geometric arguments show that i f this molecule is oriented w i t h the 
ring perpendicular to the surface, then the intensity ratio o f a1/b1 must be 
(1.155) 2 , where, i n this case, ax indicates only the ring breathing stretch. 
Equations 1 and 2 indicate that the intensity ratio should be 1 / e 2 for parallel 
orientation. A more complete analysis shows that 

sin(0)cos(c|>) + €sin(0)sin(<|>) + 1.155cos(O) ] 2 

sin(6)sin(c|>) + esin(9)cos(<|>) + cos (6 ) 

where R is the ratio of relative intensities o f the S E R S bands i n relation to 
the bulk or S E R S bands w i t h different surrounding dielectric constants. Ιαχ 

and Ib correspond to the intensity of the ax and bl bands relative to the 
bulk metal thiolate or S E R S spectrum wi th a different surrounding dielectric 
constant. F igure 2 shows a plot o f R versus θ for different values of φ. T h e 
prob lem is that for a given value of R, several values of θ and φ can exist. A 

R = 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

5

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



15. CARRON AND HURLEY Surface-Enhanced Raman Spectroscopy 397 

nontrivial solution can be found by either changing the excitation wavelength, 
thus e, or by changing the dielectric constant of the surrounding media. W e 
chose the second approach because resonance Raman effects are predicted 
due to photochemical degradation that was observed i n some cases. T h e 
rigorous expression for the e used i n the previous equations is em e t a l/ 
e surroundmgs- T h e new dielectric materials we have chosen are mixed hexanes 
and cyclohexane, w h i c h are not expected to adsorb to the surface and perturb 
the orientation of the phenyl thiolate. T h e mixed hexanes and cyclohexane 
used i n our experiments have a dielectric constant of 1.90 and 2.03, respec
tively. 

Experimental Details 

The thiols, sulfides, and disulfides were purchased f rom A l d r i c h and used 
without further purif ication. T h e silver substrates were prepared by vapor 
deposition of silver onto calcium-fluoride-roughened slides. T h e silver sub
strate has produced enhancements of 1.7 X 1 0 5 for pyridine (10). M i c r o 
scope slides were cleaned w i t h a concentrated ammonia solution and cleaned 
w i t h a 3 0 - W radio-frequency plasma cleaner (Harr ick) for 10 m i n . A vacuum 
coating unit (Edwards) operating at 10 ~ 6 mbar pressure was used for the 
vacuum depositions. T h e roughened substrate was prepared by first deposit
ing a 600-nm-thick layer of ca lc ium fluoride fol lowed by 50 n m of silver. T h e 
depositions were carried out f rom a resistively heated molybdenum boat. T h e 
silver (Aldrich) was 99 .9% pure and the ca lc ium fluoride (Aesar) was optical 
grade. T h e film thickness and deposition rate were monitored w i t h a quartz 
crystal microbalance. T h e silver was deposited at the rate of 0.2 n m / s . G o l d 
( G . F . Goldsmith) substrates were prepared by using the preceding method 
f rom 99.999% pure gold. 

T h e sample was dissolved i n acetone and was spun-coated onto the 
substrates. T h e concentration of the thiol , sulfide, and disulfide was 0.01 M , 
and a 5 0 - μ L aliquot was used for the spin-coating. 

Immersion was also tested as a viable application procedure. T h e spectral 
features were identical w i t h spun-coat samples. However , the quality of the 
spectra was not as good as w i t h spin-coating. 

T h e copper substrates were prepared f rom 99.999% pure, 0 .025-mm 
polycrystalline copper foi l (Aldr ich) . These substrates were roughened by 
etching i n 1 2 % H N 0 3 for 4 m i n under vigorous stirring. This procedure is 
similar to that developed by M i l l e r et al . (11), and used recently by C a r r o n et 
al. (12). The metallic copper samples were prepared by etching the copper 
w i t h nitric acid, washing w i t h dist i l led water, immediate immers ion i n a 
0 . 0 1 - M acetone solution of the molecule o f interest, w h i c h had been w a r m e d 
to 50 °C, and a final washing w i t h acetone to remove any physisorbed 
reagent. This procedure is similar to that developed for coating copper w i t h 
azole compounds (12). 
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T h e Raman spectra were obtained using a double monochromator 
( J o b i n - Y v o n M o l e 1000), a photomult ipl ier ( R C A 31034), and photon count
i n g electronics (Ortee). Laser excitation was provided w i t h an i o n laser 
(Spectra Physics 2025 K r + ). Backscattering geometry was used for al l 
samples, and a cylindrical lens was used to focus the laser to decrease the 
power density at the sample. T h e silver and gold S E R S samples were spun at 
1800 H z to avoid any possible damage due to laser-induced heating. T h e 
copper fo i l samples were not spun. A 647-nm filter was used to remove the 
plasma lines. 

B u l k R a m a n spectra were obtained on metal thiolates prepared i n the 
laboratory. Silver phenyl thiolate (AgSPh) was prepared by mixing an excess 
of thiophenol i n water w i t h A g N O s (5) . T h e resulting precipitate was washed 
w i t h methanol. G o l d phenyl thiolate was synthesized through the reduction of 
H A u ( I I I ) C l 4 i n the presence of thiophenol (13). T h e resulting precipitate 
was washed w i t h methanol to remove the phenyl disulfide that results f rom 
oxidation of thiophenol by Au(I I I ) . C o p p e r phenyl thiolate was synthesized by 
the addit ion o f thiophenol to an aqueous solution of C u C l 2 . Again , the 
product was washed w i t h methanol to remove phenyl disulfide. 

Results and Discussions 

Silver. F igure 3 shows the R a m a n spectra of thiophenol and silver 
phenyl thiolate, and the S E R S spectrum of the product of thiophenol reacted 
w i t h a silver substrate. Compar i son of thiophenol and the silver phenyl 
thiolate shows that there is a large intensity increase i n the band at 1075 
c m - 1 . T h e low-wavenumber shoulder on the 1 6 0 0 - c m - 1 peak has increased 
i n intensity i n the metal thiolates. There is also a large intensity increase i n 
the 4 2 0 - c m - 1 vibration. B a n d assignments are tabulated i n Table I and 
changes i n intensity are tabulated i n Table II . 

T h e S E R S spectrum shows the largest enhancement for the 420 mode, 
w h i c h is to be expected because mode 420 is largely composed of the a z z 

tensor (14). Compar i son of the S E R S spectra of the surface product w i t h the 
bulk metal thiolates shows several trends. T h e intensity ratio of the 1 0 0 0 - c m - 1 

peak relative to the 4 7 0 - c m " 1 peak is about unity. This is predicted for 
molecules that are perpendicular to the surface. 

T h e orientation of thiophenol was determined by the procedure out l ined 
earlier. W e obtained S E R S spectra i n air, mixed hexanes, and cyclohexane. 
T h e results are tabulated i n Table III . T h e results are i n good agreement w i t h 
X-ray studies of A g S P h that indicate that the phenyl ring is perpendicular to 
the layer of silver ions (15). O n e prob lem that can occur i n SERS-based 
orientation studies is the assumption that the Raman spectrum of the 
chemisorbed species is equivalent to the bulk spectrum of the equivalent 
organometallic compound. T h e determination of the S E R S spectrum i n two 
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Figure 3. A Raman study of thiophenol 
on silver. (A) SERS spectrum of thiophe
nol on silver obtained with 30 mW of 
647-nm laser irradiation, 3-cm~1 band
pass, 2-cm ~1 step size, and 5-s integra
tion. (B) A Raman spectrum of bulk 
AgSPh obtained with 5 mW of 647-nm 
laser irradiation, 3-cm~1 bandpass, 5-
cm ~1 step size, and 5-s integration time. 
(C) A Raman spectrum of thiophenol 
obtained with a depolarizer, 50 mW of 
647-nm laser irradiation, 3-cm ~1 band
pass, 2-cm ~1 step size, and 2-s integra

tion time. 

solvents of dif fer ing dielectric constant al lowed us to check this assumption 
and to make an orientation determination independent of the bulk material. 
T h e results f rom Table III indicate that, i n this case, the assumption of 
equivalence of the bulk silver phenyl thiolate and the surface species is 
reasonably good. T h e changes i n φ may be related to the relatively free 
rotation of the phenyl ring o n the surface as opposed to the rigid structure 
found i n the bulk. 

Gold. O u r studies on gold are shown i n F igure 4. A weak b a n d 
corresponding to the A u - S stretch was found at 275 c m - 1 , and the A u S P h 
was stable under prolonged irradiation at 647 n m . F r o m Table II it can be 
seen that al l modes are decreased i n intensity relative to the 470-cm ~ 1 mode. 
This relative decrease indicates that gold has an axial angle to the surface that 
is less than silver. B y using equation 3 we found that the axial and azimuthal 
angles are 76.0 and 0 degrees, respectively, and excellent correlation to 
the predicted angles exists w h e n either hexanes or cyclohexane was used. 
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Table I. B a n d Assignments 

Thiophenol (Neat) Thiophenol Ag-Phenyl 
Av Assignmenta (SERS) Av Thiolate Av 

230 (Ag-S) 250 (Ag-S) 
278 (b2) 335 
414 (%, a2) 420 420 
464 (h) 470 480 
616 (b2) 620 620 
698 (a,) 695 700 
734 (bx) 745 740 
834 (a,) 835 
914 ( S - H band) 
988 (h) 985 

1000 (a,) 1000 1000 
1024 (a,) 1025 1025 
1069 (b2) 1075 1075 
1092 (%) 
1118 (ax) 1110 1115 
1156 (b2) 1160 1160 
1180 (%) 1180 1185 
1270 (b2) 1270 
1328 (b2) 
1380 (a,) 1375 
1440 (b2) 1440 
1478 (a,) 1475 1475 
1576 (ax) 1575 1575 
1584 (aly b2) 1600 1600 

a Band assignments are based on references 5 and 18. 

Orientat ion determined independent of the bulk spectrum also matched the 
b u l k values very w e l l , w h i c h indicates that the surface species closely resem
bles the structure of A u ( l ) S P h synthesized f r o m Au(II I ) . T h e smaller φ w i t h 
respect to silver can be attributed to increased steric hindrance w i t h the 
surface as θ becomes smaller. 

T h e intensities relative to the 4 7 0 - c m - 1 peak i n the b u l k are larger than 
those found w i t h silver. W e interpret this as an increase i n b o n d polarizability 
i n the phenyl ring due to the decreased charge withdrawal through the A u - S 
b o n d . F o r example, the relative intensity of the 1 0 0 0 - c m - 1 band, and most 
other modes, approaches the value for free thiophenol as the metal is 
changed f rom copper to silver to gold (see Table II). This increase is clearly 
seen i n the Raman spectra o f the b u l k metal phenyl thiolates. T h e similarity 
i n the R a m a n spectrum of b u l k A u S P h to thiophenol i n comparison w i t h its 
dissimilarities to silver and copper analogues can explain the differences i n 
bonding that lead to self-assembly of thiols o n gold. T h e phenyl thiolate 
species o n gold most resembles thiophenol , and, therefore, can move laterally 
o n surfaces most easily. 
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Table II . Changes i n Intensity 

Frequency 
χ (cm ~l) 

Bulk SERS 
Material 

Frequency 
χ (cm ~l) ISERS/IBULK 

C u 420 0.54 3.67 6.83 
470 1.00 1.00 1.00 
695 3.54 1.00 0.28 

1000 10.0 9.83 0.98 
1025 2.77 3.33 1.22 
1075 2.54 2.00 0.78 
1575 2.38 1.50 0.63 

Ag 420 2.20 6.38 2.90 
470 1.00 1.00 1.00 
695 2.70 1.85 0.68 

1000 10.6 8.54 0.81 
1025 5.60 6.08 1.08 
1075 6.40 7.69 1.20 
1575 7.65 8.08 1.05 

A u 420 4.60 4.13 0.90 
470 1.00 1.00 1.00 
695 4.00 1.26 0.32 

1000 52.0 5.41 0.10 
1025 18.4 5.20 0.28 
1075 16.0 8.33 0.52 
1575 14.8 7.60 0.51 

Thiophenol 414 25.5 Thiophenol 
464 
698 

1000 
1024 
1092 
1584 

1.00 
31.8 

214.3 
47.8 
15.9 
15.9 

Copper. T h e Raman spectra associated w i t h our study of thiophenol 
o n copper are shown in F igure 5. T h e C u - S stretch was f o u n d at 270 c m - 1 . 
T h e S E R S spectra on copper were weak, and spectra of copper species i n 
solvents were unobtainable. T h e background produced b y the solvents pre
vented measurement of the 470-cm " 1 peak. T h e ratio of ^ 1 0 0 0 / ^ 4 7 0 * s larger 
than gold and silver. Therefore, we w o u l d expect that th iophenol o n copper is 
also oriented perpendicular to the surface. N o photochemistry was observed 
w i t h copper phenyl thiolates or the surface species. 

Error Analysis. T h e errors for angle determinations are shown i n 
Table III . T h e error for silver is ± 4 ° for θ and ± 1 1 ° for φ. T h e error for 
gold is significantly smaller: θ is ± 1 . 5 ° and φ is + 2 ° . These errors are 
estimated f rom the noise level associated w i t h the 4 7 0 - c m - 1 band. This peak 
is m u c h smaller than the 1000-cm ~ 1 peak, and, therefore, is the major source 
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Table III. Orientation of Thiophenol 

Intensity Ratio Ag, Θ, φ Au, θ, φ 

10.6 52.0 
^IOOO ^470 (a*1*) 8.09 6.82 
hwo/hio (hexanes) 5.18, 85.4, 32 3.77, 76.0, 0 
^ 1 0 0 0 / ^ 4 7 0 (cyclohexane) 4.91, 85.4, 32 2.71, 75.9, 0 

NOTE: The orientation of thiophenol on Ag using the SERS spectrum in air as the reference 
shows θ = 81.3, φ = 25. The orientation of thiophenol on Au using the SERS spectrum in air as 
the reference shows θ = 77.0, φ = 17.2. The error in the angles for thiophenol on Ag are 
approximately ±4° for θ and ±11° for φ. The error in the angles for thiophenol on Au are 
approximately ±1.5° for θ and ±2° for φ. 

Figure 4. A Raman study of thiophenol 
on gold. (A) SERS spectrum of thiophe
nol on gold obtained with 30 mW of 
647-nm laser irradiation, 3-cm~~1 band
pass, 5-cm ~1 step size, and 10-s integra
tion. (B) A Raman spectrum of bulk 
AuSPh obtained with 50 mW of 647-nm 
laser irradiation, 3-cm~1 bandpass, 2-
cm~1 step size, and 2-s integration time. 

(C) Same as Figure 3C. 1800 200 
cm 

of error. T h e smaller errors associated w i t h gold are due to the m u c h higher 
signal-to-noise ratio ( S / N ) i n the A u S P h spectrum. T h e better S / N for this 
spectrum is due to the lack of photodegradation and the correspondingly 
higher laser powers that c o u l d be used. T h e observed errors are on the same 
order of those reported for I R reflection spectroscopy (16). T h e precision 
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Figure 5. A Raman study of thiophenol 
on copper. (A) SERS spectrum of thio
phenol on copper obtained with 10 mW 
of 647-nm laser irradiation, 5-cm ~1 

bandpass, 5-cm ~1 step size, and 15-s 
integration. (B) A Raman spectrum of 
bulk CuSPh obtained with 20 mW of 
647-nm laser irradiation, 3-cm ~1 band
pass, 3-cm ~1 step size, and 3-s integra

tion time. (C) Same as Figure 3C. 

found here is m u c h better than the ± 3 2 . 5 ° found b y Wal ls and B o h n (17) , 
who used a depolarization method for angle determinations. 

I n general, F igure 2 shows that the S / N level of the spectra w i l l be 
critical as φ approaches 45°. W h e n φ is exactly equal to 45°, the described 
method fails due to the inabil i ty to locate an ax mode w i t h a known amount 
of a x x or an a2 mode. As φ approaches 0, the R value is crit ical w h e n θ is 
large. O n the other hand, as φ approaches 90°, R is crit ical w h e n θ is small . 
W e anticipate that a complete analysis using potential-energy diagrams w i l l 
result i n more precise determination of angles because two or more very 
strong Raman bands can be used. 

Summary 

W e have demonstrated a new procedure for the determination of molecular 
orientation at metal surfaces. This approach gives intuitively reasonable 
results for phenyl thiolates o n noble metal surfaces. O u r results indicate that 
thiophenol , phenyl sulfide, and phenyl disulfide al l fo rm metal phenyl thio-

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

5

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



404 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

lates wi th noble metal surfaces. I n air the surface product was not observed 
to be photoactive under low laser powers and a t ime p e r i o d of several hours. 
However , i n colloids and continuous substrates i n the presence of aqueous 
anions, photoactivity was observed (6) . 

S E R S spectra obtained i n mixed hexanes and cyclohexane indicate that 
the phenyl thiolate is oriented nearly perpendicular to the surface. There is a 
predisposit ion for thiophenol to tilt more for the different metals f rom copper 
to silver and to gold. T h e azimuthal angle, φ, around the C 2 axis varies 
between silver and gold. Observation that the angle φ approaches 0 as the tilt 
angle increases can be rationalized as increased steric hindrance around the 
C 2 axis as θ becomes smaller. T h e S E R S spectra o n copper were very weak, 
and accurate measurements i n solvents were not obtained. However , rela
tively large βχ/έ^ ratios indicate that this species is oriented nearly perpen
dicular. T h e ability of this technique to obtain orientations without bulk 
spectra of the surface species w i l l greatly a id i n studies where the surface 
complex is weak and cannot be synthesized i n large quantities. 

Improvements i n this approach are be ing explored. O n e very promis ing 
approach w i l l be to use potential energy distributions to determine the exact 
amount of x, y, and ζ mot ion i n a normal coordinate. This approach w o u l d 
allow other ax modes to be used i n orientation analysis. I n aromatic systems 
the ax modes are very strong, w h i c h w o u l d improve angle determination 
errors. T h e use of αγ modes w i t h an a x x component w o u l d remove the 
redundancy associated w i t h φ = 45° that is due to our current use o f an aY 

mode that does not contain an χ component. 
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Fourier Transform Infrared and 
Raman Studies of Coatings 

Michael Claybourn 1 and Paul H . Turner 2 

1Research Department, ICI Paints, Wexham Road, Slough SL2 5DS, United 
Kingdom 
2 Bruker Spectrospin Ltd., Banner Lane, Coventry CV4 9GH, United Kingdom 

Fourier transform (FT) IR reflectance measurements were used to 
monitor the top surface and back-interface curing processes of a 
polyurethane system. Problems associated with the reflectance tech
nique are discussed. Additionally, the fundamental kinetic parameters 
for bulk film cure, obtained by nonisothermal FTIR measurements, 
were combined with a model for polymer network growth to predict 
the buildup in modulus of the curing film. The results were in excellent 
agreement with experimental data. Processing conditions for polyester 
coatings play a significant role in the behavior of the final film. FT 
Raman measurements were performed on coatings based on polyethy
lene terephthalate-isophthalate to demonstrate structural reordering 
of polymer chains during heat treatments. 

SURFACE COATINGS U N D E R G O A VARIETY o f structural and chemical changes 
dur ing init ial processing and dur ing their lifetimes. C u r i n g , solvent behavior, 
heat treatments, deformation, and weathering can influence such factors as 
chemical and structural integrity, adhesion, hardness, and flexibility ( 1 - 3 ) . 
T h e chemical and physical behavior of these systems must be understood so 
that predictions can be made concerning the subsequent properties of the 
protective coating. I n addition, chemical , physical, and thermal stress w i l l 
influence the integrity of the coating. 

Vibrat ional spectroscopic techniques can give functional group informa
t ion that can be l i n k e d to chemical and structural changes. Infrared measure
ments allow bulk and surface processes to be fol lowed, although some 

0065-2393/93/0236-0407$10.00/0 
© 1993 American Chemical Society 
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408 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

thought must be given to the physics of the measurement (discussed later). 
F o r the conventional R a m a n technique using visible laser excitation, many 
industrial materials are subject to fluorescence, w h i c h tends to obscure the 
Raman scattered radiation. This problem has largely been overcome by 
F o u r i e r transform ( F T ) R a m a n spectroscopy using near-IR ( N I R ) excitation 
( 4 - 6 ) ; this combined technique can be used for monitor ing bulk processes i n 
coatings. 

Al though the commercia l implications are significant, comparatively little 
literature discusses the application of vibrational spectroscopic techniques to 
these problems. Clear ly there are difficulties in sensitivity and discrimination 
for studying surface and interface effects, even w i t h supposed surface tech
niques such as attenuated total reflectance ( A T R ) spectroscopy. However , 
characterization of processes at surfaces and interfaces of coatings is feasible. 
F o r example, surfactant enrichment at latex film interfaces has been investi
gated by A T R and photoacoustic F T I R spectroscopy (7) ; adhesion and 
interfacial failure between polymers have been characterized w i t h rheopho-
toacoustic spectroscopy (8); and adhesion failure at the p o l y m e r - m e t a l 
interface has been characterized by A T R spectroscopy (9) . However , factors 
such as species enrichment or contamination, w h i c h govern surface and 
interface properties, are generally outside the sensitivity limits o f these 
techniques. 

Information about the bulk chemical and structural properties of coatings 
is easier to obtain by F T I R and Raman techniques because sensitivity is less 
of a problem. This information can help i n understanding, for instance, how 
polymer cross-linking behavior or structural changes under processing condi 
tions affect final coating properties. 

F o r these types of measurements purely empir ical kinetic data may be 
sufficient. However , the cur ing kinetics of a polymer or resin system can be 
strongly dependent u p o n such factors as the glass-transition temperature and 
the degree of cross-l inking at any t ime dur ing the cure. This dependence 
means that determination of the underlying kinetic parameters, such as rate 
constant, order of reaction, frequency factor, and activation energy, becomes 
difficult (10). These problems can be c ircumvented to some degree by using 
nonisothermal kinetic measurements so that the system is maintained above 
its glass-transition temperature (10). 

Investigation of surface coatings by vibrational spectroscopic techniques 
clearly requires a broad range of approaches to give an understanding of the 
chemical and physical behavior i n the bulk and at interfaces. F o r this 
investigation F T I R and F T Raman measurements were used for the analysis 
of cur ing and structural changes i n polymer coatings, i n particular, 
epoxy-polyester blends and polyurethanes. T h e optical properties of the 
coating i n relation to F T I R reflectance measurements is discussed. I n the 
analysis of these data, allowance for the optical interactions must be made, 
otherwise misleading conclusions can be drawn. 
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16. CLAYBOURN & TURNER FTIR and Raman Studies of Coatings 409 

FTIR Reflectance Measurements on Polymer Coatings 

F T I R reflectance techniques are widely used for characterizing coating 
systems. However , care must be taken w i t h these types of measurements 
because they are susceptible to various optical effects that can make interpre
tation of the spectral data difficult. A basic understanding of the physics o f 
these interactions is useful so that misleading conclusions are not drawn. 
F igure 1 shows the possible optical phenomena for light incident u p o n a 
protective coating on a reflecting substrate. T h e reflected light w i l l consist of 
several components, namely, front-surface specular reflection (Rs), back-
surface specular reflection ( R b ) , scattering f rom the top (and to a m u c h 
lesser degree the bottom) surface ( R t ) , and diffuse scatter f r o m scattering 
centers w i t h i n the film (Rd). T h e measured reflectance, Rm, may be writ ten 
as a sum of all of these: 

Rm=Rs + Rd + Rt + Rb (1) 

A n y combination of these reflectance components can occur depending u p o n 
the optical state of the sample. I f al l o f these phenomena are superimposed, 
then the spectrum is highly distorted and difficult to interpret. As a conse
quence, i n any reflectance measurement a sampling method that is opt imized 
for one of these reflectance components must be employed. F igure 2 shows 
spectra for different types of coatings that give predominantly one type of 
reflected fight. Clearly , the type of coating is significant for discrimination of 
an individual reflectance component. 

The Diffuse Component. T h e diffuse reflectance component arises 
w h e n scattering centers are present i n the matrix of the coating. This system 

Trans-
flectance Diffuse Specular 

Figure 1. Reflectance of light from a coating on a reflecting substrate. 
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Figure 2. FTIR reflectance spectra from different types of coatings showing the 
possible spectral types. 

w i l l be inhomogeneous and have large discontinuities i n refractive index at 
the interface of the host material and scattering centers. These diseontinuiti-
ties may be inorganic pigments, inclusions, extenders, crystalhtes, voids, or 
phase-separated components. A s the scattered light passes through the sam
ple, it is absorbed at characteristic frequencies for the scattering centers and 
for the host material. Eventually, the light escapes the front surface and is 
collected at the detector. T h e geometry of this system is described as a 
diffuse reflectance measurement and w i l l be opt imized w i t h a diffuse re
flectance accessory compris ing a hemispherical collecting lens. I f the mea
surement is per formed w i t h a specular reflectance accessory or an F T I R 
microscope operating i n reflectance mode, then the specular component w i l l 
be enhanced relative to the scattered component. I n addition, the path length 
through the sample w i l l be several micrometers. I n effect this reflected light 
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16. CLAYBOURN & TURNER FTIR and Raman Studies of Coatings 411 

w i l l comprise reflectance and transmittance at the po lymer- inhomogene i ty 
interface and multipass transmission through the matrix after scattering at 
this interface. I n some cases the inhomogeneity has a similar refractive index 
to the matrix, so that little or no scattering occurs. T h e degree of refractive 
index mismatch as w e l l as the concentration o f scattering centers w i l l strongly 
influence the intensity of the diffusely scattered component. 

This approach is useful only for qualitative analysis of highly p igmented 
paint films. F igure 3 shows an example of a urethane-modified alkyd paint o n 
a metallic substrate compared w i t h the transmission spectrum of the same 
material. T h e reflectance spectrum is highly distorted and displays peak shifts 
of 2 0 - 3 0 c m " 1 to higher wave numbers. I n addition, the reflectance spec
t r u m has interference fringes i n spectral regions w i t h high transmission. T h e 
distortion w i l l be associated w i t h superpositioning o f the specular reflectance 
f rom the front surface. T h e distortion can cause ambiguities, and so the 
technique is used only for qualitative analysis at best. 

Back-Surface Reflectance. A back-surface reflection is essentially 
a double-pass transmission experiment, and subsequently a so-called trans-
flectance spectrum is obtained. Interference between the front-and back-
surface-reflected fight gives rise to interference fringes; the fringe spacing is 
related to film thickness, d ( I I ) : 

3500 3000 2500 2000 1500 

Wavenumbers (cm-1) 

Figure 3. Reflectance (a) and transmission (b) spectra for a urethane-modified 
alkyd paint film. 
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412 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

where m is the n u m b e r of fringes between the init ial and final fringe, σ is 
the wave number difference between the init ial and final fringe, φ is the 
angle of incidence, and η is the refractive index of the sample. D e p e n d i n g 
u p o n their magnitude, these fringes can obscure spectral detail , and it is best 
to avoid them. T h e y can be removed, for example, b y wedging the sample. 

A n additional prob lem w i t h these types of measurements on metall ic 
substrates is that dramatic changes i n relative b a n d heights can be observed 
(12, 13). These changes are due to an interference effect; the standing waves 
originating at the metal surface at al l the different frequencies give rise to 
combinations of nodes and antinodes corresponding to m i n i m a and maxima 
i n the reflectivity. F o r a given thickness o f sample, nodes and antinodes (and 
hence, m i n i m a and maxima) w i l l occur across the whole range of the 
reflectance spectrum. Consequently, for spectra f rom a material at different 
thicknesses, nodes and antinodes w i l l occur at different wavelengths, and so 
spectral comparison can be misleading even for qualitative work because 
band ratios w i l l change. Correc t ion for this effect can be made as long as the 
optical properties of the material and substrate are known. F igure 4 shows 
the geometry of a measurement. T h e amplitude o f the reflected light ( r ) is 
given by (14) 

r12 + r 1 2 e ^ 

1 + r 1 2 r 2 3 e 2 i p 

(3 ) 

where i is r 1 2 and r 2 3 are the amplitudes of the reflected light f rom the 
a i r - f i l m and film-metal interfaces, respectively, and for normal incidence are 

Light at 
normal 
incidence 

AIR n1 = 1 

POLYMER n* = n2+ ik2 \ 

METAL 

Figure 4. Optical geometry for a polymer coating of thickness ά on a metallic 
substrate. 
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16. CLAYBOURN & TURNER FTIR and Raman Studies of Coatings 413 

given b y 

n 2 — 1 n 3 — n 2 

n x + 1 n3 + % 

where n 2 and n 3 are the complex refractive indices for the film and 
substrate, respectively (see F igure 4). A t normal incidence, β is given by 

2 T T dn9 

l » — ^ «9 
where d is the film thickness and λ is the wavelength o f light, β describes 
the degree of attenuation of the light i n the system. T h e measured re
flectance R can be determined f rom 

R = r · r * (6) 

where r * is the complex conjugate of r . Therefore, f rom a knowledge of the 
optical properties of the polymer and substrate the reflectance spectrum can 
be modeled to give quantitative data. This approach was employed b y 
Packansky and co-workers ( J 5 ) to m o d e l the composit ion and thickness of 
organic layered photoconductors. T h e y also showed h o w this model ing ap
proach can be used for a range of polymers o n various metal substrates (13). 

T o show the result of this optical effect, F igure 5 displays spectra across 
a polyester film on a metal substrate. T h e film thickness was nominal ly 7 μ π ι , 
but showed variations f rom 5 to 8 μ ιη . T h e spectra are normal ized to the 
intensity o f the C = 0 stretching b a n d at about 1730 c m - 1 . C l e a r variations i n 
band intensities are seen, and, without any knowledge of the physics of this 
optical interaction, misleading conclusions can be drawn. 

U s i n g this analysis, the variation i n band ratios can be modeled. F igure 6 
shows the variation i n reflectance w i t h film thickness for three bands at 1720, 
1200, and 925 c m - 1 ; these bands are taken as arbitrary at different points i n 
the spectrum to demonstrate the effect. W h a t may be surprising is that w i t h a 
comparatively small change i n film thickness, the ratio can change signifi
cantly. Clearly , i f this technique is used to obtain structural or chemical 
information about a polymer coating o n a metallic substrate, then correction 
o f the reflectance spectra must be per formed to obtain meaningful data (15). 

Top-Surface Specular Reflectance. T h e specular component 
(front-surface reflection) is often considered as a source of spectral distortion, 
particularly i n diffuse reflectance measurements (16, 17) . However , the 
technique can be made use of i n cases where this reflected component is 
predominant . This situation arises w h e n the light that penetrates the sample 
is either strongly scattered or strongly absorbed. Examples are very thick 

(4) 
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2000 1800 1600 1400 1200 1000 
WflVENUMBER CM-1 

Figure 5. Reflectance spectra taken across a polyester coating on a metal 
substrate to show the variation in relative band intensities (spectra are 

normalized to C=0 maximum). 
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1720cm-1 
1200cm-1 
925cm-1 

2 4 6 8 
Film thickness (microns) 

10 

Figure 6. Variation in reflectance intensity with film thickness at 1720, 1200, 
and 925 cm ~1 

samples so that back-surface-reflected light is absorbed, an optically rough 
back surface so that the light is scattered off the specular axis, and strongly 
absorbing components w i t h i n the sample. T h e technique can easily provide 
analytical information, and additionally, i f the measurement is per formed 
w i t h the I R microscope, then microscopic structural information can be 
obtained (17) . T h e technique has been used to study carbon-fi l led polymers 
( IS , 19) because any fight penetrating the sample is absorbed and only the 
top-surface-reflected component is observed. However , one of the problems 
w i t h this type of sampling is that the spectrum takes on a derivativelike shape. 
T h e shape arises f rom dispersion i n the refractive index about resonant 
species i n the material (20) . However , the absorption index (related to 
absorption coefficient) can be recovered mathematically f rom the specular 
reflectance spectrum. 

F o r normal incidence, the measured specular reflectance is given by 

R = 
( n - 1 ) 2 

( n + 1 ) 2 

(7) 

where η is the complex refractive index of the material and takes into account 
both refraction (real) and absorption (imaginary). T h e imaginary part of the 
complex refractive index, k, is the absorption index and is related to the 
absorption coefficient α by 

α = 2 T T / C O (8) 
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where σ is the frequency i n wave numbers. A n additional effect to be 
considered is that light undergoes a phase change u p o n reflection at an 
interface; the reflection coefficient, r * , is related to the reflection amplitude, 
r , and phase angle φ, by 

r * = \r\e~^ (9) 

and the measured reflectance, R, is given by 

R = |r|2 (10) 

Separate expressions for η and k at wave n u m b e r σ can be obtained f rom 
these equations: 

(11) 
1 - 2)fR COS φ + R 

2)fR sin φ 
k = (12) 

1 + 2\/fi COS φ + R 

Therefore, i f φ was determined at a l l frequencies, then η and k cou ld be 
ful ly determined. This condit ion is possible because R and φ are related b y 
the K r a m e r s - K r o n i g ( K K ) integral, w h i c h enables φ to be determined f rom 
the measured reflectance (21): 

* = f
H R \ < U r (13) 

where Ρ is the pr inc ipal part of the integral and means that the singularity at 
σ = σ 0 is calculated as a C a u c h y pr inc ipal value. T h e integral is per formed at 
each frequency σ 0 over all frequencies, σ . F o r any causal function, the K K 
integral describes the relationship between its real and imaginary parts (22), 
and f rom equation 9: 

l n ( r * ) = 0 . 5 1 n ( H ) - ί φ (14) 

Details of the origin of this integral have been discussed i n the literature (20, 
21). T h e K r a m e r s - K r o n i g transform is now readily implemented by fast, 
commercial ly available software that uses established methods. 

FTIR Reflectance Measurements. A l though reflectance mea
surements have inherent problems, valuable data can be obtained. F o r these 
measurements F T I R specular reflectance was per formed w i t h a B r u k e r F T I R 
microscope attached to a B r u k e r I F S 48 spectrometer. This sampling geome-
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16. CLAYBOURN & TURNER FTIR and Raman Studies of Coatings 417 

try discriminates i n favor of the specular reflected component. F o r the 
K r a m e r s - K r o n i g transform, the data were transferred to a personal computer 
for processing using L a b C a l c (23). I n addit ion A T R measurements for the 
polyurethane reaction at the substrate-coating interface were made w i t h a 
Specac horizontal A T R accessory wi th a ZnSe A T R crystal. 

FT Raman Measurements on Coatings 

Clearly , the difficulties must be carefully considered i n an F T I R reflectance 
measurement o n a polymer coating. R a m a n spectroscopy offers an alternative 
approach and does not suffer f rom the problems associated w i t h the I R 
reflectance method. However , for the conventional R a m a n technique using 
visible laser excitation, the types of materials that can be examined are l im i te d 
because of sample fluorescence. This prob lem has been overcome b y the use 
of N I R laser excitation, so that fluorescence has been, to a large extent, 
eradicated. T h e disadvantage i n going to lower energy excitation giving 
weaker R a m a n intensity has been overcome by combin ing w i t h F T instru
mentation (5, 6), w h i c h gives high throughput. Addi t iona l problems are 
associated w i t h Raman spectroscopy for studying processes i n coatings, 
namely, film thickness and optical properties. F o r this work o n unpigmented 
polymer films, the major factor affecting the signal-to-noise ratio is the film 
thickness because it significantly affects the R a m a n scattering volume. 

T h e instrument used for these measurements was a B r u k e r I F S 66 F T I R 
w i t h the F R A 106 Raman module attached. This instrument uses a N d : Y A G 
laser for excitation operating at 1064 n m . F o r the measurements samples 
were s imply placed into the sample chamber of the instrument without any 
sample preparation (24). 

Polyureihanes 

Cross-Linking in Polyurethane Coatings. T h e characterization 
of the cure processes of coating materials provides an essential base for 
developing models to describe film formation (25) . This base gives a means 
for predict ing the cure behavior as a funct ion of certain variables such as 
formulat ion and temperature. Furthermore , the resulting properties of the 
cured film can be related to the cure behavior. M a n y coatings are based o n a 
cross-l inking reaction between isocyanate and hydroxyl functional resins (26, 
27) to form a durable polyurethane film. In real coating systems, both 
reactants are usually mult i functional , and the alcohol may have both pr imary 
and secondary - O H groups. T h e resulting film is often highly cross-l inked to 
give a high-performance protective coating. 

T h e cure chemistry of isocyanate w i t h hydroxy functional polymers to 
form polyurethane films is w e l l characterized, and the kinetic parameters 
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418 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

have been determined (28). F r o m a technological point o f view other 
parameters, such as polymer functionality, type o f solvent, the rate o f solvent 
loss, the cur ing profile through the film, and h o w these affect the properties 
o f the subsequent coating, are o f significance. T o obtain realistic measure
ments that represent the behavior o f the coating as it is used, film thicknesses 
prevent the use of I R transmission measurements. Reflectance methods are 
left. However , this situation does not l imit us i n sensitivity nor i n be ing able 
to monitor the chemistry and kinetics of the reactions. However , the optical 
interactions described must be considered i n any analysis. 

Surface and Interface Curing Reactions. A method for obtain
ing surface cur ing information has been developed w i t h a normal incidence 
specular reflectance measurement. T h e material for investigation is spread as 
a 2 0 0 - μ m film onto a black polymer substrate, i n this case polypropylene; this 
step prevents any back-surface reflectance (17). T h e subsequent surface-re
flectance measurement gives spectra w i t h derivativelike l ine shapes that 
require K r a m e r s - K r o n i g transformation to obtain absorption index spectra. 
T w o isocyanate-hydroxy systems were investigated w i t h di f fer ing cure rates 
(the functionalities di f fered by a factor o f 3). F igure 7 shows the behavior o f 
the isocyanate functionality w i t h cure time at room temperature as deter
m i n e d f r o m the N = C = 0 stretching b a n d at 2275 c m " 1 . C lear ly the rate o f 
reaction is not dependent u p o n the functionality of the polymers because the 
rates at the surface were almost identical . T h e probable reason for this 
property is that the surface is a dynamic system w i t h very mobile species 
(e.g., solvent). I n addit ion, the mobi l i ty o f the polymers at the surface w i l l be 
higher than i n the bulk, so that dur ing the per iod o f the cure that was 
monitored, the cross-fink density had little influence. A n additional factor i n 
this reaction w i l l be atmospheric water, w h i c h w i l l react w i t h the surface 

0 20 40 60 80 100120140160180200 
time (mins) 

Figure 7. Surface cure of two isocyanate-hydroxy functional polymers with 
different functionalities. 
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isocyanate functionality. T h e solid l ine i n F igure 7 is a reduced time-fit to the 
data giving the order of reaction (29 , 30) ; this was found to be 2 as expected 
for this bimolecular reaction. 

T h e surface cure plays a significant part i n the properties of a coating 
once formed. I f too m u c h stress is bui l t u p because o f extremes i n cure rate 
at the surface, bulk, and back interface, then the adhesion properties of the 
coating w i l l be poor. Therefore direct information o n the cure profile is 
needed. T o a large extent solvent loss plays an important role because it 
provides an environment that aids diffusion of polymer chains, i n particular 
those w i t h cross-l inking functional groups. T h e process used to obtain coat
ings w i t h good properties is generally empir ical , without direct measurements 
on fundamental processes. 

F T I R spectroscopy can give information about the reactions at the top 
surface and coating-substrate interface. Subsequently, the system can be 
modeled and the physical properties of the coating can be opt imized. T h e 
reactions for a rapid cur ing system at the top surface were monitored as 
already described. T h e reaction mixture i n buty l acetate solvent was spread 
onto a carbon-fi l led polypropylene panel at a thickness of 200 μυι , and the 
processes were monitored w i t h t ime b y a normal incidence specular re
flectance measurement i n the F T I R microscope. F o r the reaction at the 
coating-substrate interface the sample was spread onto a horizontal A T R 
accessory at the same thickness as for the specular measurement. T h e 
reaction was then monitored w i t h t ime under identical conditions to the 
top-surface measurement. F igure 8 shows the specular reflectance and calcu
lated absorption index spectra for the top-surface cure measurement. T h e 
band at 1242 c m - 1 due to the ester C - O of the solvent decays rapidly over 
20 m i n . T h e appearance of the band at about 1520 c m - 1 is due to the 
urethane linkage. F o r monitor ing the solvent loss, the 1 2 4 2 - c m _ 1 band was 
used and not the C = 0 ester b a n d because it was obscured b y the C = 0 b a n d 
of the polymer, and i n addition, the urethane C = 0 increased dur ing the 
process. 

F igure 9 shows the spectra f rom the horizontal A T R measurement for 
the cure at the back surface. T h e spectra are normal ized against the maxi
m u m band, w h i c h at t = 0 is the solvent C - O changing rapidly to a polymer 
band as solvent is lost. A problem w i t h solvent loss for this measurement is 
that the average refractive index changes. This factor means that the intensity 
of the evanescent wave changes and then so does the absolute intensity of the 
A T R spectral bands. Consequently, the isocyanate band (2273 c m - 1 ) was 
normal ized against the C - O - C b a n d (1147 c m - 1 ) of the polymer. F igure 10 
shows plots of the behavior of solvent and isocyanate dur ing the cur ing 
reaction for the top surface and the coating-substrate interface. T h e solvent 
loss for the top and bottom surfaces was at a similar rate w i t h almost 
complete loss after 20 m i n . T h e isocyanate decay over the p e r i o d of solvent 
loss was rapid reducing by 7 0 % at the top surface and by 4 0 % at the bottom 
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16. CLAYBOURN & TURNER FTIR and Raman Studies of Coatings 421 

surface. Subsequent isocyanate decay was slow as a result of b u i l d u p i n 
cross-link density of the coating, w h i c h prevented interaction of reactive 
functional groups. 

T h e difference i n the rates o f decay o f the top and bottom surfaces are 
due to physical effects such as solvent loss, w h i c h create a dynamic system. A t 
the top surface, where al l the solvent i n the film w i l l eventually migrate and 
evaporate, the reaction w i l l be enhanced compared to the bottom surface, 
where solvent w i l l s imply diffuse to the surface. This type of information 
concerning the cure profile helps i n understanding the b u i l d u p of stress i n 
the cur ing film. In this particular case the coating had very good adhesive and 
protective properties. 

Isothermal versus Nonisothermal Kinetic Measurements. 
T h e cur ing mechanism is an important consideration i n understanding and 
hence, predict ing the behavior of coatings. T h e approach taken here was to 
obtain kinetic parameters w i t h F T I R spectroscopy and to attempt to relate 
this information to changes i n modulus by using a m o d e l for network growth. 
T o obtain the underlying kinetics for the reaction to b u i l d this model , a 
comparison of isothermal and nonisothermal measurements was init ial ly 
made to assess the applicability of both. A B r u k e r I F S 48 F T I R spectrometer 
was used to fol low the cur ing reaction both isothermally and nonisothermally. 
T h e - N C O and - O H components were mixed i n the appropriate ratio and 
coated onto a K B r disk. T h e disk was mounted onto a Specac variable-tem
perature ce l l that has a l inear temperature programmer for control led sample 
heating and thus allows both isothermal and controlled-temperature ramping 
experiments. T h e cure process was monitored b y the decay of the isocyanate 
band at 2275 c m " 1 both isothermally and at different heating rates. 

F o r the isothermal measurements, whereby the extent of reaction, a , was 
monitored w i t h t ime (t) at constant temperature, the kinetic behavior for an 
nth-order reaction can be described by the relation 

— = * ( l - a ) " (15) 

where k is the rate constant and is thermally activated, fol lowing an A r r h e -
nius expression: 

k=Ae-^E^ (16) 

where R is the gas constant; Τ is absolute temperature; and the kinetic 
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3500 3000 2500 2000 1500 1000 

Woven umbers ( c m — 1 ) 

Figure 9. ATR spectra for the polyurethane curing system. The * denotes the 
main solvent bands. 

parameters, namely, the activation energy ( E ) , preexponential factor ( A ) , and 
the order of reaction (n) , can be determined by a series of isothermal 
measurements at different temperatures. 

Isothermal measurements were per formed at temperatures of 20, 80, 
100, and 120 °C; the behavior of the b a n d due to - N C O at each temperature 
is given i n F igure 11. A t 20 °C the reaction was very slow, and after 15 h the 
process had gone only to 1 5 % complet ion. F o r each temperature, except 
20 °C where the extent of reaction was too low, the apparent order of 
reaction of reaction was calculated b y using the reduced-t ime method (29, 
30). T h e orders of reaction for temperatures of 80, 100, and 120 °C were 5.7, 
3.6, and 4, respectively. These values are anomalously h igh but are typical for 
diffusion-control led reactions. I n this case the control l ing parameter for the 
cure process was the increasing glass-transition temperature (T g ) . T h e results 
demonstrate the shortcoming o f the isothermal method appl ied to polymer 
systems w i t h final T g values that are above ambient conditions. T h e different 
behavior at the different temperatures means that the activation energy for 
the reaction cannot be determined f rom these isothermal results. 
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0 20 40 60 80 100 
time (mins) 

Time (mins) 
Figure 10. Behavior of the isocyanate and solvent for top surface (top) and 

coating-substrate interface (bottom). 

Nonisothermal kinetic measurements on f i lm cur ing processes can over
come these experimental problems. Techniques such as dynamic mechanical 
analysis ( D M A ) , differential scanning ealorimetry ( D S C ) , and F T I R spec
troscopy can provide a means for obtaining information for the kinetics of the 
cure using temperature scanning methods (25, 31-34). T h e effect of the Tg 

is avoided as long as the experimental temperature is always he ld above the 
T g . T o obtain the kinetic parameters f rom the rising-temperature F T I R 
results, we modif ied the approach originally devised by Ozawa (35). This 
analysis is based o n a series o f experiments per formed at different heating 
rates. F o r this technique, the kinetic behavior is modeled by using an 
Arrhenius-type expression based o n equations 15 and 16: 

da (1 — a ) n 

Έ - £ — Αβ (~^*Γ> (17) 
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200 400 
Time (min) 

20 40 
Time (min) 

Figure 11. Fraction of isocyanate lost with cure time for isothermal 
measurements. (Reproduced with permission from reference 30. Copyright 1992 

John Wiley.) 

where b = dT/dt, that is, the heating rate. F o r a rising-temperature experi
ment (36) 

AR 
g ( « ) = - r V < W i ( E , T ) (18) 

where 

I(E,T) = 1 
2 ! 3 ! 4 ! 

+ (E/RT) (E/RT) (E/RTY 
+ - (19) 

and 

°°C da 

ο (1 - « ) 
(20) 

T a k i n g Τ = 20 °C at t ime zero, thermal lag and resulting experimental errors 
can be avoided. Experiments were per formed at heating rates of 0.5, 1, 2, 3, 
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0 0.2 0.4 0.6 0.8 1 

Experimental 
Figure 12. Predicted against experimental isocyanate fraction lost for the 
nonisothermal measurements. (Reproduced with permission from reference 30. 

Copyright 1992 John Wiley.) 

and 5 °C/min. T h e experimental data were modeled by using equation 18. 
T h e fit between the experimental data and kinetic mode l is shown i n F igure 
12. There is excellent agreement, and the cure kinetics for this particular 
system can be described b y the expression 

^ = (1 - a ) ( 2 9 ± 0 1 ) ( 6 . 6 ± 0.4) Χ io^-^±^^5)/RT ( 2 1 ) 

Although the reaction order is considerably lower than any of the isothermal 
experiments, it does not have the expected value of 2 that a bimolecular 
reaction should have. However , this lowering and the fact that η is indepen
dent of b provide additional evidence that the T g has not inf luenced the 
kinetics of the reaction. Overa l l the results conf irm that the nonisothermal 
approach is more reliable. I f there were any influence of the T g on the 
reaction rate, there w o u l d be significant deviations f rom the model , part icu
larly at the slowest heating rates. T h e high value for the order o f reaction 
probably arises because, once the gel point has been passed and a dense 
network established, then diffusion eventually has a predominat ing influence 
on the reaction kinetics. 

W e developed an approach that combines the kinetic parameters f rom 
nonisothermal measurements w i t h a simple m o d e l for polymer network 
growth and simple rubber elasticity theory w i t h the result that we can predict 
the rise i n elastic modulus as measured by D M A (30) . T h e correlation of the 
predicted against the measured rise i n modulus for the polyurethane system 
described here is shown i n F igure 13. This approach enables us to predict the 
behavior of coating materials f rom their formulat ion under different cur ing 
conditions. I n general terms, this type of model ing gives a more predictive 
approach for opt imiz ing commerc ia l formulations. 
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1.1 

0 50 100 150 
Temperature (C) 

Figure 13. Theoretical fit (—) to the expérimental ( • ) modulus obtained by 
DMA for the curing polyurethane. (Reproduced with permission from reference 

30. Copyright 1992 John Wiley.) 

Polyester Coatings 

Structural Changes in Polyesters. T h e polyester poly(ethylene 
terephthalate) ( P E T ) is extensively used commercial ly i n the form of fibers 
and films because of its outstanding physical and chemical properties. It is 
important to have precise control over the processing o f this material to give 
the o p t i m u m properties for specific applications. D u r i n g the processing of 
P E T such as drawing or annealing, the changes i n the micro- and macro
scopic structure of this polymer can strongly influence the final product 
properties. F o r example, the stress-strain behavior o f heat-treated P E T 
fibers (oriented and crystalline) can vary widely (37) . I n an effort to under
stand the behavior o f P E T , extensive studies have been per formed (38-53) 
w i t h a wide range of techniques inc luding vibrational spectroscopy. 

Changes i n the level of crystallinity of P E T have been associated w i t h the 
relative amounts of the trans and gauche conformations of the glycol unit . In 
the amorphous state, P E T has a predominantly gauch structure (38-40, 45), 
containing about 1 4 % trans (49), whereas the crystalline phase has the trans 
conformation (54). 

Changes i n polymer structure can be characterized w i t h Raman spec
troscopy. T h e R a m a n band that relates to the trans structure type i n P E T 
occurs at 1096 c m - 1 (40, 55); this band was shown to correlate l inearly w i t h 
polymer density and, hence, crystallinity. This band has been assigned to a 
mixture of stretching of ring and ethylene glycol C - C bonds and to stretching 
o f the ester C - O b o n d (43). A n alternative method for fol lowing structural 
changes relating to crystallinity is to monitor the C = 0 bandwidth, w h i c h 
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varies by about a factor o f 2.5, f rom 11 c m " 1 (crystalline) to 26 c m - 1 

(amorphous); the dependence o n density is also linear (41, 56, 57) . I n 
amorphous P E T , there is a w i d e distribution of C = 0 orientation w i t h respect 
to each other and to the phthalate unit . T h e functional group interactions 
under these varying environments give slightly different C = 0 stretching 
frequencies, w h i c h overlap to give a broad band. W i t h increased order ing the 
C = 0 occupies a fixed orientation relative to the benzene ring w i t h the result 
that the Raman band then narrows. 

Other bands show increased intensity resulting f rom structural changes 
relating to ordering of the polymer chains, for example, at 857 and 278 c m " 1 

(48, 55). T h e 8 5 7 - c m " 1 normal mode contains substantial contributions f rom 
the breathing vibration of the benzene ring, the ring-ester stretching mode, 
the C - O stretch, rotation o f C H 2 groups, and 0 = C - 0 angle deformation; 
however, this b a n d appears to show a weaker dependence upo n orientation 
for uniaxially oriented films (58). O n e prob lem is attempting to correlate 
R a m a n band intensities w i t h density or crystallinity is that absolute Raman 
intensities cannot be used unless absolute R a m a n scattering cross sections are 
measured. T o obtain the correlation, the relevant b a n d is normal ized against 
the b a n d at about 633 c m - 1 (40). This method is generally val id except for 
uniaxially oriented fibers, w h i c h show a clear nonlinear dependence (55, 56, 
58). 

Several infrared bands can be related to the trans and gauche conform-
ers, and hence structural changes dur ing the processing o f P E T can also be 
monitored by infrared techniques (48-51). T h e trans conformer gives bands 
at 1473, 1388, 988, 973, and 849 c m " " 1 , and bands for the gauche conformer 
are at 1454, 1372, and 898 c m - 1 . Deta i l ed assignments of these bands can be 
found i n reference 48. T h e kinetics for the gauche-trans isomerization i n 
P E T were determined by F T I R spectroscopy (51). 

Clearly, dur ing the processing of P E T , be it thermal or physical stress, 
changes i n the structural properties of the polymer can be moni tored by 
vibrational spectroscopic techniques. This work provides information about 
h o w the properties of the polyester component change w h e n disorder is 
introduced into the polymer backbone b y replacing some of the terephthalate 
component w i t h isophthalate and additionally, how the rate of structural 
changes i n the polyester may vary by b lending w i t h an epoxy. 

Structural Properties of Poly (ethylene terephthalate) and 
Polyethylene terephthalate/isophthalate) (PETl) by FT Ra
man Spectroscopy. Replacement of a proport ion o f the terephthalate 
units (1,4-substituted aromatic) i n P E T w i t h isophthalate (1,3-substituted 
aromatic) introduces a more disordered structure to the polymer because the 
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additional substituents are not linear. T h e polymer chains are bent at the 
positions of the isophthalate, and this configuration enhances chain entangle
ment and structural disorder. Above the T g o f the polymer, gauche-trans 
isomerism i n the glycol units can occur. T h e degree of structural order ing 
and crystallinity i n P E T w i l l depend upon this isomerism. However , w i t h the 
introduct ion of isophthalate, the l imi t for the most ordered structure (i.e., 
w i t h al l i rans-glycol units) w i l l depend u p o n the amount of isophthalate 
component i n the polymer. Ult imately, a m i n i m u m isophthalate composit ion 
w i l l exist at w h i c h little or no ordering can be induced for a given processing 
condit ion. 

T h e poly (ethylene terephthalate)-isophthalate ( P E T ^ I ^ ) used for this 
study had varying molar ratios of the terephthalate and isophthalate compo
nents, w i t h χ = 0, 0.05, 0.1, 0.15, 0.18, 0.25, and 0.35. These amorphous, 
random copolymers (that is, random distribution of the isophthalate and 
terephthalate components) were obtained i n pellet form. F igure 14 shows 
Raman spectra for this range o f composit ion i n the spectral region 1500-500 
c m - 1 . T h e additional features due to the isophthalate component occur at 
1309, 1003, and 658 c m " 1 . A plot of the integrated intensity of the 1 0 0 3 - c m " 1 

band normal ized against the 6 3 3 - c m " 1 band as a funct ion of percent isoph
thalate is shown i n F igure 15; the dependence is clearly l inear and shows 
direct correlation w i t h this component. 

T h e glass-transition temperatures for the f u l l range of compositions f rom 
poly(ethtylene isophthalate) ( P E I ) to P E T vary f rom 59 to 79 °C, although 
over the range of interest the variation is only about 7 °C (72 to 79 °C) (59) . 
T o induce the gauche-trans conformational change, it is necessary to anneal 
the samples above the T g w h e n the polymer chains become mobile . F o r the 
init ial part of this work the polymer pellets for all the compositions o f 
P E T l 3 C I x were annealed w i t h t ime i n an oven at 110 °C to obtain the 
structural transformation. F T R a m a n spectra were obtained f rom these 
samples for detailed analysis o f the conformational changes i n the polymer 
and the effect of varying the isophthalate-terephthalate ratio. Measurements 
were per formed on the Bruker F T Raman system already described. Sam
pl ing was a simple case of containing the heat-treated pellets i n glass vials and 
mount ing these into the spectrometer. Glass is a very weak Raman scatterer 
and gives only a negligible contribution to the spectrum. 

T h e spectral changes i n the 1500-100-, 1800-1650-, and 3200-2850-
c m " 1 regions for P E T and P E T 0 8 2 I 0 1 8 before and after heat treatment at 
110 °C for 3 h are shown i n Figures 16 and 17, respectively. T h e starting 
material for both o f these compositions was predominantly amorphous, as 
indicated b y the w i d t h o f the C = 0 band at 1726 c m - 1 (41, 56, 57) , w h i c h 
was 26.5 c m - 1 for P E T and 26.2 c m - 1 for P E T 0 8 2 I 0 1 8 . This result was 
conf irmed i n both cases by the apparent absence of the band at about 1097 
c m - 1 due to the trans conformation associated w i t h the ordered polymer 
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% Isophthalate 

Figure 15. Raman intensity ratio of the isophthalate hand (1003 cm™1) against 
percent isophthalate in the polymer. 
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Untreated 

1500 1000 500 
Raman shift 

Figure 16. FT Raman spectra in different spectral regions for PET before and 
after a heat treatment at 110 °C. Key: + , untreated; and —, treated at 110 °C 

for 3 h. 
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Figure 16. Continued. 
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structure (40, 55). However , a clear shoulder occurs at about 1100 c m - 1 at 
the low-wave-number side of the broad peak at 1120 c m - 1 , so there appears 
to be a trans component i n the starting material. This result w i l l be expected 
because the amorphous structure w i l l be a mixed composit ion of trans and 
gauche conformers to give the disordered structure; there is about 1 4 % of 
the trans conformer i n amorphous P E T (49). 

Addi t iona l changes i n the spectra have not been studied i n detail. These 
include an increase i n the 8 5 9 - e m - 1 band whose normal mode has contr ibu
tions f r o m several different vibrations (see previous section). Also , extensive 
changes occur i n the C - H stretching region, inc luding sharpening of the 
bands at 2909, 3000, and 3082 c m - 1 , w h i c h results f rom structural order ing 
for both the glycol and terephthalate units. 

Figures 18 -20 show the behavior of the C = 0 bandwidths and the 
normal ized intensities of the bands at about 1096 and 857 c m - 1 w i t h 
annealing t ime for the different polyester compositions. A t low isophthalate 
levels up to 10%, the rate of the gauche-trans conformational change does 
not vary. As the isophthalate component is increased, the facility to introduce 
order into the polymer is reduced because of the disordering effect of the 
isophthalate. F o r 2 5 % and above there was no ordering over the t ime of the 
experiment. F igure 21 shows that the rates of change of the C = 0 bandwidth 
and intensities of the 1096- and 8 5 7 - c m - 1 bands are l inearly related and 
gives confirmatory data that the 8 5 7 - c m - 1 band is suitable for monitor ing 
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Figure 18. Behavior of the C=0 bandwidth with annealing time at 110 °C for 

PETI at different percentages of isophthalate. 
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0.7 

Time (mins) 

Figure 19. Behavior of the 1096/633 Raman ratio with annealing time at 110 °C 
for PETI at different percentages of isophthalate. 
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structural changes i n the polymer. Al though the 8 5 7 - c m - 1 , 1 0 9 6 - c m - 1 , and 
C = 0 bands are not related to the same functional groups, they do indicate an 
overall order ing i n the polymer chain dur ing the heating process. As m e n 
tioned, the 8 5 7 - c m - 1 band does not show good correlation for uniaxially 
oriented films. However , the material used i n this case was amorphous, 
unoriented pellets. 

O v e r the composit ion range of Ρ Ε Τ ^ Ϊ ^ (0 > χ > 0.35) studied, the 
gauche-trans conformational change i n the glycol units occurred w i t h the 
110 °C heat treatment. T h e major contribution to the structural ordering i n 
the polymer occurs across the ethylene terephthalate ( E T ) units; the 
gauche-trans conformational change over a section of polymer chain w i t h a 
significant n u m b e r of E T units w i l l enhance the linearity over that region. I n 
the ethylene isophthalate ( E I ) units, the gauche-trans isomerism w i l l not 
have a significant effect o n the l inearity o f the polymer chains because o f the 
1,3-siibstitution o n the aromatic ring. Increasing the amount of E I i n the 
polymer increases the disorder i n the polymer. However , for the heat 
treatment used i n this case, for low E I compositions (up to 10%), the degree 
and rate of crystallization remain constant. F o r the 1 8 % E I composition, the 
rate drops significantly, although the final degree of crystallization (equi
l i b r i u m after prolonged heating at 110 °C) is only slightly less than for P E T . 
F o r higher E I concentrations, the disordering effect of the E I units plays a 
significant role, and i n fact no detectable change i n crystallinity was found. 

Structural Properties of Polyester-Epoxy Films by FT Ra
man Spectroscopy. T h e prob lem of reflectance measurements for films 
on reflective substrates was discussed earlier. T o obtain structural information 
f rom F T I R measurements w i t h the reflectance approach, a clear knowledge 
of the optical properties of the polymer must be known. It is a complex 
process to obtain accurate values for the optical properties over the spectral 
range of interest. Consequently, the preferred method for characterizing the 
films was F T R a m a n spectroscopy. 

F o r this work we were interested i n fol lowing the change i n structural 
ordering of P E T I (I = 18%) i n a mode l film composed of a b l e n d of the 
polyester and an epoxy resin. Changes i n crystallinity can affect the protective 
properties of the film. F igure 22 shows spectra for the raw materials. 

T h e films were appl ied to metal substrates at a thickness of about 10 μ m 
and were heat-treated at 110 °C for periods u p to 3 h . T h e spectra for the 
untreated and the 3-h treated samples are shown i n F igure 23. T h e signal-to-
noise ratio was not sufficient to allow accurate measurement of the C = 0 
bandwidth. In addit ion the 1 0 9 6 - c m - 1 band c o u l d not be monitored because 
it was obscured by a band f rom the epoxy resin; although a change was just 
detectable (see F igure 23 bottom). Therefore, the band at 855 c m - 1 was 
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monitored to determine ordering effects i n the polyester. F igure 24 shows 
the behavior of this band w i t h t ime of annealing. T h e absolute value for the 
band ratio (855/633) d i d not correlate w i t h the previous work o n the pellets 
because each overlapped w i t h other bands f rom the epoxy resin. This 
condit ion meant that the integrated intensities had some contr ibution f rom 
neighboring bands. T h e rate of change appeared to occur at a similar rate, 
reaching a maximum after about 2 h for both the P E T I pellets and the 
polymer b l e n d films. 

The potential for Raman spectroscopy to monitor structural changes, 
even i n b lended polymer films, is evident f rom these results. T h e physical 
and chemical properties of the film can then be related to the molecular 
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3000 2000 1000 
Raman Shi f t ( c m - 1 ) 
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Figure 22. FT Raman spectra for PET and the epoxy. 
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1200 1000 800 600 
Raman shift 

1140 1120 1100 1080 1060 
Raman shift 

Figure 23. Top: PET-epoxy blend film (about 8 μ m thick) showing the increase 
in the 857'-cm-1 band. Key: —, untreated; and + , treated at 110 °C for 3 h. 

Bottom: expanded region around the 1096-cm ~1 band. 
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information obtained b y R a m a n spectroscopy. This ability is particularly 
important for opt imiz ing the processing o f the polymer material to give the 
desired properties. 
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Fourier Transform Raman 
Spectroscopy in the Study of Paints 
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nología de Polímeros, Calle Juan de la Cierva 3, 28006 Madrid, Spain 

Fourier transform (FT) Raman spectroscopy with near-IR laser excita
tion was used successfully as an analytical tool for characterizing paint 
materials and processes. The limitations of the technique are dis
cussed, in particular the problems of fluorescence, absorption, and 
heating; these effects are very much sample dependent. In addition we 
have shown the facility of the technique for studying waterborne 
systems with high sensitivity, in this case for latex systems; for this 
work an emulsion polymerization reaction of an acrylic system was 
monitored with reaction time to obtain the kinetic behavior for the 
process. Finally, autoxidation reactions during the cure of an alkyd 
system and its model compounds were monitored by both FT Raman 
and FTIR spectroscopy to gain a clearer understanding of the pro
cesses involved. FT Raman spectroscopy showed the configurational 
changes occurring for the C=C bond (cis-trans isomerism and conju
gation) during autoxidation. 

TTHE USE O F RAMAN SPECTROSCOPY for characterizing surface coatings has 
received little attention f rom the paints and coatings industry, unl ike I R 
spectroscopy. T h e four basic reasons for this lack of interest are as follows: 

1. T h e cost of instrumentation generally exceeds the budget of 
most industrial analytical laboratories. 

0065-2393/93/0236-0443$ 11.00/0 
© 1993 American Chemical Society 
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444 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

2. I f the sample under investigation absorbs strongly at the excita
t ion and R a m a n wavelengths, then the Raman scatter w i l l be 
too weak to be detectable. 

3. Fluorescence, w h i c h may be inherent to a material or due to 
impurit ies , may obscure the weaker R a m a n scattered radiation. 

4. Because only a relatively small n u m b e r of industrial samples 
w i l l give interprétable Raman spectra and do so only slowly 
and further, ski l led operators are required, the cost per sample 
is very h igh ( I ) . 

A l t h o u g h conventional R a m a n spectroscopy presents problems, the tech
nique can provide unique information and has potential advantages for 
investigating a broad range of analytical applications. F o r example, highly 
polarizable functional groups give a strong R a m a n scattering intensity, and 
groups w i t h high polarity tend to give intense resonant absorption i n the 
infrared region. H e n c e , structural and chemical properties of a material not 
easily characterized by I R may be characterized by Raman spectroscopy. F o r 
example, Raman spectroscopy has a higher sensitivity for the more symmetric 
bonds (e.g., C - C , C = C , N - N , S - S , and O - O ) . 

Convent ional R a m a n spectroscopy has been used i n investigating paint 
systems is some cases. These include monitor ing the cure of an alkyd resin 
(2 ) and the accelerated weathering of alkyd paints (3) . However , the spectral 
data reported were poor because of the problems of sample fluorescence and 
high background response. 

T h e problems w i t h the conventional Raman technique using visible laser 
excitation have largely been overcome w i t h the development of F o u r i e r 
transform ( F T ) instrumentation using a near-IR ( N I R ) laser ( 4 - 9 ) . This 
approach was originally proposed but not exploited by Chantry et al. (10) . 
T h e use o f lower energy excitation means that the Raman scattered radiation 
is m u c h weaker i n the N I R than i n the visible range (the R a m a n intensity is 
proport ional to the fourth power o f the laser frequency). However , the 
étendue gain characteristic of the F T instrument somewhat outweighs this 
disadvantage because h igh instrument throughput is obtained (12). In addi
t ion, the lower excitation energy means that the electronic states attributable 
to the fluorescence effect are not readily accessible: however, fluorescence 
certainly is detected i n N I R F T Raman instruments (see, for example, 
reference 12). 

T h e earlier commercia l F T Raman instruments were based on F T I R 
optical benches w i t h the Raman facility provided b y an add-on module . This 
type of system is a very flexible and powerful tool for per forming molecular 
vibrational analyses because both F T I R and F T R a m a n spectra can be 
acquired on the same instrument. This addit ion to existing F T technology has 
meant that the cost of the total instrument is relatively low and certainly 
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accessible to most analytical laboratories. T h e current technology includes 
dedicated F T Raman instruments w i t h the optics opt imized specifically for 
the measurement. T h e commercia l instruments available are designed for 
safety, ease of use, little or no sample handling, no instrument alignment, and 
minor sample alignment. T h e result is that Raman spectra can n o w be 
routinely and rapidly measured by technical staff without extensive training. 
R a p i d improvements i n F T R a m a n technology have made the technique even 
more applicable for routine analysis as w e l l as providing the facility for the 
detailed chemical and structural requirements of a research laboratory. Its 
broadening capabilities have brought it to the attention of potential industrial 
users i n cases w h e n product innovation depends upon a clear knowledge of 
the chemistry of a material or process. F T Raman spectroscopy can provide 
unique information and, as a complementary technique to F T I R spec
troscopy, previously intractable problems can be approached. T h e instrument 
is sufficiently versatile to ful f i l l the needs of an analytical laboratory as w e l l as 
one dedicated to research. 

W i t h the advent o f F T R a m a n spectroscopy many analytical applications 
have been developed. Examples of these applications for the analysis of paint 
and polymer-related materials include chemical processes i n paint systems 
(13-15), polymers (16), elastomers (17), polymer degradation (18), and 
organometallic Ν compounds (19). (Organocobalt compounds have been 
characterized (20); w i t h the appropriate sensitivity, Raman spectroscopy may 
be useful for studying the behavior of cobalt catalysts.) 

F T Raman spectroscopy has been clearly identif ied as an analytical tool 
w i t h a potentially broad range of industrial application (7, 12, 21, 22). O n e of 
the key factors is the simplicity of sampling. Sampling accessories have been 
specifically designed for commercia l F T Raman instruments. Furthermore , 
advances are being made i n remote samphng using optical fibers (23-26); 
this approach is important i n an industrial environment, for example, i n 
process monitor ing to obtain kinetic data or monitor ing process e n d points. 
Other important features for industrial use are quantitative analysis (27) 
inc luding the possibility of using chemometrics (28, 29) and microscopy 
(30, 31). 

Advantages of FT Raman Spectroscopy for Studying 
Paint Materials 

F T Raman spectroscopy presents several specific advantages for studying 
paint materials. T h e first is that little or no sample preparation is required; 
samples are examined i n their raw state. This feature is also advantageous for 
rapid routine analysis and should prove powerful for troubleshooting. 

Opaque samples such as pigments, extenders, and paint films are easily 
analyzed. Waterborne systems can be characterized because water is a weak 
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R a m a n scatterer. However , water does absorb i n the N I R range so that the 
R a m a n radiation f r o m the sample can be absorbed (this topic is discussed 
later). F T R a m a n spectroscopy gives the facility for fol lowing processes i n 
latexes and direct analysis of waterborne paint systems without any sample 
preparation or problems of sensitivity. 

T h e advantage o f high sensitivity i n environments where symmetric 
bonds (e.g., C - C , C = C , N - N , and S - S ) are present has many important 
applications for fol lowing chemical processes such as emuls ion polymeriza
tion, cross-hnking reactions, and polymer network growth. 

T h e various C = C species (trans, cis, v inyl , vinylidene, trisubstituted, and 
tetrasubstituted) can be distinguished. O f particular interest here is fo l lowing 
in-chain and end-chain chemistry. 

F i l m s can be characterized easily. F T I R reflectance measurements on 
films tend to suffer f rom spurious optical effects that can make direct 
interpretation diff icult (e.g., 32, 33); photoacoustic or attenuated total re
flectance ( A T R ) spectroscopy are preferable F T I R techniques. However , F T 
R a m a n spectroscopy provides the capability o f characterizing bulk effects i n 
paints and coatings. 

Smal l samples can be studied without the use of microscopy techniques 
because the laser beam can be focused down to about 100 μπι. This property 
provides the facility for characterizing not only small samples but also defects 
i n coatings arising f rom contaminants. 

There is no interference f r o m atmospheric C 0 2 . However , atmospheric 
H 2 0 w i l l absorb the Raman radiation, but this effect is negligible particularly 
for purged optical benches as most F T instruments tend to be. 

F o r specific analytical applications for coatings, technical limitations 
restrict the information that F T I R spectroscopy can provide, whereas F T 
R a m a n spectroscopy seems to offer a more feasible approach. However , 
F T I R a n d F T R a m a n techniques are clearly complementary because unique 
information can be obtained f rom each type of analysis. Therefore, a c o m 
plete vibrational structure o f a particular molecule can be bui l t only b y using 
both techniques. 

Instrumentation 

T w o F T R a m a n instruments were used for these measurements: a prototype 
instrument based o n a modif ied Perk in-E l rner 1710 F T I R spectrometer and a 
product ion B r u k e r spectrometer. T h e P e r k i n - E l m e r instrument consisted of a 
Spectron Laser Systems mode l 301 N d : Y A G laser operating at 1.064 μ ι η 
(9398 c m - 1 ) for excitation w i t h a maximum output of 1 W and an I n G a A s 
photodetector operating at room temperature. T h e optical design o f this 
system gives a spectral range of 300-3500 c m - 1 for detectable R a m a n 
scatter. This instrument was described i n more detail elsewhere (11, 21). T h e 
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R a m a n spectra f rom the P e r k i n - E l m e r spectrometer were corrected for 
instrument response. T h e optical layout of the B r u k e r F T R a m a n instrument 
is shown i n F igure 1. It consists of the B r u k e r F R A 106 Raman module 
attached to the Bruker I F S 66 F T I R spectrometer. T h e laser was a diode-
p u m p e d N d : Y a g laser operating at the same wavelength as the P e r k i n - E l m e r 
and w i t h a m a x i m u m output of 300 m W . T h e detection system was a G e 
photodiode cooled w i t h l i q u i d nitrogen. T h e spectral range for this instru
ment was < 100-3500 c m " " 1 . T h e Raman spectra f rom the Bruker system 
were not corrected for instrument response because it is almost flat over the 
spectral region 3300 c m - 1 to the filter cutoff edge o n the Rayleigh band 
(34). 

OPTICAL DIAGRAM (Top View) 

Beam Sotaer, 

Mirror Scanner 

IIR Detectors. 

RAMAN SAMPLE STAGE 
(Side View) 

Fitter 
Moaule 

Figure 1. Part a: Optical layout of the Bruker spectrometer with Raman module 
attached. Part b: Cross-sectional view of the sample chamber. 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington. D.C. 20036 
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448 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

T h e important feature for simple analytical measurements for both o f 
these systems is the design of the sample chamber and sampling accessories. 
T h e exciting laser light is deflected onto the sample by a pr i sm i n each case, 
and the Raman scattered light is collected b y the large collect ion lens i n front 
of the sample; the inset i n F igure 1 shows the Bruker sample chamber i n 
cross-section. T h e P e r k i n - E l m e r instrument used sampling accessories 
mounted o n standard infrared 3- X 2- inch plates. T h e B r u k e r uses an alterna
tive design, opt imized for the R a m a n optics o f this instrument w i t h the 
sampling devices placed onto a spring-loaded optical mount. Specific designs 
of accessories for each instrument for l iquids and solids sampling are available 
to maximize the signal-to-noise ratio (21). However , many samples require no 
specific design o f accessory: F o r example, l i q u i d samples could be h e l d i n 
glass vials because glass is both transparent and a weak R a m a n scatterer, and 
simply mounted i n the instrument for the measurement. F o r l iquids w e 
found an improvement i n the signal-to-noise ratio o f about 3 by using a 
spherical l i q u i d ce l l w i t h an a luminized back-surface rather than a back-
a luminized cuvette. F o r al l of these sampling methods only minor realign
ment of the sample position was required i n each case to opt imize the R a m a n 
signal. 

FT Raman Spectroscopy of Paint Materials: Advantages 
and Problems 

Paint films are not ideal for study b y F T Raman techniques because they are 
th in (typically 10-200 μπι) , and hence, the signal-to-noise ratio i n the spectra 
tends to be low. T o optimize the measurement, the signal averaging is 
prolonged and the power o f the incident laser beam is increased so that 
spectra can easily be obtained. F igure 2a shows a F T Raman spectrum f rom a 
direct measurement on a l O O ^ m - t h i c k polyester latex paint film o n a 
metallic substrate. T h e major bands at 446 and 611 c m - 1 are due to the T i 0 2 

pigmentation. T h e analogous F T I R transmission spectrum is shown i n F igure 
2b for comparison. These spectra clearly show one of the major problems 
w i t h F T I R spectroscopy i n that many inorganic materials give very broad I R 
absorption features and generally make any unequivocal identification o f 
u n k n o w n inorganic materials difficult . T h e Raman bands f rom inorganic 
materials tend to be m u c h sharper, and details f rom lower frequencies 
become accessible. Information such as pigment-to-binder ratios can be 
obtained f rom R a m a n measurements w i t h appropriate calibration data. T h e 
signal-to-noise ratio of Raman spectra f rom paint films can easily be i m p r o v e d 
by scraping material f rom the film for examination i n a R a m a n solids holder 
(21) (see F igure 3). A clear improvement i n the signal-to-noise ratio by about 
a factor of 3 results. This improvement i n the spectra is very m u c h sample 
dependent because the penetration depth of the laser and the escape depth 
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4000 3000 2000 1000 
Wavenumbers (cm—1) -Φ 

to 

4000 3000 2000 1000 
Raman shift(cm-l) 

Figure 2. FT Raman (a) and FTIR (b) spectra from a latex paint containing 
Ti02 pigmentation. 

of the Raman scattered radiation w i l l vary depending upon the components i n 
the paint. 

Meta l l i c paints tend to give very poor Raman spectra for both the wet 
paint and the film. T h e poor spectral quality is due to the fact that the 
a l u m i n u m flakes, w h i c h have a "cornflake"- l ike shape, scatter and hence 
attenuate the R a m a n radiation. I n addition, these types of paints often 
contain organic pigments that tend to fluoresce and also tinters containing 
carbon black that absorb the laser light and cause sample heating. Conse
quently, the R a m a n signal w i l l be very weak w i t h a prominent background 
response. F igure 4 shows Raman spectra taken f rom a metallic paint; the 
spectrum is very poor w i t h few clearly def ined bands. However , the fluores
cence and heating effects can be reduced by puls ing the laser and taking the 
ratio of the signal against the intensity of the incident pulses (correction for 
pulse-to-pulse variation). T h e advantages o f this approach for dealing w i t h 
problems such as fluorescence and heating were described elsewhere (35). 
F o r this measurement the laser was pulsed at 1 k H z (matched to the 
instrument sampling frequency) operating at 70 m W . F igure 5 shows the 
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2 0 0 0 1950 1 9 0 0 1850 1 8 0 0 1750 1700 

Raman Shift (cm —1) 

Figure 3. FT Raman spectra from a latex paint showing the relative signal-to-
noise ratio for direct measurement on a paint film (a) and measurement of the 
sample in a Raman solids holder (h). The difference in signal-to noise ratio is 

about 3. 

spectrum of a d r i e d metallic paint taken i n this way at a resolution of 8 c m - 1 

and w i t h 100 scans using an extended range G e detector operating at 77 K . 
T h e instrument used i n this case was a prototype based on a modi f ied 
P e r M n - E l m e r 1720 F T I R spectrometer (36) . T h e resulting spectrum is 
improved w i t h a m u c h reduced background response. 

C a r b o n black, at low levels, is a c o m m o n pigment i n paint films. 
A l t h o u g h spectra can be obtained from carbon-containing materials, the 
presence of carbon black i n paints at levels as low as 1 % (w/w) dry film 
destroys any spectral features. T h e reason for this prob lem is twofold. T h e 
carbon induces absorption, w h i c h severely attenuates the Raman spectrum 
produced. Unfortunately, absorption of the laser radiation also causes the 
sample to heat and i n worst cases to b u r n . B u r n i n g can be reduced by 
spinning the sample. F igure 6 shows a Raman spectrum of a polyester coating 
containing about 1 % carbon black. A direct measurement o n the paint film 
gave a h igh background response w i t h no spectral features evident. T h e 
spectrum shown i n F igure 6 was obtained by loading the sample into a solids 
holder, the laser was set at low power and defocused, and the measurement 
was made w i t h prolonged signal averaging (earlier measurements had shown 
the sample to b u r n even at l o w laser powers). However , there were no 
spectral features associated w i t h the binder or pigments. T h e bands at about 
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3000 2000 1000 
Raman Shift (cm-1) 

Figure 4. FT Raman spectrum from a metallic paint showing poor response due 
to fluorescence and heating. 

1600 and 1309 c m " " 1 are thought to be due to R a m a n scatter f rom amor
phous carbon (37) . The apparent bands between 2000 and 3000 c m - 1 are 
instrumental artefacts. Convent ional methods for reducing the heating effect 
include di lut ion of the sample w i t h K B r powder, w h i c h then acts as a heat 
sink; defocusing the laser beam so that localized heating is reduced; and 
reducing the laser power. A l l of these require increased signal averaging to 
improve the signal-to-noise ratio. F T Raman spectra of carbon black have 
been obtained b y di lut ion i n K B r (38). However , w e were unable to obtain 
spectra for these particular types of paint systems because of the heating as 
wel l as inherent fluorescence f rom the pigmentation. Convent ional Raman 
(39) , photoacoustic F T I R (40, 41), and specular reflectance F T I R (42, 43) 
spectroscopies have been successful techniques for characterizing polymeric 
materials containing high levels of carbon (up to 4 0 % w / w ) . 

I n addit ion to heating effects, fluorescence can be a serious p r o b l e m for 
many paint samples, particularly those containing high levels o f specific 
colored organic pigments. T h e result is a high background response, the noise 
of w h i c h obscures m u c h of the Raman scattering. F igure 7 shows spectra 
f rom a range of different colored pigments and tinters. Di f ferent degrees o f 
fluorescence are clearly observed depending upon the structure o f the 
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Figure 6. FT Raman spectrum of a polyester coating containing only 1% w/w 
dry film of carbon black. 

electronic states i n the material. Fluorescence can be reduced by burn ing 
out, by reducing the laser power and signal averaging for long periods, or by 
pulsing the laser at low power, as just described for the metallic paint. 

T h e analytical capabilities of F T R a m a n spectroscopy for characterizing 
raw materials are clear, and i n combination w i t h F T I R techniques m u c h 
better quality data can be obtained for such applications as quality control , 
troubleshooting product ion problems, and identifying contaminants. W i t h its 
simple methods of sampling F T Raman spectroscopy w i l l satisfy many routine 
spectroscopic problems. Obviously, is w i l l not replace F T I R spectroscopy but 
rather act as a complementary approach or a means of tackling specific 
spectroscopic problems not easily solvable by F T I R spectroscopy. 

Latex Systems 

The Problems of Water. T h e investigation o f water-based systems 
is generally very difficult by F T I R spectroscopy because of the strong water 
absorption bands that obscure large portions of the spectral range. These 
problems can be overcome to some degree by using specialized sampling 
techniques such as A T R spectroscopy. This approach is useful for specific 
applications because spectral windows occur away f rom the water absorption, 
and kinetics of water-based processes can be monitored. However , w h e n 
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3000 2000 1000 0 3000 2000 1000 0 3000 2000 1000 0 

3000 2000 1000 0 3000 2000 1000 0 3000 2000 1000 0 

Raman Shift (cm-1 ) 

Figure 7. Spectra taken from a range of organic pigments showing different 
degrees of heating and fluorescence: a, green, 100 scans, 30-mW laser power, 
8-cm ~1 resolution; h, yellow, 20 scans, 300-mW laser power, 2-cm ~1 resolution; 
c, blue, 100 scans, 30-mW laser power, 8-cm ~1 resolution; d, dark yellow, 20 
scans, 300-mW laser power, 2-cm ~~1 resolution; e, dark blue, 100 scans, 30-mW 
laser power, 8-cm ~~1 resolution; and e, purple, 100 scans, 230-mW laser power, 

8-cm ~ 1 resolution. 

components are phase-separated, care must be taken i n the interpretation of 
data because i n some instances, some components i n a reaction can deposit 
preferentially o n the A T R crystal and mask any processes be ing monitored 
(44). 

O n e of the important features of F T Raman spectroscopy that has been 
little exploited is the facility to study water-based systems. Water is a very 
weak Raman scatterer, w h i c h means that such systems can easily be examined 
w i t h only some degradation i n spectral quality due to absorption of the 
Raman scattered radiation by water. Furthermore , Raman has greater sensi
tivity than I R spectroscopy for fol lowing processes involving C = C bonds; this 
sensitivity is particularly important for fol lowing an emulsion polymerization. 

T o show the effect that water might have on the F T Raman measure
ments, the spectral features i n the N I R region were investigated. F igure 8a 
shows a N I R absorbance spectrum of water at a path length of 0.2 m m taken 
on a guided-wave-model 260 N I R spectrometer i n the spectral range 
1100-2400 n m . T h e range of the Raman measurement is indicated o n this 
spectrum. Clear ly the water absorption is significant over the spectral region 
i n w h i c h the R a m a n measurements are performed. F igure 8b shows the 
absorption coefficient o f water o n the Raman shift scale. Absorpt ion is very 
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Figure 8. Part a: NIR absorbance spectrum of water (0.2-mm path length) 
showing the Raman spectral region. Part b: absorption coefficient plotted as a 

function of Raman shift. 
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456 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

strong for Raman shifts > 2000 c m - 1 , and this finding indicates that the 
Raman radiation i n particular f rom C - H stretching modes w i l l be attenuated. 
However , the peak absorption occurs at a shift of 2500 c m - 1 , a region where 
few functional groups give a resonance. F o r shifts < 1800 c m - 1 , absorption 
is relatively weak, so that the R a m a n spectrum w i l l not be strongly attenu
ated, though some deterioration i n spectral quality w i l l be observed. F igure 9 
shows an F T R a m a n spectrum of water; the O - H stretching and bending 
modes are evident. T h e Raman scatter was weak, as expected for water. This 
work clearly indicates the problems that can arise f rom F T Raman spec
troscopy of weak Raman scatterers at low concentrations. 

Emulsion Polymerization. T h e work described i n this section was 
initially intended to assess the sensitivity of F T R a m a n techniques for latex 
analysis. T h e acrylic latex used for the measurement had a nominal particle 
size of 95 n m and a solids content o f 3 5 % . This content was sequentially 
di luted d o w n to 2 . 2 % solids for the measurements o n the B r u k e r R a m a n 
system. T h e spectra shown i n F igure 10 give a very good signal-to-noise ratio 

C D 

3000 2000 1000 
Raman shift 

Figure 9. FT Raman spectrum of water, 2-cm 1 resolution. 
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Raman Shift (cm-1) 

3000 2000 1000 
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Figure 10. FT Raman spectra from an acrylic latex 35% (a), 17.5% (b), 8.8% 
(c), 4.4% (all and 2.2% (e). 
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even at 2 % solids. T h e broad feature at about 3200 e m - 1 is due to water. 
These results suggest that the ultimate sensitivity for a detectable Raman 
signal is < 1 % solids and clearly demonstrate the feasibility of fo l lowing 
processes i n latexes. 

Po lymer latexes are important technological systems i n the coatings 
industry. Development of new applications of these waterborne systems has 
significant environmental and commercia l implications. O n e method for the 
product ion of latexes is emulsion polymerization because it enables the 
synthesis of particles o f control led size and morphology. T h e presence of 
water i n these systems has hampered the detailed quantitative analysis of the 
polymerizat ion reaction. However , Raman spectroscopy can overcome this 
problem. I n this case we monitored the emulsion polymerization reaction o f 
an acryl ic -methacryl ic copolymer b y fol lowing the behavior of the C = C b o n d 
w i t h t ime of reaction. Raman spectroscopy was used previously as a means for 
fol lowing processes i n bulk polymerization (45) and microemulsion polymer
ization (46) of styrene and methyl methaerylate ( M M A ) . 

F igure 11 shows spectra of typical acrylic monomers used i n emulsion 
polymerization reactions. T h e spectral region between 1650 and 1630 c m - 1 

clearly indicates the Raman shifts of the different types of C = C bonds that 
can be monitored dur ing a reaction. The band positions were 1639.3 c m - 1 

for the acrylic C = C i n butyl acrylate ( B A ) , 1641.0 c m - 1 for the methacrylic 
C = C i n M M A , and 1641.0 and 1649.1 c m - 1 for the methacrylic and allylic 
C = C , respectively, i n al lyl methaerylate (ΑΜΑ). These values are consistent 
w i t h the values reported by Davison and Bates (47). This approach should 
enable different types o f C = C bands to be monitored dur ing any process 
involving these types of compounds. 

T o show the facility of F T R a m a n spectroscopy i n be ing able to fol low 
processes, an emulsion polymerizat ion of a Β A , M M A , and ΑΜΑ copolymer 
latex reaction was fol lowed. T h e acrylic and methacrylic components f o r m e d 
the polymer backbone, and the allylic monomers produced the cross-linking. 
F T Raman scatter is particularly attractive for this example because the bands 
due to C = C are strong. I n the F T I R spectra these bands are not strong, and 
an additional prob lem of strong water absorption completely obscures the 
C = C stretching band. 

Generally, the four components i n an emulsion polymerization reaction 
are monomers (water immiscible) , water, emulsifier, and initiator. T h e e m u l -
sifier enables the monomers to be dispersed i n the water to form micelles. 
The polymerizat ion process is propagated i n the micelles, and monomers 
diffuse to the micelles through the aqueous phase. 

T o avoid any uncertainties i n the particle init iation stage of the process, a 
seeded emulsion was init ial ly produced; this step reduces the probabil i ty o f 
reinitiation of new crops of particles dur ing the process. T h e seeded emulsion 
was produced b y adding Β A , M M A , and ΑΜΑ i n the weight ratio 27:6:1 to 
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Figure 11. FT Raman spectra of MMA, BA, and ΑΜΑ over the region 3500-100 
cm~1 (a) and the C=C stretching region in detail (b). 
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demineral ized water containing surfactant w i t h the temperature maintained 
at about 75 °C. A m m o n i u m persulfate initiator was added to this emulsion, 
and the reaction mixture was stirred. T h e result was a seeded emulsion w i t h 
5 % solids content. 

Β A , M M A , and ΑΜΑ i n the ratio 27:6:1 i n demineral ized water contain
ing surfactant were pre-emulsif ied. This mixture was fed into the reactor over 
a per iod of 130 m i n w i t h the reaction mixture stirred continuously and kept at 
75 °C. F o r monitor ing this reaction, samples were drawn f rom the mixture 
into vials and shaken w i t h inhibi tor to stop the process. F o r the Raman 
measurement, 8 0 - μ L samples were transferred into the F T Raman l i q u i d ce l l 
already described. 

T h e disappearance of the C = C b o n d was monitored over the t ime of the 
addition and for a further 2 h of the subsequent h o l d per iod. T h e solids 
content after complet ion of the feed was 3 5 % . F igure 12 shows the normal
ized C = C concentration plotted as a function of t ime. T h e C = C b a n d was 
normal ized against the C = 0 band at 1726 c m - 1 . D u r i n g the monomer feed, 
a rapid decrease i n the C = C functionality occurred. Af ter the monomer feed, 
the remaining 2 0 % unreacted C = C reduced to 5 % after the additional 2 -h 
h o l d t ime. The Raman bands due to the different C = C bonds were not 
distinguishable because of the poor quality of the spectra, so that the relative 
rates of loss for each b o n d could not be determined. A plot of the solids 
content against the Raman b a n d ratio 1450 c m - 1 ( C H 2 ) / 3 2 2 0 c m - 1 (water) 
is shown i n F igure 13. This technique clearly allows the determination of the 
solids content dur ing a reaction directly f rom the Raman measurement. 

The presence of water had a detrimental effect o n the quality of R a m a n 
spectra, particularly i n the early stages of the reaction w h e n the solids content 

I I I 

40 80 120 160 200 240 
time (mins) 

Figure 12. Plot of the C=C band intensity normalized against the C=C) band 
(maximum normalized to l) as a function of time of the reaction. (Reproduced 

with permission from reference 13. Copynght 1990 Pergamon Press.) 
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was low. Water absorbs radiation i n the N I R region so that the detected 
Raman scattering is attenuated. A t long path lengths i n the sample this 
"sel f -absorpt ion > leads to spectra of poor quality (48). A t low solids content 
the path length is reduced, and the reduced path length gives spectral 
improvements, but the R a m a n scattering cross-section is also reduced, and 
this reduction gives poorer spectral quality. Consequently, aqueous solutions 
or suspensions of materials that are good Raman scatterers are easily accessi
ble b y Raman spectroscopy at relatively high concentrations. A t low concen
trations and i n solutions containing poor scatterers, the technique is flawed 
unless shorter wavelength lasers are used. D u r i n g the polymerizat ion process 
the signal-to-noise ratio increases by about a factor of 10 because of the 
increased solids content of the reaction mixture. 

A l l our Raman measurements for the polymerizat ion process were made 
off-l ine. W i t h the current state o f fiber optic technology for remote process 
monitoring, these types of reactions could be per formed on-l ine (23-26), and 
this development is sure to appear soon. 

Autoxidation Studies of Alkyds 

Convent ional paint technology based o n oi l -modif ied alkyd resins stil l forms 
a significant proport ion of currently marketed paint systems. T h e drying 
process of these materials to form robust, weather-resistant films relies o n the 
ability of the unsaturation i n the fatty acid component to undergo reaction 
w i t h atmospheric oxygen to form hydroperoxides (49, 50). These compounds 
break d o w n to form radicals, w h i c h are then responsible for the cross-l inking 
reaction to form a hard, robust film (51): 

% solids 
Figure 13. Water band (3220-cm~1) normalized against the latex band (1450-
cm~l) as a function of solids content. (Reproduced with permission from 

reference 13. Copyright 1990 Pergamon Press). 
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R - C H = C H - C H 2 - C H = C H - ( C H 2 ) n C O O R / — ^ 

R - C H = C H - C H - C H = C H - ( C H 2 ) / X ) O R ' > 

O O H 

R - C H = C H - C H - C H = C H - ( C H 2 ) X O O R ' > 

Ο *+ Ό Η cross-l inked f i l m 

T h e autoxidation process has been moni tored by FXIR ( J 3 ? 49) and photoa
coustic F T I R (52, 53) spectroscopy. D u r i n g the formation o f hydroperoxide, 
both c is- trans isomerization and conjugation o f the unsaturated linkages can 
occur (49, 54): 

R - C H 2 - C H = C H - C H 2 - C H = C H - ( C H 2 ) n C O O R ' 

R - C H 2 - C H - C H = C H - C H = C H - ( C H 2 ) n C O O R , ' 

O O H 
or 
R - C H 2 - C H = C H - C H = C H - C H - ( C H 2 ) n C O O R / , 

O O H 

T h e Raman technique i n pr inciple is capable of detecting the configurational 
changes as they occur. Af ter a short induct ion per iod, the C = C b a n d 
decreases rapidly. T h e mechanism for this decrease is not clearly known; 
however, C - C cross-links, radical addit ion to C = C to form C - O - C cross
links, and the formation of cyclic peroxides have been postulated. M a n y 
additional chemical processes occur simultaneously as the fatty acid compo
nents of the alkyd undergo autoxidation. F o r example, fragmentation of the 
hydroperoxide can occur to form alkoxy radicals and carbonyl compounds 
(55, 56). M a n y byproducts are formed dur ing autoxidation, and detailed 
work has been per formed on alkyds and m o d e l systems (57, 58). T h e volatile 
aldehydes that are evolved d u r i n g this process give the cur ing paint its 
characteristic pungent smell . 

Autoxidation of an Alkyd Resin. F igure 14 shows F T I R and F T 
R a m a n spectra o f the alkyd resin modi f ied w i t h soya bean o i l used i n this 
work; b a n d positions have been identif ied (13). T h e C = C stretching band at 
about 1650 c m " 1 is strong i n the Raman spectrum but not easily detectable 
i n the F T I R spectrum. T h e cur ing of alkyd resin based on soya bean o i l w i t h 
the appropriate cobalt driers was monitored by F T Raman methods over 
several weeks to fol low the chemical processes. F o r this experiment, 200-μ m 
films were spread onto glass plates w i t h a block spreader. Solvents were 
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I , , , 

4000 3 0 0 0 2 0 0 0 1000 

W a v e n u m b e r s (cm—1) 
Figure 14. FTIR and FT Raman spectra of the alkyd resin modified with soya 
oil used in this work. (Reproduced with permission from reference 13. Copyright 

1990 Pergamon Press.) 

removed under nitrogen for 2 h to prevent onset of cur ing d u r i n g this per iod. 
Samples were taken f rom the f i lm for R a m a n analysis. F igure 15 shows F T 
R a m a n spectra taken over the per iod of the experiment. T h e b a n d at
tributable to the C = C functional group at 1655 c m - 1 i n the R a m a n spectrum 
decayed over the per iod of the cure experiment. T h e intensity behavior of the 
C = C is shown i n F igure 16; the ini t ia l apparent increase i n unsaturation is 
thought to be due to the normalization of the band against the 1 4 5 0 - c m " 1 

C - H b a n d and is not a real effect (discussed later). Some broadening of the 
C = C band is associated w i t h the configurational changes expected dur ing 
autoxidation. However , the different C = C components c o u l d not be ident i 
fied f rom these measurements. T h e band at about 880 c m - 1 that increases to 
a maximum after about 30 h is probably the O - H bending mode of the 
hydroperoxide. T h e nature of the cross-l inking could not be elucidated f rom 
the Raman results. F T I R spectra taken dur ing the autoxidation clearly show 
the C - O - C cross-links ( 1 1 0 0 - e m " 1 region), - O O H formation (3420 c m " 1 ) , 
and C = C loss (3010 c m " 1 ) (see F igure 17). 

Curing of an Alkyd Resin Containing Pigment. F o r compari 
son, the same resin w i t h about 1 5 % ( w / w ) T i 0 2 was investigated. T h e 
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Figure 16. Plot of the C=C unsaturation as a function of cure time. (Reproduced 
with permission from reference 13. Copyright 1990 Pergamon Press.) 

experiment was per formed i n the same way as for the unpigmented system. 
T h e signal-to-noise ratio was m u c h improved compared to the unpigmented 
system as a result of R a m a n scatter enhancement by the T i 0 2 . (This 
improvement might w e l l be unexpected, but it is characteristic of F T R a m a n 
measurements; turb id samples give better spectra than clear ones. T h e 
reasons for this effect are understood by all practitioners, but none of them 
agree!). T h e R a m a n spectrum is dominated by the bands at 608 and 442 
c m - 1 due to T i 0 2 (see F igure 18). T h e change i n the C = C band intensity 
dur ing the cure is given i n F igure 19 and plotted i n F igure 16. Clear ly no 
increase i n unsaturation occurs i n the early stages. T h e onset of cure occurs 
m u c h earlier and reaches its l imit m u c h faster than the unpigmented resin. 
This result is expected because T i 0 2 is thought to enhance the rate of 
autoxidation by providing active sites for the process, although the details are 
not clearly understood. 

Autoxidation of Model Compounds. C u r i n g of alkyd resins is 
usually too complex to permit drawing far-reaching generalizations concern
ing the mechanism involved i n the autoxidation process. Therefore, it is 
necessary to study component systems such as methyl ester of oleic, l inoleic, 
and other similar fatty acids that m o d e l the processes. I n addition, these 
compounds can be obtained i n a pure form. O u r earlier work (13) dealing 
w i t h the analysis of bands i n the C = C stretching region was hampered by the 
contribution of bands due to other components. Problems also arose f rom the 
incomplete resolution of the C = C Raman bands. Therefore, we found it 
necessary to study a range of methyl osters of fatty acids that are important 
components of the alkyd resin. 
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3000 2000 1000 
Raman Shift (cm-1) 

Figure 18. FT Raman spectra of the pigmented alkyd clearly showing the bands 
due to Ti02 at about 440 and 610 cm~ . 

ι ' » 1 • 1 » « ' 1 1 1 — 1 

1780 1720 1660 1600 1540 

Raman s h i f t , cm * 

Figure 19. FT Raman spectra showing the behavior of the C—C band (1655 
cm"1) during cure. (Reproduced with permission from reference 13. Copyright 

1990 Pergamon Press.) 
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Previous work on mode l compounds has he lped i n elucidating some of 
the complex processes such as identification of the volatile byproducts of the 
reactions (57) . F o r this work we studied the cur ing processes of methyl ester 
of oleic, l inoleic , and l inolenic acids w i t h both F T R a m a n and F T I R tech
niques. (These chemicals were suppl ied b y A l d r i c h C h e m i c a l Company) . 
These acids are the important fatty acid components i n the alkyd described. A 
more in-depth discussion o f the results is given elsewhere (58). These 
compounds have the fol lowing structures: 

cis 

C H 3 ( C H 2 ) 7 C H = C H ( C H 2 ) 7 C O O C H 3 

methyl oleate 
cis c i s 

C H 3 ( C H 2 ) 4 C H = C H C H 2 C H = C H ( C H 2 ) 7 C O O C H 3 

methyl linoleate 
cis 

C H 3 ( C H 2 C H = C H ) 3 ( C H 2 ) 7 C O O C H 3 

methyl linolenate 

T h e F T R a m a n spectra for these materials are given i n F igure 20. T h e effect 
of autoxidation o n the different degrees of unsaturation i n each species was 
investigated. 

F o r the kinetic analysis, films of these samples were prepared by block 
spreading onto glass substrates, and samples were removed for examination 
by the F T R a m a n instrument. 

M e t h y l oleate, having only one C = C b o n d , does not undergo conjugation 
accompanying the formation of hydroperoxide dur ing autoxidation. However , 
some modification of the shape of the C = C b a n d was noted, although even 
after 72 h no change i n its overall intensity was seen. E v e n after 4 weeks i n 
ambient conditions no increase i n viscosity was detected, and i n fact the film 
remained l i q u i d at the end of this per iod. F igure 21 shows the F T I R spectra 
for the behavior d u r i n g the cure process. T h e increase i n noise is indicative of 
film thinning due to sample loss; scission reactions give rise to volatile 
saturated and unsaturated aldehydes (57) , for example, 

T|Q * 
R - C H = C H - C H = C H - C H - ( C H 2 ) 7 - C O O R ' » 

O O H 
R - C H - C H - C H = C H - ^ C H - ^ - ( C H 2 ) 7 - C O O R , 

< O' s 

A 
* volatile aldehydes 
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5 0 0 1000 1500 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0 

R a m a n Shift ( c m - 1 ) 

Figure 20. FT Raman spectra for (a) methyl oleate, (b) methyl linoleate, and (c) 
methyl linolenate. 

Scission occurs at posit ion A or Β and gives rise to the formation o f 
aldehydes, w h i c h give the cur ing paint its pungent smell . 

M e t h y l linoleate has two nonconjugated C = C bonds, so that the facility 
to undergo c is- trans isomerism or conjugation does arise dur ing autoxidation. 
Af ter 2 weeks a hard film had resulted; this result suggests that a high degree 
of cross-finking over this per iod had occurred. F igure 22 shows F T R a m a n 
spectra taken at intervals over the per iod o f the reaction. Af ter 24 h new 
bands have appeared at 3050, 1599, 999, and 791 c m " " 1 . T h e very intense 
band at 999 c m - 1 is typical of a cyclic, conjugated structure, although we 
have not yet identi f ied this species. I n addit ion to this change, a decrease i n 
the level of unsaturation that occurred is associated w i t h C - C cross-finking. 
F igure 23 shows the analogous F T I R spectra. C lear evidence is seen for 
hydroperoxide formation and ether cross-l inking. F igure 24 shows plots of the 
behavior of the unsaturation at 3010 c m - 1 and hydroperoxide at 3420 c m - 1 

taken f rom the F T I R data. 

M e t h y l linolenate contains three nonconjugated C = C bonds. It under
went rapid cross-l inking to form a hard film after 3 days of exposure to the 
atmosphere. H a v i n g three C = C bonds, methyl linolenate has two activated 
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-0.006 _i — r ι 1 
4000 3500 3000 2500 

WflVENUMBER CM-1 

Figure 21. FTIR spectra showing the cure of methyl oleate at 0 (a), 10 (b), and 
150 (c) h. (Reproduced with permission from reference 59. Copyright 1991 

Pergamon Press.) Continued on next page. 
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1 1 1 1 1 1 1 1 
1800 1600 1400 1200 1000 800 600 

WRVENUMBER CM-1 
Figure 21. Continued 

- C H 2 ~ moieties, a feature that increases the rate of hydroperoxide formation 
and hence, the rate at w h i c h the ester cross-links. F igure 25 shows spectra i n 
the C = C stretching region. C lear changes i n conformation of this functional 
group are seen. As the cure proceeds, shoulders appear on either side of the 
original C = C band (1651 c m - 1 ) that are due to the cis conformation. T h e 
additional bands are thought to be due to trans (1670 c m - 1 ) and conjugated 
(1640 c m - 1 ) structures. T h e mechanism for this configurational change is 
wel l -known for the fatty acid materials (57) . F T I R spectra taken over the 
cure are shown i n F igure 26. I n addit ion to hydroperoxide formation and 
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τ = ο 

Τ = 1 week 
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3200 2500 2000 1500 1000 
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350 

Figure 22. FT Raman spectra showing the cure of methyl linoleate. (Reproduced 
with permission from reference 59. Copyright 1991 Pergamon Press.) 

cross-linking, an additional strong band at 877 c m - 1 increases dur ing the 
cure process; the nature of this species has yet to be elucidated. F igure 27 
shows kinetic plots of these species. T h e increase i n the 8 7 7 - e m - 1 band 
appears to occur at a similar rate to the hydroperoxide formation. This 
behavior suggests that the low-frequency b a n d is due to the O - H bending 
mode of - O O H . 

T o summarize the results obtained f rom the fatty acid methyl ester 
investigation, the degree of unsaturation plays an influential role i n the rate of 
autoxidation. Compar ison of the rates of loss i n unsaturation is shown i n 
F igure 28. F o r methyl oleate, the unsaturation loss was very slow, and the 
rate of loss increased w i t h increasing unsaturation. T h e bands around 1655 
c m - 1 have been assigned to trans (1670 c m - 1 ) , cis (1655 c m - 1 ) , and 
conjugated (1640 c m - 1 ) structures that were identif ied i n the Raman spectra 
of methyl linolenate. These results are discussed i n more detail elsewhere 
(59) . 

Clear ly F T Raman spectroscopy is i n its infancy. T h e sensitivity of the 
method, although adequate for most analyses, can be frustratingly low. 
However , instruments are rapidly improving i n this respect as new detectors, 
lasers, and interferometers become available. Possibilities for the future were 
described recently (60), and some are already i n evidence. 
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4000 3500 3000 2500 
WRVENUMBER CM-1 

Figure 23. FTIR spectra showing the cure of methyl linoleate at 0 h (a), 15 h 
(h), and 100 h (c). (Reproduced with permission from reference 59. Copyright 

1991 Pergamon Press.) 
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Figure 23. Continued 
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Figure 24. Behavior of the (top) hy
droperoxide and unsaturation (bottom) 
for methyl linoleate from the FTIR re
sults. (Reproduced with permission from 
reference 59. Copyright 1991 Pergamon 

Press.) 20 40 60 80 
Time In Hours 

100 

Figure 25. FT Raman spectra for the cure of methyl linolenate showing the 
behavior of the C=C stretching region. (Reproduced with permission from 

reference 59. Copyright 1991 Pergamon Press.) 
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4000 3500 3000 2500 
WRVENUMBER CM-1 

Figure 26. FTIR spectra for the cure of methyl linolenate at 0 h (a), 15 h (h), 
and 100 h (c). (Reproduced with permission from reference 59. Copyright 1991 

Pergamon Press.) Continued on next page. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

7

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



478 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

1800 1600 U00 1200 1000 800 600 
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Figure 26. Continued. FTIR spectra for the cure of methyl linolenate at 0 h (a), 
15 h (b), and 100 h (c). (Reproduced with permission from reference 59. 

Copyright 1991 Pergamon Press.) 
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0.08 

Figure 27. Behavior of the hydroperoxide (top), unsaturation (bottom), and 
877-cm ~1 band (middle) for methyl linolenate from the FTIR results. 
(Reproduced with permission from reference 59. Copyright 1991 Pergamon 

Press.) 
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Figure 28. Behavior of the unsaturation in methyl oleate, methyl linoleate, and 
methyl linolenate during the cure. (Reproduced with permission from reference 

59. Copynght 1991 Pergamon Press.) 
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Fluorescence Studies of Polymer 
Association in Water 

Mitchell A. Winnik 1 and Françoise M. Winnik 2 

1Department of Chemistry and Erindale College, University of Toronto, 
Toronto, Ontario, Canada M5B 1A1 

2Xerox Research Centre of Canada, 2660 Speakman Drive, Mississauga, 
Ontario, Canada L5K 2L1 

Water-soluble polymers containing hydrophobic substituents form mi
cellelike clusters in water. For rigid cellulosic polymers, the association 
is interpolymeric with little evidence for intramolecular association of 
the substituents. For more flexible linear polymers, the nature of the 
interaction can depend upon chain microstructure and the location of 
the hydrophobic substituents. Those at the chain ends, as in 
Cn-PEO-Cn where PEO is poly(ethylene oxide), undergo strong 
interpolymeric associations to form a network linking micellelike clus
ters. Polystyrene-poly(ethylene oxide) (PS-PEO) diblock and PEO
-PS-PEO triblock copolymers behave quite differently. They undergo a 
sharp association transition with increasing concentration to form 
spherical micelles with a very narrow size distribution. Their sizes and 
aggregation numbers seem to be well described by the star model of 
block copolymer micelles. 

W^ATER-SOLUBLE NONIONIC POLYMERS bearing hydrophobic substituents 
undergo association i n aqueous solution (J) . This association process has a 
profound effect o n the macroscopic properties of the solutions, such as 
viscosity and c loud point. O n e of the major technological applications of these 
types of materials is as viscosity modifiers for aqueous solutions i n areas as 
diverse as coatings and enhanced o i l recovery (2) . 

The nature of these interactions depends sensitively o n the polymer 
microstructure as w e l l as o n the type and content of hydrophobic sub
stituents. T o develop an understanding of these s tructure-property relation-

0065-2393/93/0236-485$06.25/0 
© 1993 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

8

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



486 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

ships, m u c h more detailed information at the molecular level is needed. I n 
the work described here, we employed fluorescence spectroscopy i n conjunc
t ion w i t h other methods to obtain this k i n d of information. 

T h e polymers hydroxypropylcellulose ( H P C ) and poly ( N- i sopropyl -
acrylamide) ( P N I P A M ) share the property that they precipitate f rom their 
aqueous solutions upon heating. This lower crit ical solution temperature 
( L C S T ) is 42 °C for H P C and 32 °C for P N I P A M . B o t h polymers are 
relatively nonpolar but are solubi l ized i n water b y hydrogen bonding. These 
H bonds are disrupted b y heating, and this disruption leads to phase 
separation. O n e of the key differences between these polymers is that of 
chain stiffness, H P C being substantially more extended and less flexible than 
P N I P A M . T h e introduct ion o f hydrophobic substituents o n these polymers, 
either alkyl chains or aromatic chromophores, perturbs the h y d r o p h o b i c -
hydrophi l ic balance and has a number of interesting effects on polymer 
behavior i n water. W e examined a n u m b e r of these features, relying heavily 
o n fluorescence studies to reveal behavior at the molecular level . 

Polystyrene-poly(ethylene oxide) ( P S - P E O ) diblock and P E O - P S - P E O 
triblock copolymers have a very different microstructure; the hydrophobic 
block of the chain is at one e n d or i n the middle . Samples containing more 
than 50 w t % P E O dissolve i n water and associate to form spherical micelles 
containing a dense PS core surrounded b y a corona of solvent-swollen P E O 
chains (3 , 4). A number of features o f these micelles are of interest, such as 
the aggregation number , the effective size, and the concentration at w h i c h 
micelles first f o r m (the crit ical micel le concentration or C M C ) . These same 
issues are also important for P E O containing two hydrophobic e n d groups. 
H e r e this apparently small change i n microstructure leads to a complete 
change i n the nature of the polymer association i n water. I n both systems, 
fluorescence techniques provide important information, although i n the block 
copolymer micelles, fight scattering plays a m u c h more important role i n 
determining micel le size. 

Hydroxypropylcellulose (HPC) 

Hydroxypropylcel lulose (F igure 1) is soluble not only i n organic solvents such 
as tetrahydrofuran and methanol, but also i n c o l d water. Attaching a small 
number of hydrophobic substituents to this polymer has a significant effect 
o n its properties i n water. W h e n H P C carries an average of one or fewer 
hydrophobic groups per chain, its solubility i n water is hardly affected. 
However , a m u c h larger change i n the properties of H P C occurs w h e n the 
level of labeling is increased to an average of two or more groups per chain. 
T h e effect is very noticeable i n the pyrene-labeled polymer, H P C - P y / 5 6 (1 
P y per 56 glucose units, F igure 1). T h e solubility of this polymer i n water is 
greatly reduced compared to that of the unlabeled polymer. This polymer 
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(CH3)2CH - N H - C O - C H 
I 

CH 2 

! 
R - NH - CO-CH 

I CH 2 

J ^ 

PNIPAM-Py: R = CH(CH3)2 R' = (CH2)4-Py 

PNIPAM-Cn: R = CH(CH3)2 R' = C n H 2 n + 1 

PNIPAM-Py-N: R = CH(CH3)-N R' = (CH2)4-Py 

R' - NH - CO - CH 
I 
CH 2 

J ^ 

HPC-Py: R = (CH2)4Py 

HPC-Flu: R = CH2-Flu 

Flu 

Figure 1. Structures of the hydroxypropylcellulose (HPC) and poly(N-
isopropylacrylamide) {PNIPAM) derivatives. 

undergoes extensive interchain aggregation i n water, and various aspects o f 
the heat- induced phase transition are perturbed. T h r o u g h the use of several 
fluorescence techniques we demonstrated ( 5 - 7 ) that i n such hydrophobical ly 
modif ied H P C : (1) interchain aggregation be low the L C S T occurs p r e d o m i 
nantly through association of the substituents, (2) the polymers form inter-
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chain aggregates even i n extremely dilute solutions, and (3) the association 
between hydrophobic groups is destroyed w h e n the solutions are heated 
through their L C S T . 

Aggregation of Labeled HPC-Py/56 in Cold Water. F luores
cence spectra of H P C - P y / 5 6 i n methanol and i n water are presented i n 
F igure 2. T h e spectrum shows two bands, one due to locally excited pyrene 
(intensity I M , " m o n o m e r emission") w i t h the (0, 0) b a n d located at 376 n m 
and a broad emission centered at 480 n m due to pyrene excimer emission 
(intensity I E ) . F o r samples i n methanol, identical excitation spectra are 
obtained for emissions moni tored at 396 and 480 n m , and the maxima 
correspond to those i n the U V absorption spectrum. T w o differences are 
observed for aqueous solutions of H P C - P y / 5 6 . T h e emission spectrum 
exhibits a m u c h stronger excimer band. I n addition, the excitation spectra for 
the monomer and excimer are clearly different; the m o n o m e r s spectrum is 
shifted by about 3 n m . T h e excimer excitation spectrum corresponds to the 
U V spectrum of the sample. These features and other aspects of the 
spectroscopy of H P C - P y / 5 6 lead to the conclusion that the excimer emission 
originates f rom aggregates o f pyrenes that exist before excitation. 

This type o f phenomenon is unique to aqueous solutions of chro-
mophore- labeled polymers. A n important task is to distinguish whether the 
pyrene association occurs intramolecularly or between chromophores o n 
different chains. T o address this question we monitored the effect o f polymer 
concentration o n the ratio J E / / M . This ratio decreases somewhat w i t h 
decreasing concentration, a feature indicat ing interchain contributions. H o w 
ever, the results of these experiments d i d not allow us to exclude the 
occurrence of intramolecular pyrene-pyrene association, nor to quantify the 
relative importance of each contribution. Another approach was devised to 
elucidate this point . 

Aggregation of HPC-Py/438 and HPC-Flu/33 in Cold Wa
ter. Energy-transfer experiments al low the detection of association be
tween fluorescent labels attached to different polymeric chains. T o proceed, 
we prepared solutions containing a mixture of two polymers, identical except 
for their fluorescent tags: O n e polymer carried a very small number of pyrene 
labels ( H P C - P y / 4 3 8 ) ; the second, fluorene labels ( H P C - F l u / 3 3 , F i g u r e 1). 
T h e two chromophores interact as donor (fluorene) and acceptor (pyrene) by 
nonradiactive energy transfer ( N R E T ) (<S). This Fôrster process originates 
f rom d i p o l e - d i p o l e interactions between the excited donor and the acceptor. 
T h e efficiency ( E ) of energy transfer depends sensitively o n the separation 
distance R, where R Q is a characteristic distance, w h i c h , for rotationally 
averaged pairs, is the donor-acceptor separation distance for w h i c h the 
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Figure 2. Fluorescence spectra of HPC-Py/56 in methanol (top) and in water 
(bottom). 

energy-transfer efficiency is 5 0 % . F o r the F l u - P y pair, Ra = 32 Â: 

Ε = R 6 / ( R 6 = R°0) (1) 

W h e n samples containing both polymers were excited at 290 n m , most o f the 
light was absorbed by the F l u chromophore. T h e emission spectrum o f this 
mixture exhibited not only features characteristic of F l u emission, but also a 
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strongly enhanced P y monomer emission, superimposed upon the weak 
emission f rom directly excited pyrenes. These experiments (7 ) provide a 
proof o f the existence of interpolymeric association v ia the hydrophobic 
substituents. 

T o examine this phenomenon i n more detail , the influence of total 
polymer concentration o n the efficiency of energy transfer was examined (7) . 
First , for a given P y to F l u molar ratio, the total polymer concentration was 
decreased f rom 200 to 2 p p m (Figure 3). Significant energy transfer between 
H P C - F l u / 3 3 and H P C - P y / 4 3 8 takes place w h e n the total polymer concen
tration is as low as 50 p p m . It becomes negligible only at concentrations 
lower than 5 p p m . Second, the effect of added unlabeled H P C on energy 
transfer was monitored. T h e amounts of H P C - F l u / 3 3 and H P C - P y / 4 3 8 
were kept constant, whi le the total H P C concentration was increased f rom 
200 to 5000 p p m . I n al l cases the results were t ime dependent. A t high H P C 
concentration ( > 2000 p p m ) the efficiency o f energy transfer decreased 
continuously w i t h t ime and became negligible after 7 days. I n the 200-to 
500-ppm concentration range, the extent of N R E T decreased, but the t ime 
dependence was more complex. These results indicate the influence o f aging 
t ime o n the aggregation properties of H P C i n water. T h e association of 
hydrophobic chromophores is disrupted and, i n the presence of H P C i n high 
concentration, eventually destroyed. Evidence f rom other sources indicates 
that i n concentrated solutions H P C itself forms an intricate network of 
polymolecular aggregates. I n the labeled polymers the chromophores pre-

50 

Figure 3. Reduced intensity of pyrene emission due to energy transfer ( I ^r/iPyl) 
as a function of the total labeled HPC concentration for a mixture of HPC-

Flu/33 and HPC-Py /'438. 
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18. WINNIK AND WINNIK Polymer Association in Water 491 

sumably can be accommodated i n "hydrophobic pockets" w i t h i n this network. 
This phenomenon bears some similarity w i t h those observed w h e n dilute 
solutions of labeled polymers are heated through their L C S T . 

Phenomena Associated with the Cloud Point of Aqueous 
Solutions of HPC-Py/56. F o r H P C - P y / 5 6 i n water at 25 °C (Figure 2) 
we calculate f rom peak heights a value of IE/IM ° f 0.46. W h e n this solution 
is heated, this intensity ratio undergoes several changes (7) . First , it increases 
and reaches a m a x i m u m of 0.55 at 35 °C. T h e n , the ratio decreases sharply to 
its hmit ing value of 0.21 at 50 °C. T h e midpoint of the transition is ca. 42 °C 
(Figure 4). W h e n the solution is cooled f rom 55 to 25 °C, a sharp increase i n 
i E / / M occurs, and the midpoint o f the transition occurs at ~ 41 °C. A t al l 
temperatures lower than 50 °C, the ratio i E / I M measured dur ing cool ing was 
smaller than that measured dur ing heating. W h e n the cooled sample was kept 
at 25 °C for several hours, its emission spectrum became identical to that of a 
solution that had not been subjected to the heat ing-cool ing treatment. These 
results i m p l y that the association between hydrophobic groups is dramatically 

0.60 

I M 

0.50 h 

0.40 

0.30 

0.20 

0.15 

Heating ramp 

Cooling ramp \ 

• AB » 

ml L 1 ' 
20 30 40 50 60 

TEMPERATURE ( °C ) 

70 

Figure 4. lE/lM as a function of temperature for a solution of HPC-Py/56 (0.12 
g/L) in water. 
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disrupted dur ing the phase transition that takes place at the L C S T . Fur ther 
more, after cooling, the polymers undergo a very slow relaxation dur ing 
w h i c h the P y groups reassociate. 

These P y aggregates are probably stabilized by hydrophobic interactions. 
T h e nonpolar dimers are surrounded by a cage of highly organized water 
molecules tightly b o u n d through hydrogen bonding. This formation of dimers 
or higher aggregates i n water has a positive entropy and a positive enthalpy. 
T h e entropie term is dominant, rendering the free energy of d imer formation 
favorable (negative). As the solution is heated, a temperature is reached at 
w h i c h the free energy of P y d i m e r formation becomes positive. T h e P y 
groups separate and become accommodated w i t h i n hydrophobic cavities i n 
the polymer-r ich phase. T h e disruption of P y dimers is init iated at tempera
tures shghtly below the L C S T of the solution. However , the temperature that 
triggers the disruption of the dimers is a characteristic of the polymer and not 
of the hydrophobic groups. 

Poly(N~isopropylacryfomide) (PNIPAM) 

P o l y ( IV-isopropylacrylamide) and its fluorescently labeled analog, P N I P A M -
Py/200 (Figure 1), exhibit solution properties quite similar to those o f H P C 
and H P C - P y / 5 6 , respectively. T h e y dissolve i n organic solvents such as 
tetrahydrofuran and methanol and are soluble i n c o l d water, but not i n w a r m 
water ( L C S T = 32 °C) . T h e fluorescence properties of P N I P A M - P y / 2 0 0 
parallel those of H P C - P y / 5 6 (9) . B e l o w the L C S T , fluorescence spectra of 
P N I P A M - P y / 2 0 0 i n water exhibit emissions due to locally excited P y and to 
P y excimers ( I E / Z M = 0.36 at 20 °C) . As wi th H P C - P y / 5 6 , here also the P y 
excimer emission originates predominantly f rom preassociated pyrenes. H o w 
ever, i n P N I P A M - P y / 2 0 0 , evidence f rom concentration studies points toward 
a larger contribution of intramolecular aggregation compared to interchain 
association. This reluctance of P N I P A M to f o r m interchain aggregates i n 
water solutions be low their L C S T was reported also by Schi ld and T i r r e l l 
(10). W h e n a solution of P N I P A M - P y / 2 0 0 is heated through its L C S T , the 
P y aggregates are destroyed. A t 32 °C P y excimer emission is negligible 
( ί Ε / ί Μ < 0.01). T h e polymer-r i ch phase that separates above the L C S T 
provides a hydrophobic environment i n w h i c h pyrenes are solubil ized and 
isolated f r o m each other. 

A n intr iguing issue concerns the changes i n dimensions of a single 
polymer co i l as it passes through its crit ical point at the L C S T . D y n a m i c and 
static hght-scattering measurements were reported by Fujishige (11), w h o 
found a sharp collapse transition. I n a 13-ppm solution of P N I P A M ( M w ~ 8 
Χ 1 0 6 ) the hydrodynamic radius decreased f r o m ~ 1000 Â at 30 °C to 
~ 300 Â at 32 °C. Fluorescence studies can provide further insights into this 
heat- induced chain collapse. W e carr ied out energy-transfer experiments (12) 
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on a polymer ( P N I P A M - P y / 3 6 6 - N / 5 0 ) containing both donor (naphthalene, 
N ) and acceptor (Py) groups. I n these experiments w e excited Ν groups 
selectively at 290 n m and fol lowed changes i n the fluorescence spectra as the 
solution temperature was raised f rom 20 to 40 °C. T h e naphthalene emission 
decreases slowly w i t h increasing temperature, accompanied b y a strong 
increase i n the pyrene emission intensity. H e a t i n g above 32 °C has no further 
effect on the fluorescence intensity f rom either chromophore. T h e simultane
ous decrease i n total naphthalene emission and increase i n total pyrene 
emission are indicative of an increase i n the energy-transfer efficiency above 
the L C S T , as a consequence of a contraction of the polymer co i l al lowing the 
chromophores to come into closer proximity. 

A n intr iguing feature of these experiments (12) is that the increase i n 
energy transfer occurs not at the L C S T itself, but be low this temperature and 
over a broad temperature range. This pattern is seen, for example, i n a plot o f 
the naphthalene quenching efficiency ( E N ) by N R E T as a function of 
temperature (F igure 5). Such a gradual increase is surprising, particularly 
because it monitors a property of a solution passing through a crit ical point. It 
implies that the average distance between the chromophores is gradually 
reduced as the temperature increases. This reduced distance may result 
either f rom a continuous decrease i n the size of the polymer co i l or f rom 
enhancement i n density fluctuations, giving rise to a higher incidence of 
naphthalene-pyrene contacts. A l t h o u g h the spectroscopic changes observed 

TEMPERATURE (°C) 

Figure 5. Plot of the NRET efficiency (En) as a function of temperature for an 
aqueous solution ofPNIPAM-Py/366-N/50 (44 ppm). 
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cannot be described i n conformational detail , they conf irm that local contrac
tions of individual polymer chains precede the global collapse i n hydrody-
namic radii ( R H ) and the subsequent interpolymeric aggregation at the L C S T 
of P N I P A M solutions. 

Hydrophobically Modified Poly(N-isopropylacrylamides) 

In the previous sections, we described polymers whose hydrophobic sub
stituents were fluorescent chromophores that served as intrinsic monitors of 
hydrophobic association. W h e n polymers contain alkyl substituents, intro
duced, for example, to modify surface adhesion or solution rheology, a 
different approach is needed to study the association o f these substituents. 
F o r example, Ringsdorf et al . ( 13) prepared a series of P N I P A M s containing 
small amounts of pendant n-a lkyl groups to enhance their b i n d i n g to bilayer 
membranes. T h e i r structures, P N I P A M - C n / 1 0 0 and P N I P A M - C n / 2 0 0 , are 
shown i n F igure 1. T o study the properties o f their solutions i n water, we 
examined the fluorescence of trace amounts of probe molecules [10 " 7 to 
10 ~ 6 / M pyrene or bis( l -pyrenylmethyl) ether, (dipyme)] added to these 
solutions (14). 

T h e objective of these experiments was to conf irm the presence of 
hydrophobic microdomains i n aqueous solutions of the amphiphi l ic P N I P A M 
and to detect changes i n the polarity and rigidity of these hydrophobic 
microdomains as a funct ion of alkyl chain length and polymer concentration. 
In one set of experiments we moni tored the ratio lx/l3 o f the intensity of the 
(0,0) b a n d ( Z x ) to that of the (0,2) band ( I 3 ) of the pyrene emission under 
various conditions. This ratio is used routinely i n the study of micelles (15). It 
takes a h igh value i n polar media (16) (Ix/I3 = 1.81 i n water), and decreases 
w i t h decreasing polarity (Ιλ/Ι3 = 1.12 for P y solubil ized i n sodium dodecyl 
sulfate ( S D S ) micelles) (15). I n aqueous solutions of the C 1 4 - and C 1 8 -
P N I P A M amphiphiles the Ιλ/Ι3 ratio decreases rapidly w i t h increasing 
polymer concentration (Figure 6). In the P N I P A M - C 1 0 / 2 0 0 the ratio re
mains constant (1.80) over the entire polymer concentration range probed, a 
behavior identical to that for P N I P A M . This result implies that pyrene is not 
solubi l ized by P N I P A M or the C 1 0 - P N I P A M copolymers. 

T h e fluidity of the environment w i t h i n a micel le or any such hydrophobic 
microdomain, often termed "mieroviscosity", was investigated through the 
use o f a second fluorescence probe, d ipyme (17, 18). D i p y m e can fo ld to 
form an intramolecular excimer. T h e extent of excimer emission depends 
u p o n the rate o f conformational change. This mot ion is resisted by the local 
fr ict ion imposed by the environment. As a consequence, the excimer-to-
monomer intensity ratio, IE/IM, provides a measure of the microviscosity of 
the probe environment. In addit ion, the vibrational fine structure i n the 
dipyme monomer emission is sensitive to the polarity of the probe microenvi-
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2.0 
KEY: 

ο PNIPAM-O|0/20Q 

• PNIPAM-C10/100 

A PNIPAM-C14/2OO 
Δ PNIPAM-C14/100 

• PNI PAM-C18/200 

O PNIPAM-C18/100 

0 0.2 0.4 0.6 0.8 1.0 
POLYMER CONCENTRATION (gL_1) 

Figure 6. li/l3 vs. polymer concentration for aqueous solutions of PNIPAM-Cn 

in the presence of 6 X 10" 7 M pyrene. 

ronment i n m u c h the same way as pyrene itself. T h e probe has an extremely 
low solubility i n water, but it can be solubil ized w i t h i n hydrophobic m i 
crodomains. I n the experiments described here it was added to solutions 
containing polymers i n a concentration of 2 g / L , w h i c h corresponds to alkyl 
chain concentrations of ca. 1.6 X 1 0 " 4 m o l / L for P N I P A M - C n / 1 0 0 and 
8.2 X 1 0 " 5 m o l / L for P N I P A M - C n / 2 0 0 , and care was taken to avoid the 
presence of dipyme microcrystals i n the solution (14). Ne i ther P N I P A M nor 
its C 1 0 derivatives are effective at solubil izing significant amounts of dipyme 
at room temperature. This result indicates that neither polymer, be low its 
L C S T , has domains of significant hydrophobicity, consistent w i t h the results 
of experiments w i t h pyrene. 

Fluorescence spectra of dipyme i n a solution of P N I P A M - C 1 8 / 1 0 0 and 
i n n-octylthioglucopyranoside ( O T G ) micelles are shown i n F igure 7. F igure 
7 shows that the extent of excimer emission is m u c h smaller i n the spectrum 
of dipyme i n the polymeric solution than i n the spectrum of dipyme i n 
surfactant micelles. This result points to a rigid structure for the alkyl chain 
clusters formed i n these solutions. Bi layer vesicles possess a less fluid 
microenvironment i n their hydrophobic interior than the core of a simple 
surfactant micel le (15). W e had anticipated that the alkyl chain clusters 
formed wi th in the polymer w o u l d be similar to surfactant micelles i n terms of 
their structure and their mobil i ty. As yet little is known about the structure of 
these clusters, but an interesting and significant observation is that their 
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496 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Figure 7. Fluorescence spectra of dipyme solubilized by micellar aqueous 
n-octylthioglucopyranoside (a) and by PNIPAM-C18 (b). 

microfluidity is more comparable to that of vesicles than micelles. A similar 
conclusion was drawn f rom fluorescence depolarization studies w i t h diphenyl -
hexatriene and perylene i n these systems (13). 

D i p y m e emission spectra are essentially identical i n both the C 1 4 and the 
C 1 8 polymers, a result indicating that the clusters formed are a l l very similar 
i n their properties. T h e IE/IM values point to a very similar microfluidity, 
and the Ιχ/Ι3 values indicate that i n each type of cluster, the dipyme probe is 
located i n a very similar and strongly hydrophobic environment. These ratios 
do not change w h e n the polymer concentration is varied, a feature consistent 
w i t h the idea that cluster formation is an intramolecular, single-polymer 
phenomenon. W e cannot rule out contributions of interpolymer association. 
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These, however, w o u l d have to lead to structures w i t h c o m m o n properties 
across the entire range of polymer concentrations. 

PS-PEO Block Copolymers 

Polystyrene-poly (ethylene oxide) block copolymers suffieientiy r i ch i n P E O 
dissolve spontaneously i n w a r m water (60 °C) to form micelles. Some samples 
less rich i n P E O can be i n d u c e d to form micelles by mixing a solution of the 
polymer i n tetrahydrofuran ( T H F ) w i t h water fol lowed by careful removal of 
the T H F under vacuum. T h e remaining samples do not form stable miceflar 
dispersions i n water. F o r example, i f a dilute T H F solution of one of these 
polymers is mixed w i t h an equal volume o f water and slowly concentrated, 
the polymer precipitates (19). T h e phase diagram i n F igure 8 summarizes 
our results. Low-molecular-weight polymers are more tolerant o f a larger 
weight fraction of PS, and samples requir ing T H F to promote micelle 
formation represent borderl ine examples near the phase boundary. 

T h e C M C of these micelles is too small to be determined by light-scatter
ing methods. W e developed a simple method for C M C determination based 
upon the use of pyrene as a fluorescent probe (20, 21). Py has a hmit ing 
solubility i n water of ca. 6 X 1 0 " 7 M . I n the presence of micelles, the probe 
partitions between the aqueous and micellar phases. This part i t ioning leads to 
a n u m b e r o f interesting changes i n the fluorescence behavior, the most 
pronounced of w h i c h is the shift i n the (0,0) band i n the P y excitation 
spectrum f rom 332 n m (water) to 339 n m (micelle) (F igure 9). T h e intensity 
ratio F = I 3 3 9 / / 3 3 2 . 5 is small and constant ( F m i n ) at polymer concentrations 
(c) be low the onset of micel le formation and levels off at a m u c h higher value 
( F m a x ) at values o f c at w h i c h nearly al l the pyrene is located i n the micelle 
phase. 

A plot of ( F — E m i n ) / ( F m a x — F) versus c shows curvature at low con
centration, becoming straight at higher c (21). Extrapolation to c = 0 ident i 
fies the C M C of the system. This analysis is conf irmed i n a reciprocal plot of 

Figure 8. Phase diagram for PS-PEO 
diblock ( V ) and triblock (Ô) copolymers 
in water, plotted as weight percent PS 
composition vs. total molecular weight. 
Key: open points, samples that form 
micelles upon heating in water; half-filled 
points, micelles that form with the aid of 
tetrahydrofuran as a cosolvent; and filled 

points, no micelles form. 
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Figure 9. Excitation spectra of pyrene in 
water (6 X 10 ~7 M) as a function of 

block copolymer concentration. 300 320 330 340 
WAVELENGTH (nm) 

360 

the data (Figure 10) according to the expression 

1000 p P S 

F - F m KY X p s ( c - C M C ) 
(2) 

where χ Ρ δ is the weight fraction of PS i n the copolymer and p P S is the 
density o f P S . E q u a t i o n 2 is very sensitive, and incorrect values of C M C lead 
to curvature i n the plot. F r o m this analysis we find partit ion coefficients KY 

of 3 X 1 0 5 (dimensionless) favoring parti t ioning of P y into the micel lar phase 
(21). 

Static light scattering normally provides straightforward information about 
M w and the weight-averaged aggregation number , Nw, o f block copolymer 
micelles, and dynamic light scattering ( D L S ) allows measurement of the 
hydrodynamic radius ( 2 - 4 ) . Unfortunately, the tendency for P E O to undergo 
self-association i n water promotes clustering of micelles. T h e fraction of 
micelles that form micelle clusters is very small , but their contributions to the 
light-scattering signals are substantial. I n the D L S experiment, Laplace 
inversion methods can be used i n the data analysis (22) to reveal the two 
populations of species present and to determine their respective hydrody
namic radii ( H H ) . 

W i t h the various d i - and tr iblock copolymer samples i n hand, these Rn 

values can be used to test one of the key predictions of the "star m o d e l " for 
block copolymer micelles, namely that 

RH~NU25N&0Q (3) 

where NB is the degree o f polymerizat ion o f a particular block and Q is a 
factor equal to 1.0 for diblocks and 0.29 for tr iblock copolymers. Results 
presented i n F igure 11 indicate excellent agreement w i t h the star m o d e l for 
the micelles, but not for the secondary aggregates. As a consequence we 
assume the validity o f the star m o d e l i n analyzing the D L S data to obtain M w 

values and aggregation numbers for the micelles. 
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0 200 400 600 
i / c (L/g) 

l / ( c - C M C ) ( L / g ) 

Figure 10. A plot of(Fmax - F) / (F - Fmin) vs. 1/c and vs. l/(c - CMC), 
showing the sensitivity of the data to micelle formation. 

Z i m m plot analyses o f S L S data y ie ld the apparent weight-averaged 
molecular weight, M w (app) of all the species present. U n d e r our experimen
tal conditions (c ^> C M C ) these comprise the micelles and the clusters 

M w ( a p p ) = W M ( m i c e l l e s ) + (1 - W M ) M W (clusters) (4) 

where W M is the weight fraction of polymer present as micelles. T o proceed 
w i t h the analysis, we make three key assumptions: that the size distribution of 
micelles is narrow (i.e., M w « M N for micelles), that the star m o d e l is val id, 
and that the density of the micel le clusters is proport ional to that of the 
micelles themselves (19). T h e first two assumptions are strongly supported by 
the D L S experiment. T h e t h i r d assumption and the details o f the data 
analysis are discussed i n detail i n reference 19. T h e essence of this analysis is 
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Figure 11. A plot of R H / Q N l / 2 5 N | / 5 

vs. Q N | / 2 5 N | / 5 for a series ofPS~PEO 
diblock and triblock copolymers. The 
lower data fit the star model and corre
spond to the micelles. The upper data set 
is due to large secondary aggregates 

(clusters) of micelles. 

CD 

35 110 140 

N 3 / 5 N 4 / 2 5 Q 
A Β 

Table I. Characteristics of Block Copolymer Samples and Their Micelles 
in Water 

Sample 
Name N B (PS) NA (PEO) M n Ν R H (nm) R c o r e (nm) 

Diblock 
DB23 110 400 
DB40 36 236 
DB41 36 450 
jlm5 17 155 

Triblock 
TB19 40 2 X 100 
TB51 18 2 X 200 
jlm4 41 2 X 180 
jlm6 35 2 X 164 
j l m l l 47 2 X 240 

28,700 290 23 12 
14,100 120 14 5 .6 
23,600 120 19 6.0 

8,500 64 9 3 .5 

13,100 130 12 5.8 
20,000 67 9 3.6 
20,000 130 13 6.0 
18,000 120 13 5.5 
26,000 150 18 6.8 

that the proportionality assumption is not bad, but the proportionality con
stant for tr iblock copolymer micelles is different f rom that for diblocks. As a 
consequence, we can calculate W M , Mn (micelle), and the mean aggregation 
number Nn for each micel le . Important characteristics of the polymers and 
the micelles are collected i n Table I. 

PEO with Hydrophobic End Groups 

P E O polymers containing hydrophobic e n d groups are members of a class o f 
polymers known as associative thickeners (ATs) . These substances are added 
at about 0 .5 -2 w t % to latex paint formulat ion to modify the rheology and to 
reduce splatter. A t higher concentrations the solutions w i l l gel, presumably 
because the e n d groups associate to form micel lel ike aggregates, br idged by 
the network of P E O chains. A typical l inear A T has the structure 

R O - ( D I - 0 - P E O - 0 - ) n D I - O R 
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where D I is a diurethane, formed typically f rom toluene diisocyanate or 
isophorone diisocyanate, and R is an alkyl or an alkylaryl (e.g., nonylphenyl) 
group. I n many of these materials, the P E O has M n = 8000 w i t h a narrow 
molecular-weight distr ibution ( M W D ) . Average η values range f rom 2 to 50. 
T h e final polymers, produced by condensation of the reactants, have a broad 
M W D . R o h m and Haas markets an associative thickener (R = C 1 2 H 2 5 ) 
under the trademark R M - 8 2 5 . 

Another class of associative thickeners is based u p o n cellulose derivatives. 
F o r example, A q u a l o n produces a hydrophobical ly modi f ied hydroxyethylcel-
lulose ( H M H E C ) containing a small amount ( < w t % ) of alkyl chains ( C 1 2 to 
^ 2 4 > e * ë * ' Natrasol 250 G R ) . Fluorescent probe experiments were employed 
(23) to study the networks formed by these polymers i n water. T h e fluores
cence data show that the hydrophobic groups of H M H E C associate to form 
clusters above a crit ical polymer concentration of 500 p p m . 

O u r experiments (24) employed a series of m o d e l materials (R = 
C 1 6 H 3 3 ) prepared by the Bassett group at U n i o n Carb ide . W e added these 
polymers to aqueous solutions containing a fixed concentration of pyrene 
(6 X 10 ~ 7 M ) and examined the changes i n the probe fluorescence as a 
funct ion of c for two samples of 1 w i t h M w = 40,000 and 47,000 ( M w / M n 

= 1.3 and 1.5, respectively). T o estimate the onset of association, we took 
advantage of the shift i n the excitation spectrum of P y akin to that shown i n 
F igure 2: B y choosing X e x == 338 n m P y is selectively excited i n a hydropho
bic environment. A plot of fluorescence intensity I versus log c is sigmoidal 
(F igure 12). T h e rising port ion of the curve indicates the onset of end-group 
association coupled w i t h P y parti t ioning into the micel lel ike clusters ( M L C ' s ) 
that form. 

A more elegant, but less general, approach to this prob lem was reported 
recently by Richey et al. (25), w h o prepared a derivative of 1 w i t h 4 - ( l -
pyrenebutyl) e n d groups ( P y A T ) . Viscosity studies suggest that P y A T and 1 
w i t h R = C 1 2 H 2 5 have e n d groups of comparable hydrophobicity. W i t h Py 
groups serving as the hydrophobic substituents, fluorescence experiments 
report directly u p o n association without complications due to probe parti t ion
i n g between phases. In very dilute solution, P y A T forms a small amount o f 
excimer (concentration-independent) because of self-cyclization. A t higher 
concentrations I E / i M increases w i t h c due to intermolecular end-group 
association. T h e crossover for P y A T ( M w = 60,000; M w / M n = 2) occurs at 
c = 5 p p m . This value is i n the same range as that inferred for our samples 
shown i n F igure 12. 

T h e most important information about these polymers is their aggrega
t ion number , the n u m b e r o f chain ends per M L C . W e have as yet no 
information about whether a closed-association model , w i t h a narrow distr i 
but ion of ends groups per M L C , or an open-association model , involving 
aggregates whose size depends upon end-group concentration, provides a 
better description of association i n this system. 
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Figure 12. Plot of the fluorescence intensity (lower two curves) and mean 
fluorescence decay times (upper two curves) as a function of polymer 
concentrations for 1 (R = C16H33). Key: open symbols, Mw = 40,000; and 

closed symbols, M w = 47,000. 

T o begin, mean aggregation numbers, Nn must be determined. Richey 
et al . (25) approached this p r o b l e m by adding incremental amounts o f P y A T 
to solutions of R M - 8 2 5 , keeping the total c fixed at 0.02 w t % . This approach 
enhances the probabil i ty of finding two or more P y per micel le , w h i c h should 
lead to excimer emission, as opposed to monomer emission from M L C 
containing only one Py. In this way the authors (25) calculated Nn = 6 e n d 
groups per micel le f rom analysis of their IE/IM data. This number depends 
u p o n the unfortunate assumption that monomer and excimer have identical 
quantum yields and that an excimer w i l l be f o r m e d whenever two pyrenes 
occupy one M L C . W e n o w know the second assumption is not correct (26). 

W e also used P y excimer emission to determine mean aggregation 
numbers. I n the course o f our experiments w i t h pyrene as a probe (24), we 
noticed that over a l imi ted range of polymer concentration, P y excimer 
emission could be observed. This observation is i n many ways remarkable. 
W i t h the bulk P y concentration he ld at 6 X 1 0 ~ 7 M , a strong parti t ioning of 
P y into a relatively small n u m b e r o f micel lel ike aggregates w o u l d be neces
sary to achieve local concentrations h igh enough for excimers to be formed. A 
plot of IE/IM versus log c is shown i n F igure 13. T h e maximum i n this plot 
can easily be understood: at l o w c most of the P y is i n the aqueous phase. 
M L C ' s composed of e n d groups form as c increases, and P y partitions 
between the micel lar and aqueous phases. A t high c values most of the P y is 
located i n the M C L ' s , but because the n u m b e r o f M C L ' s vastly exceeds the 
n u m b e r o f P y molecules, the probabil i ty of finding two P y i n the same 
micelle is negligible, and IE drops to zero. 
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0.12 

0.00 H • 1 » 1 — 1 · ι i 1 
- 3 . 5 - 2 . 5 - 1 . 5 - 0 . 5 0 . 5 1 . 5 

log c ( g/L, polymer) 

Figure 13. The intensity ratio l%/lM as a function of polymer concentration for 
the two samples of 1 described in Figure 12. 

T h e maximum i n the ί Ε / ί Μ versus c plot should occur at the point at 
w h i c h the number of M L C ' s is half the n u m b e r of P y molecules. F r o m this 
assumption and knowledge o f the molecular weight of the polymers, mean 
aggregation numbers can be determined. These refer to the average number 
of chain ends per M L C . W e find Nn = 15 for the sample w i t h the lower 
molecular weight and Nn = 25 for the sample w i t h the higher molecular 
weight. These numbers are small compared to those for normal nonionic 
surfactants, and somewhat larger than that calculated by Richey et al . for 
their polymer at m u c h higher polymer concentration. 

These types o f experiments now need to be extended to a broader range 
of polymer concentrations, e n d groups, and chain lengths. I n addition, more 
reliable M n values are needed for the A T s to calculate the aggregation 
numbers. Values determined by size exclusion chromatography alone depend 
upon c o l u m n calibration and other factors that make the three aggregation 
numbers reported here only estimates of their true values. 

In summary, the essential features of associative thickener behavior i n 
water are first, that the e n d groups associate to form micel lel ike aggregates; 
second, the onset of association occurs i n the parts-per-mil l ion concentration 
range; and, finally, the mean aggregation numbers are m u c h smaller than 
those of corresponding alkyl P E O nonionic surfactants. 
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Summary 

Water-soluble polymer containing hydrophobic substituents f o r m micel lel ike 
clusters i n water. F o r rigid cellulosic polymers, the association is interpoly-
meric w i t h little evidence for intramolecular association of the substituents. 
F o r more flexible l inear polymers, the nature of the interaction can depend 
u p o n chain microstructure and the location of the hydrophobic substituents. 
Those at the chain ends, as i n C n - P E O ~ C n , undergo strong interpolymeric 
associations to form micel lel ike clusters composed of a small number of e n d 
groups (6 to 25). O n l y at parts-per-mil l ion concentrations is there a d o m i 
nance of intramolecular end-group interactions. 

I n the P N I P A M containing a random distribution of Cn substituents, 
hydrophobic association seems to be intramolecular i n origin. N o detectable 
association is seen when the chains are short (e.g., C 1 0 ) , but pronounced 
association is seen for longer chains (e.g., C 1 4 and C 1 8 ) . These micel lel ike 
aggregates are more rigid, and presumably smaller i n size, than traditional 
surfactant micelles. U p o n heating solutions of hydrophobical ly modi f ied 
P N I P A M and H P C above their respective L C S T s , the micelles are disrupted. 

P E O - P S and P E O - P S - P E O block copolymers behave quite differently. 
I f these polymers have a narrow M W D , they undergo a sharp association 
transition (a true C M C ) w i t h increasing concentration. T h e y form spherical 
micelles w i t h a very narrow distr ibution o f sizes. T h e i r sizes and Nn values 
seem to be w e l l described b y the star mode l of b lock copolymer micelles. 
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Metachromasy: The Interactions 
between Dyes and Polyelectrolytes 
in Aqueous Solution 

Roger W. Kugel 

Department of Chemistry, Saint Mary's College of Minnesota, 
Winona, M N 55987 

The literature on metachromasy is reviewed and two quantitative 
analytical methods for poly (acrylate-co-acrylamide) based on the 
metachromatic effect are proposed. The color-array method allows for 
the visual determination of polymer concentration by observing the 
color of toluidine blue O, cresyl violet acetate, or safranine Ο at 
various P/D (polymer acrylate residue to dye molecule) ratios. An 
abrupt color change is observed at P/D = 1. The complexation– 
extraction method is based on the removal of the dye Janus green Β 
from solution by complexation with poly (acrylate-co-acrylamide) fol
lowed by extraction with 1,1,2-trichlorotrifluoroethane (Freon) sol
vent. Typical concentration ranges for both tests were 0-10 ppm 
polymer (0-7.4 X 10-5 M acrylate residue) and 1-6 Χ 10-5 M dye. 

ETACHROMASY IS THE COLOR CHANGE IN THE DYE ABSORPTION SPECTRUM 
that occurs w h e n certain cationic dyes interact w i t h anionic polyelectrolytes i n 
aqueous solution. This metachromatic effect was first observed i n the field of 
histology where it was observed that certain dye stains changed color w h e n 
complexed by proteins or nucleic acids and could, therefore, be used to 
selectively stain various subcellular structures. T h e term "metachromasy" was 
co ined b y E h r l i c h to describe the appearance of more than one color i n tissue 
stained by a single dye ( I ) . Since the discovery of this phenomenon, a large 
body of research has developed around the study of the nature o f the 
interaction between dyes and polyelectrolytes, the effects of the interaction 

0065-2393/93/0236-0507$07.75/0 
© 1993 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

9

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



508 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

on absorption or fluorescence properties of the dye, the types of dyes capable 
of interacting w i t h polyelectrolytes and undergoing a metachromatic shift, the 
types of polyelectrolytes capable o f serving as substrates for the metachro
matic dyes, and finally the uses to w h i c h the phenomenon of metachromasy 
can be put. This chapter reviews the status of research i n the field of 
metachromasy and proposes two n e w analytical methods for anionic polyelec
trolytes based o n this phenomenon. 

Dyes and Polymers That Interact 

T h e metachromatic effect has been observed between cationic dyes and 
anionic polyelectrolytes and between anionic dyes and cationic polyelec
trolytes, although interactions of cationic dyes have been studied more 
commonly. Some of the cationic dyes that interact w i t h anionic polyelec
trolytes include acridine orange and its derivatives ( 2 - 7 ) , methylene b lue 
(8-11), toluidine blue (12, 13), bri l l iant cresyl blue (14), cresyl violet (15), 
e th idium bromide (16), SL variety of cyanines (12, 17, 18), and phthalocya-
nine dyes (19) as w e l l as a n u m b e r of others. A n i o n i c polyelectrolytes that 
have the capability to induce a metachromatic color change i n cationic dyes 
are k n o w n as chromotropes. Polyelectrolytes that can serve as chromotropes 
for dyes include synthetic polyphosphates, polyacrylates, polysulfonates, poly-
sulfates, carboxylated polysaccharides, polyphenols, and so forth, as w e l l as a 
variety of naturally occurring proteins and nucleic acids. Actual ly, a relatively 
small fraction o f the commercial ly available cationic dyes show a metachro
matic shift i n the presence of anionic polyelectrolytes. T h e dyes that do 
display metachromatic shift generally do so w i t h a wide variety of polyanions, 
even exotic ones l ike 11-tungstocobaltosilicate (20). 

Some restrictions on the polymer chain length of the chromotrope were 
discovered by Yamaoka et al . (21), w h o found a m i n i m u m critical range o f 
polymer chain length of 7 - 2 0 monomer units i n polyphosphate chromotropes 
for metachromasy to occur. General ly, however, the chemical nature o f the 
anionic sites on the chromotrope has little effect on the metachromatic shift 
exhibited by a given dye (3 , 22). 

O n l y a few m i n o r polyelectrolyte-dependent differences i n metachro
masy have been noted. Methylene blue, for example, showed an apparently 
greater tendency to aggregate w h e n b o u n d to poly (vinyl sulfate) than w h e n 
b o u n d to poly (styrene sulfonate) (11). This tendency resulted in a greater 
hypsochromic-metachromatic shift i n the poly(v inyl sulfate) case than i n the 
poly (styrene sulfonate). However , the same basic absorption peaks due to 
b o u n d m o n o m e l i c (662 nm), dimerie (610 nm), and higher aggregated forms 
(550 nm) o f methylene blue were observed for both polyelectrolytes. There
fore, i n this case, the different spectral changes observed for the two 
polyelectrolytes w i t h methylene blue were the result o f different amounts o f 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

9

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



19. K U G E L Metachromasy 509 

the b o u n d forms of dye rather than inherently different chemical interac
tions. 

The Nature of the Metachromatic Interaction 

E a r l y studies on the nature of the metachromatic interaction suggested that 
the spectral shifts were due to aggregation of the dyes b o u n d to the surfaces 
of the polyanions (7, 19, 2 3 - 2 9 ) . Similar spectral changes were observed i n 
solutions of the dyes themselves at high concentrations or l o w temperatures, 
and these changes were bel ieved to be due to stacking of relatively planar dye 
molecules (30) . Al though the aggregation explanation is generally correct, the 
metachromatic interaction is understandably more complex than simple dye 
aggregation. Vitagliano (31) reviewed the research on metachromasy u p to 
1975. 

Studies of the effect of ionic strength o n metachromasy found that h igh 
ionic strength decreased the number o f dye molecules attached to the 
polyelectrolyte, but had no effect on the spectrum of bound-dye species (15, 
32, 33). These observations were interpreted to be the result o f the displace
ment of individual dye cations f r o m the polymer surface by electrolyte cations 
at h igh ionic strengths. However , because the bound-dye spectra i n these 
studies were unchanged, the simple stacking theory o f metachromasy is an 
imperfect m o d e l of polyelectrolyte-dye structure. Other studies examined 
h o w changing the dielectric constant of the solvent affected the extent of the 
metachromatic interaction (34, 35). Such studies found that lowering the 
dielectric constant of the solvent decreased metachromasy. This observation 
is understandable i n terms o f an aggregation m o d e l because i f a dye is more 
soluble i n a particular solvent, it w i l l show less tendency to aggregate on a 
polymer surface. 

I n further studies, Pa l and G h o s h (12) reported two types of metachro
matic interactions o f the dye pinacyanol chloride w i t h synthetic polyanions. 
O n e type of interaction caused a sharp red-shifted b a n d that was ascribed to 
regular stacking of dye molecules o n the surface of the polyanion; the other 
type of interaction caused a broad mult iple-banded spectrum that was 
ascribed to more random irregular interactions of the dye molecules. Regular 
stacking occurred at polymer residue-to-dye molar ratios ( P / D ) of 2, w h i c h 
indicated that w h e n dye molecules were located on alternate anionic sites o n 
the polymer, they w o u l d stack together i n a regular arrangement, whereas at 
P / D ratios near 1 the stacking was more c rowded and irregular. 

P a l and G h o s h also studied the metachromasy of pseudoisocyanine 
chloride ( P I C ) i n the presence of deoxyribonucleic ac id ( D N A ) or various 
v iny l polyanion chromotropes (18). T h e y f o u n d that many, but not al l , 
polyanions caused a sharp red-shifted b a n d (known as a / band) i n the 
spectrum of P I C . This b a n d was attributed to a particular staggered stacking 
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arrangement of the P I C dye on the alternate anionic sites of the chromotrope 
that gave a staircaselike arrangement of the angular P I C dye molecules. 

Shirai et al . (22) studied the metachromasy of methylene b lue w i t h 
poly (sodium acrylate) and found that the wavelength of the metachromatic 
band reflects the strength o f the stacking of the b o u n d dyes: the shorter the 
wavelength of the metachromatic band, the stronger the stacking o f the 
b o u n d dyes. 

Scott (19) studied the metachromasy of cationic phthalocyanine dyes and 
found that these dyes were already aggregated i n dilute aqueous solution and, 
therefore, already metachromatic even before any polyanion was added. 
Apparently, a metachromatic dye must be a dye that has a tendency to 
aggregate, but can be disaggregated i f the solution is dilute enough. 

I n a summary of aggregation phenomena i n xanthene dyes, Valdes-
Agui lera and Neckers (36) proposed that parallel aggregation (stacking), 
w h i c h they cal led Η-type aggregation, resulted i n a metachromatic shift to 
the shorter wavelengths (hypsochromic shift) and linear aggregation (head-
to-tail), w h i c h they cal led J-type aggregation, resulted i n a metachromic shift 
to longer wavelengths (bathochromic shift). Condit ions that favor one type o f 
aggregation over another could provide structural information o n the polymer 
and its complexation w i t h the dye. 

Evidence for the importance of the role o f electrostatic interactions i n 
the metachromatic effect was obtained by C a r r o l l and C h e u n g (8), w h o 
studied the interaction of the cationic dye methylene blue w i t h carboxylated 
starches. T h e thermodynamic behavior of the reaction indicated that the 
interaction was primarily electrostatic. T h e dye was adsorbed i n the d imer ic 
form and i n a 1:1 ratio w i t h carboxylate groups o n the starch. 

G u m m o w and Roberts ( 37 ) studied the metachromasy of anionic dyes 
on the polycationic chromotrope chitosan and developed a n e w theory for the 
origin of the metachromatic effect i n general. A c c o r d i n g to this theory, 
metachromasy does not arise because of adsorption of ionic dye molecules to 
specific counterionic sites o n the polymer backbone, but rather because o f 
the increased concentration of dye molecules i n the vicinity (electrostatic 
domain) of the polyelectrolyte molecules. T h e aggregation o f dye molecules is 
then a natural consequence of this increased concentration and is similar to 
the aggregation observed at higher dye concentrations and driven b y hy
drophobic interactions between adjacent dye molecules i n solution. 

Al though this electrostatic domain explanation is possible, it does not 
account for the sharp metachromatic color changes observed i n quantitative 
studies at P / D ratios of 1. In other words, the stoichiometry of metachro
masy suggests that the dye molecules coordinate to specific charged sites o n 
the polyelectrolyte molecule. 

Shirai et al . (9 , 38) studied the metachromatic behavior o f methylene 
blue w i t h poly (vinyl sulfate) homologs. Ev idence for saturation and reversal 
of the metachromatic effect at h igh P / D ratios was reported. Shirai et al . also 
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19. K U G E L Metachromasy 511 

observed that the metachromatic effect could be reversed by the addit ion of 
large excesses of K C l or urea, and they found evidence that both electrostatic 
and hydrophobic interactions contribute to the b i n d i n g of cationic dyes to 
polyanions. A correlation between the b i n d i n g strength of dye and the 
flexibility of the polyanion was observed. Shirai et al . concluded that the 
stacking of dye molecules is facilitated by conformational changes (coiling) of 
the polyanion as its charge is neutral ized by complexation of the cationic dye 
molecules. T h e significance of this work for polymer studies is that metachro
masy may be used as a probe of polymer conformation. 

A n u m b e r of other studies of the nature of the interaction between 
cationic dyes and anionic polyelectrolytes have been carried out ( I I , 22, 
39-47). F o r example, Yamagishi and Watanabe (40) f o u n d little dependence 
o n the alkyl chain length of N-alkylated acridine orange interacting w i t h 
polystyrene sulfonic acid, Y u n et al . (41) found evidence for both dye b inding 
and aggregation i n a study of the effects of salts and soluble organic 
compounds on metachromasy, and Shirai et al. (22) found that the magni
tude of the metachromatic effect was directly related to the flexibility and 
charge density o f the polymer whereas differences i n the chemical nature o f 
the anionic charged sites were less important. 

T h e preceding metachromasy studies and, i n particular, those of Shirai 
et al . (22) and P a l and Schubert (29), suggest that the interaction between 
ionic dyes and polyelectrolytes is the result o f the interplay of three types of 
interactions: 

1. T h e electrostatic interaction of ionic dye molecules w i t h oppo
sitely charged sites on the polyelectrolyte chain. 

2. T h e hydrophobic interaction of dye molecules w i t h each other 
and w i t h nonpolar sites on the polyelectrolyte. 

3. The interaction between pi-electrons on adjacent, adsorbed dye 
molecules. 

A m o n g these interactions, the t h i r d interaction probably has the greatest 
influence on the spectral properties of the adsorbed dye, because the 
pi-electrons of the dye are those directly involved i n the light absorption and 
emission processes. Ionic dyes that show no observable metachromatic effect 
w i t h oppositely charged polyelectrolytes can (and probably do) interact w i t h 
the polymeric electrolytes, but they interact i n such a way that the pi-elec
trons of the dye are relatively unaffected b y the interaction. In other words, 
i n nonmetachromatic dyes the bound-dye chromophore is indistinguishable 
f rom the free-dye chromophore. Some evidence for this hypothesis was found 
i n the present study where in certain cationic dyes that showed no metachro
matic shift w i t h poly(acrylate-co-acrylamide) i n aqueous solution stil l fo rmed 
complexes w i t h and gradually coprecipitated w i t h these polymers. 
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The Free-Energy Change of the Metachromatic 
Interaction 

Metachromasy occurs w h e n certain dyes and polyelectrolytes are present i n 
the same solution because the interaction lowers the free energy of the 
system. Quantitative studies of metachromasy using the principal-component 
analysis technique were carr ied out (3 , 4, 16, 39, 48, 49) and some 
equihbr ium constants for the metachromatic interaction were measured. 
Some of these measurements indicated that the entropy of interaction played 
a significant role i n the driving force for metachromasy (2 , 35, 42). I n other 
words, the entropy of the system was significantly increased b y the interaction 
of the dye w i t h the polyelectrolyte. F o r example, N i s h i d a and Watanabe (35) 
measured the b i n d i n g entropy o f acridine orange wi th poly (sodium acrylate) 
i n water and water-organic solvent mixtures. Values between 6 and 34 
c a l / m o l - K for the entropy of b inding , w h i c h generally increased w i t h solvent 
dielectric constant, were obtained. Thus the entropy o f interaction was the 
greatest i n water. Furthermore , i n aqueous solution the b i n d i n g reaction was 
found to be endothermic, so the entire dr iving force for the metachromatic 
interaction came f r o m the entropy term. This positive entropy change may be 
understood i n terms of a greater flexibility o f the polyelectrolyte chain w h e n a 
n u m b e r of ionic sites are neutral ized by adsorbed dye molecules. It might 
also be expected that this partial charge neutralization w i l l increase the 
solvation entropy. 

Metachromasy and Energy Transfer 

Shirai et al . carried out a n u m b e r of studies o f energy transfer i n dyes b o u n d 
to polyelectrolytes (11, 50 -55 ) . These studies focused on energy transfer i n 
methylene blue adsorbed to various polyelectrolytes, such as poly (styrene 
sulfonate), poly (vinyl sulfate), polyacrylate, and polymethacrylate. T h e results 
suggest that polyanions can act as templates for energy transfer or chemical 
reaction to br ing the molecular partners into close proximity for transfer or 
reaction to occur. Aggregation of methylene blue on the polyelectrolytes 
tended to spoil its energy-transfer potential, presumably because of the 
shorter excited-state lifetimes of dimers and higher aggregates (51, 53, 55). 
Poly (styrene sulfonate) and poly (vinyl sulfate) were found to be m u c h more 
effective than polyacrylate and polymethacrylate at mediating excitation en
ergy transfer between b o u n d dyes (52). This mediation mechanism may be 
due to the presence of sulfur atoms i n the poly (styrene sulfonate) and 
poly (vinyl sulfate) and the ability of the sulfur atoms to enhance the 
singlet - tr iplet intersystem crossing efficiency of methylene blue. I n any 
event, energy-transfer rates were as m u c h as 67 times higher i n the presence 
of polyelectrolytes than i n their absence. 

Another interesting study of energy transfer and metachromasy was 
carried out by Baumgartner et al . (56). I n this study the ability of methyl 
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19. K U G E L Metachromasy 513 

viologen to quench the fluorescence of 1-naphthylamine was inhib i ted by the 
presence of polyelectrolytes. I n other words, the solution phase energy 
transfer that normal ly occurs between 1-naphthylamine and methyl viologen 
was reduced b y the addition of poly (vinyl sulfonate) or poly (styrene sul
fonate) electrolytes. T h e fluorescence of 1-naphthylamine, w h i c h is quenched 
by methyl viologen, is " u n q u e n c h e d " by further polyelectrolyte addit ion. I n 
the absence of methyl viologen, however, the polyelectrolyte had no effect o n 
1-naphthylamine fluorescence. T h e results are interpreted i n terms of a 
sequestering of the (charged) methyl viologen i n the electrostatic domains of 
the polyelectrolyte. In this case, therefore, the interaction between the dye 
and the polyelectrolyte actually reduced the energy-transfer potential because 
the polyelectrolyte d i d not concentrate the energy donor molecule (1-naph
thylamine) where the acceptor molecule (methyl viologen) resides. 

I n a classic experiment o n energy transfer between D N A and adsorbed 
acridine dyes, Isenberg et al . ( 5 7 ) observed and studied delayed fluorescence 
of the D N A - b o u n d dyes. Based on the assumption of an intercalation m o d e l 
of adsorption [the relatively flat acridine dyes slide between the base pairs o f 
D N A (58, 59)], they concluded that w h e n a D N A chromophore (base pair) 
absorbs light, some of the energy of the excited singlet state is converted into 
the lower energy triplet state, w h i c h is a long-l ived state. T h e triplet energy 
can j u m p from base pair to base pair up and d o w n the chain dur ing its long 
l i fet ime unt i l it decays spontaneously by D N A phosphorescence, degrades to 
heat, or, i f dye is present, transfers to an intercalated dye molecule and 
triggers delayed fluorescence. This observation of triplet migration, some
times cal led exciton transfer or triplet d e r e a l i z a t i o n (60), also substantiated 
the intercalation mode l for acridine dye adsorption to D N A because triplet-
to-singlet energy transfers f r o m D N A to dye must take place over very short 
(contact) distances. 

Metachromasy as a Structural Probe 

A n u m b e r of studies have examined the effects of structural properties of 
polyelectrolytes o n metachromasy. Because i n many instances the metachro
matic effect is sensitive to structural changes, it may be used as a structural 
probe for polyelectrolytes. T y p i c a l polymer structural properties measured by 
metachromatic techniques include intrinsic viscosity, conformation, and chain 
length, but other properties may be probed as w e l l . T h e studies covered here 
include both absorption and fluorescence techniques, and these topics w i l l be 
used as a convenient, though somewhat arbitrary, division for the review. 

Metachromatic Absorption Studies of Polymer Structure. 
Absorpt ion studies include those metachromatic experiments i n w h i c h 
U V - v i s i b l e absorption spectrophotometry is the pr imary tool for analysis. 
Other physical measurement techniques, such as dialysis or viseosimetry, are 
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often used i n conjunction w i t h the spectrophotometry but do not constitute 
the pr imary method of use. Structural parameters of the polyelectrolytes— 
conformation, chain length, charge density, hydrophobicity, tacticity, distance 
of charged sites f rom polymer backbone, e t c .—may be varied systematically 
and the effects o n the metachromasy of various dyes noted. Those parameters 
that have a consistent, predictable effect o n the metachromasy of a particular 
dye may be probed by that dye i n an unknown polymer system. Caut ion must 
be used i n interpretation of the results o f such experiments, however, 
because changes i n metachromasy are fairly nonspecific. I n other words, a 
variety o f changes i n structural parameters or even conditions of the experi
ment may cause similar metachromatic changes w i t h a given dye. Care must 
be taken, therefore, to ensure that only one parameter has been varied before 
metachromatic changes are assigned to changes i n that parameter. 

Vitagliano (31) reported the effect o f polymer conformation o n the 
metachromasy of acridine orange. I n this study, acridine orange was b o u n d to 
polyacrylic acid and polymethacrylic acid at P / D ratios of 7600 and 8000 
under acidic conditions at l o w degree of neutralization ( a N ) values. U n d e r 
these conditions the polyelectrolytes were assumed to be i n a tightly coi led 
form because of their hydrophobicity, and the acridine orange showed the 
characteristic spectrum of m o n o m e l i c b i n d i n g to the polyelectrolytes. A s base 
was added and aN increased, the polymers underwent a conformational 
change (at aN — 0.1-0.3) as they became more ionized and the acridine 
orange spectrum shifted to the characteristic spectrum of aggregate b inding . 
I n other words, i n this system the adsorbed acridine molecules could migrate 
and aggregate more readily w h e n the polyelectrolytes to w h i c h they were 
b o u n d were i n an open rather than coi led form. Other things be ing equal, 
under these conditions acridine orange could be used as a sensitive probe o f 
polyacrylic acid or polymethacrylic ac id conformation. 

Shirai et al. also studied the effects of conformational changes o f poly
electrolytes on metachromasy (9, 22, 38, 61). I n these studies the interaction 
of methylene blue w i t h various polyelectrolytes was examined spectrally. T h e 
results suggested that important factors for metachromasy are the flexibility 
and charge density o f the polymer: the more flexible the polyanion or the 
higher its charge density, the greater was the tendency of adsorbed methy
lene blue to aggregate. Viscosity measurements (38) also indicated that 
conformational changes i n the polymers c o u l d be i n d u c e d b y dye adsorption; 
that is, b i n d i n g of cationic dyes to anionic polyelectrolytes neutralizes the 
charge o f the polyanion and causes the polymer molecules to co i l u p . 
Methylene blue was found to aggregate more readily w h e n adsorbed to 
polymers i n the fol lowing order (22): poly (sodium maleate-co-vinyl alcohol) 
> poly (sodium acrylate) > poly (sodium methaerylate). T h e poly (sodium 
maleate-co-vinyl alcohol) might b i n d more effectively to the cationic dye 
because of its vic inal anionic sites, and the poly (sodium acrylate) might allow 
dye aggregation more effectively than the poly (sodium methaerylate) because 
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19. K U G E L Metachromasy 515 

of its higher flexibihty. Thus , the ability of a polyanion to induce metachro
masy i n methylene blue might be used as a probe for flexibihty or charge 
density of the polyanion. 

I n a further study of polymer conformation Guhaniyogi and M a n d a i (10) 
observed the metachromatic effect of the dye pinacyanol w h e n it interacted 
w i t h short-chain benzene-soluble polymers that had carboxylate e n d groups. 
I n this case, the dye showed a metachromatic shift due to dimerizat ion under 
conditions that al lowed the intramolecular association of polymer e n d groups. 
Therefore, the observed spectral shift was used as a probe of polymer 
conformation i n nonaqueous media. 

I n some studies the degree of polymerizat ion o f the polyanion also was 
found to affect the ability of a dye to engage i n a metachromatic interaction 
w i t h the polyanion (9 , 21, 38, 62). F o r example, Yamaoka et al. (21) studied 
the metachromatic interaction of crystal violet w i t h sodium polyphosphates of 
varying chain length. T h e metachromasy o f this dye was found to increase 
sharply i n a narrow range o f chain lengths f rom 7 to 20 monomer phosphate 
units. A n effect o f degree of polymerization on metachromasy also was seen 
to a certain extent w i t h carbon-backbone polyanions (9) . However , above a 
crit ical m i n i m u m value, the degree of polymerizat ion had an insignificant 
effect o n the strength of the metachromatic interaction (22). 

T h e effects of polymer chain tacticity were also studied using metachro
masy (22, 31, 63). I n a study of the interaction o f acridine orange w i t h 
various polyelectrolytes, for example, it was found that the b i n d i n g strength 
was higher and the stacking coefficient was lower w i t h isotactic poly
methacrylic acid and poly(styrenesulfonic acid) than w i t h the corresponding 
atactic polyacids (63). T h e results were interpreted i n terms of a relatively 
stable helical conformation of the isotactic polyacids w i t h the carboxylate 
groups facing outward. T h e dye can associate readily w i t h these exposed 
anionic groups, but the helical conformation might be more difficult to 
disrupt to facilitate dye aggregation. It has also been suggested (31) that i n 
the case of isotactic poly (styrene sulfonate) the arrangement of aromatic 
groups around the helical backbone chain may allow some k i n d o f partial 
intercalation of dye molecules similar to that proposed for the interaction o f 
acridine dyes w i t h D N A (64). 

Furano et al . (65) described the use of the metachromasy of acridine 
orange to probe the conformation of ribonucleic ac id ( R N A ) i n ribosomes. 
Compar ison o f the sensitivity of the extinction coefficient o f acridine orange 
w i t h the P / D ratio and the dye stacking coefficient Κ for a variety of 
ordered and disordered R N A s y ie lded a useful correlation. I n particular, a 
highly ordered (double-helical) R N A gave a rapid loss i n extinction of 
acridine dye w i t h polymer addit ion and a low stacking coefficient, whereas a 
disordered R N A gave a more gradual loss i n extinction and a high stacking 
coefficient. This test was appl ied to ribosomal R N A and l e d to the conclusion 
that R N A i n the ribosomes had little double-hel ical structure. This conclu-
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sion, i n turn , resulted i n a general mode l of ribosomal structure. S imilar 
results by Stone and Bradley established acridine orange as a structural probe 
for D N A conformation (66). 

Recently P a l and M a n d a i (98) used the metachromatic interactions o f 
1,9-dimethyl methylene blue and pinacyanol w i t h potassium alginate poly
mers to probe conformational changes of these polymers. C i r c u l a r dichroism 
induced i n the spectra of these dyes suggested that the dye molecules 
complexed w i t h the polymers i n a hel ical arrangement. These observations 
prompted P a l and M a n d a i to infer a left-handed helical conformation for 
potassium alginate i n solution. Genera l results of such experiments must be 
interpreted w i t h caution, however, because h igh concentrations of dyes 
aggregated o n a polymer conceivably could influence the conformation of the 
polymer. 

Metachromatic Fluorescence Studies of Polymer Structure. 
Luminescence techniques i n general have been used widely and successfully 
i n the study of polymers and their properties. M a n y of these studies involve 
polymers that have covalently attached fluorescent groups or pendant side 
chains. Because metachromasy technically involves only the interaction be
tween polymers and dyes that are not covalently attached, this chapter w i l l 
not address structural studies of inherently fluorescent polymers or polymers 
covalently tagged w i t h fluorescent probes. T h e reader is referred, instead, to 
excellent reviews on this subject (67-70). Fluorescence metachromasy as a 
polymer structural probe may be divided into two categories: interactions 
w i t h naturally occurr ing polymers and interactions w i t h synthetic polymers. 

Naturally Occurring Polymers. Fluorescence metachromasia cov
ered i n an early review by Stockinger (71) also had its origins i n the field o f 
biological stain technology. Cer ta in dyes, k n o w n as fluorochromes, b i n d to 
specific naturally occurring polymers or complexes and highlight subcellular 
structures where these polymer compounds are concentrated. This highlight
ing allows the subcellular structures to be v iewed b y fluorescence microscopy. 
Acr id ine orange presents a classic example of the usefulness of this method 
because, under the proper conditions, acridine orange complexed wi th D N A 
fluoresces yellow-green, whereas acridine orange complexed w i t h R N A fluo
resces red-orange. Therefore, the chromosomes i n a cel l nucleus ( D N A ) can 
be distinguished readily f rom the nucleolus ( R N A ) b y using a single stain 
procedure. This dual fluorescence arises because of differences i n the inter
actions between acridine and the two nucleic acids, and can be used as a 
probe for D N A or R N A . Other dyes serve as effective fluorochromes for 
proteins, carbohydrates, and lipids (72) i n the fluorescent staining of biologi
cal structures. Some of the uses of these fluorescing molecules for the 
elucidation of naturally occurr ing polymer structures are summarized i n the 
fol lowing paragraphs. 
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P a l (24) s tudied the fluorescence of acridine orange and rhodamine 6 G 
i n the presence of natural polyelectrolytes l ike D N A , chondroit in sulfate, and 
λ-carageenan. Absorpt ion metachromasy and fluorescence quenching were 
observed to different extents for both dyes, and the effects were found to be 
reversable by the addition of salts, urea, or alcohols. These results were not 
surprising because both effects (metachromasy and quenching) were known 
to accompany dye aggregation at higher concentrations. 

N i l e red is a fluorescent dye that has an emission wavelength that is a 
sensitive function of solvent polarity. In hydrocarbons, N i l e r ed fluoresces 
yel low-gold whereas i n ethanol it fluoresces red (73). This fact was ut i l ized i n 
a novel way i n a study i n w h i c h N i l e r ed was used as a polarity-sensitive 
fluorescent probe of hydrophobic protein surfaces (74). Interaction of N i l e 
red w i t h various types of proteins enhanced and blue-shifted the fluorescence 
of the dye to an extent related to interaction of the dye w i t h the hydrophobic 
domains on the protein surfaces. The dye could be used to monitor partial 
denaturation of a protein and the concomitant exposure of hydrophobic 
groups by fol lowing the progressive shift i n fluorescence wavelength and 
enhancement of fluorescence intensity. This use of N i l e r e d as a denaturation 
probe was demonstrated w i t h the protein ovalbumin. 

A number o f other studies have focused o n the use of fluorescent probes 
to study proteins i n solution (75 -77 ) . F o r example, l -anil ino-8-naphthalene 
sulfonate, dansylamide, and other fluorophores have been used to character
ize and quantitate drug bonding sites on serum a lbumin by various competi 
t ion studies (78-80). In addition, auramine Ο was used as a fluorescent 
probe for the quantitation and drug b i n d i n g site analysis o f α-acid glycopro
tein (81). Such studies show the usefulness of certain fluorescent dyes i n 
characterizing particular proteins inc luding specific b i n d i n g site analyses. 

Synthetic Polymers. Levshin et al . (82) studied the interaction of 
rhodamine 6 G ( R h 6 G ) w i t h various synthetic sulfonate polymers. Observed 
interactions between the dye and polyelectrolytes were accompanied by 
typical metachromatic absorbance changes i n the dye spectrum as w e l l as 
fluorescence quenching, both of w h i c h reversed at high P / D ratios. T h e 
effects were more dramatic w i t h poly (styrene sulfonate) than w i t h poly (vinyl 
sulfonate), probably owing to the enhanced hydrophobic interaction between 
the dye and the aromatic side chain groups i n the poly (styrene sulfonate). 
Addit ional ly , a higher charge density on the polyelectrolyte magnified the 
fluorescence quenching effect that a polymer exerted on R h 6 G . 

Fenyo et al. (83) as w e l l as B r a u d (84) used the interaction of auramine 
Ο w i t h various synthetic polycarboxylic acids to probe the structural parame
ters of the polymer. In their experiments, auramine Ο was found to be an 
effective and sensitive probe to establish the presence of hydrophobic regions 
i n synthetic polymers or, at least, the existence of special compact conforma
tions. Auramine Ο fluoresced intensely w h e n it was placed i n contact w i t h 
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such regions o n a tightly coi led nonionized synthetic polyacid. T h e fluores
cence disappeared, however, w h e n the polymer unravelled or became i o n 
ized. Thus , i n such polymer systems, the fluorescence of auramine Ο can be 
used as a direct measure of polymer conformation or degree of ionization. 

Similar behavior was observed w i t h crystal violet (47). This dye fluo
resces strongly i n interaction w i t h undissociated polymethacrylic acid, but 
only weakly fluoresces w h e n the polymer dissociates 4 0 % or more. Thus 
crystal violet may also serve as a conformation-charge-density probe for 
polymethacrylic acid. 

M u l l e r and Fenyo (85) s tudied the fluorescence metachromasy of acri
dine orange i n the presence of polyacryhc acid, polymethacrylic acid, and a 
polycondensate between 1,3-benzenedisulfonyl chloride and L-lysine. T h e y 
found that acridine orange could be used as a sensitive probe of polymer 
conformation, especially i n the case of the polycondensate. W h e n the dye 
binds to a polymer that is i n the coi led undissociated state, it binds i n the 
m o n o m e l i c form and its green fluorescence (535 nm) is enhanced. A s the 
polymer unfolds w i t h acid group dissociation, the green fluorescence disap
pears and is replaced by the characteristic red fluorescence (640 nm) o f 
acrindine dimers and higher aggregates. T h e conformational state of the 
polymer can be assessed by the color of acridine orange fluorescence; hence, 
this dye may be used as a visual probe of polyion conformation. 

I n another study of polymer conformation b y metachromasy, e th idium 
bromide and auramine Ο were found to be useful as fluorescent metachro
matic probes of the conformational states of maleic a c i d - o l e f i n copolymers 
(86). I n this study, metachromatic results were correlated w i t h viscosity and 
equihbr ium constant measurements to verify the conformational states of the 
polymers, and the fluorescence o f e th idium bromide was found to be 
sensitive to the structure of the coi led polymer. Possible similarities between 
the behavior of e th idium bromide i n this system and its intercalation behavior 
w i t h D N A were suggested. 

Another study examined the interaction i n aqueous solution o f pyrene 
substituted w i t h a positive side group and a polyanion as w e l l as pyrene 
substituted w i t h a negative side group and a polycation (44). I n either case, 
the metachromatic results were the same: T h e pyrene absorption spectrum 
broadened and its pr inciple fluorescence bands shifted f rom 377 and 400 n m 
to a broad band centered around 480 n m . T h e 480-nm fluorescence band was 
bel ieved to be due to excimer fluorescence f rom pyrene dimers and higher 
aggregates. Thus, the fluorescence shift on contact w i t h polyelectrolytes was 
taken as evidence for aggregation of polymer-bound pyrene moieties and 
could be used as yet another probe o f polyelectrolyte conformation. 

Metachromasy is useful as a structural probe for polyelectrolytes. T h e 
effect relies on the fact that spectral properties change w h e n certain dyes 
aggregate or form clusters. T h e appearance of d imer absorption bands or 
excimer fluorescence bands signals the onset of dye molecule aggregation, 
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w h i c h is facilitated by polyelectrolytes whose structural properties affect the 
strength of the p o l y m e r - d y e interaction. T h e ability of a given dye to induce 
metachromasy is affected w h e n a polymer changes structure. Thus metachro
matic color changes are sensitive to polymer structural changes and may be 
used as effective structural probes. 

Metachromasy as an Analytical Tool 

It was observed very early i n the history of metachromasy that the stoichiom-
etry of the main interaction between a charged dye and an oppositely charged 
polyelectrolyte is 1:1 (8, 12, 13). That is, metachromasy, i f it occurs, usually 
increases to a maximum as the P / D (polymer charged residue to dye molar 
concentration) ratio increases f rom 0 to 1. A t a P / D ratio of 1 the metachro
matic effect typically levels off, and at very h igh P / D values it reverses (7) . I f 
the metachromatic reaction is " c l e a n " and stoichiometric (i.e., i f the dye and 
polyelectrolyte react quickly, form a strong complex, and leave very little free 
dye i n solution at the equivalence point), and i f the complexed dye c o m 
pletely aggregates at P / D ratios less than 1, then the process may be used to 
quantify the concentrations of dye or polymer i n the P / D range f rom 0 to 1. 
Some examples of such quantitative analyses are given i n the fol lowing text. 

Gormal ly et al . (90) developed a method that used the interaction 
between toluidine blue and carboxymethyl cellulose to measure the dye 
concentration over a wide range of polymer and dye values w i t h good 
reliability. Some inherent advantages of this method over direct spectropho-
tometrie or fluorometric techniques were discussed. 

Metachromatic methods have been developed for the quantitative deter
mination of many naturally occurr ing polyelectrolytes, such as arylsulfatase 
(91), carageenan (92), glycosaminoglycans (46), heparin (93), and others. 
Al though these methods typically involve standard absorptive metachromatic 
shifts, W u (94) described an interesting secondary method involving fluores
cence metachromasy: T h e fluorescence intensity of certain polycyclic aro
matic dyes significantly increased w h e n the dyes interacted w i t h various 
cationic or nonionic polymers. These complexes also had an affinity for 
certain naturally occurr ing biological polyanions, and the resulting ternary 
complexes could be used i n various quantitative methods, such as fluores
cence microscopy or flow cytometry. In this method the intermediate cationic 
or nonionic polymer served as a mordant to fix the fluorescent dye to the 
naturally occurr ing analyte. 

Opt ica l or spectrophotometric titration has been used to quantify the 
metachromatic interaction (2, 63). I n this method the absorbance of the 
main visible b a n d of the free dye i n solution was monitored as a funct ion of 
polymer (titrant) concentration or Ρ / D ratio. A n example of such a titration 
curve is shown i n F igure 1. T h e titration curves for clean metachromatic 
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1 2 3 4 5 p/D 

Figure 1. Spectrophotometric titration of acridine orange with isotactic 
poly (styrene sulfonate); dye concentration 10 ~ 5 M. The end point corresponds 
to the 1:1 ratio between dye concentration and polyelectrolyte equivalent {S03_ 
groups) concentration. (Reproduced with permission from reference 63. 

Copyright 1976.) 

reactions are characterized by a l inear decrease i n absorbance i n the P / D 
range 0 - 1 fol lowed (ideally) by an abrupt change i n slope w i t h no further 
decrease i n absorbance. T h e e n d point o f such a titration is determined as the 
intersection of the two linear segments of the curve and typically occurs at 
P / D = 1.0. N o t e that the titration curve shown i n F igure 1 was measured 
under ideal conditions: acridine orange interacted w i t h isotactic poly (styrene 
sulfonate), a metachromatic reaction that is especially "c lean" . Ti trat ion 
curves measured under less o p t i m u m conditions (with weaker metachromatic 
dyes or less ordered or nonaromatie polyelectrolytes) w i l l typically show 
nonlinearity i n both segments of the curve or less abrupt e n d points. 
Furthermore , very often the metachromatic reaction is not instantaneous; 
spectral changes can take place over 30 m i n to 1 h ( C . Pierce, N a l c o 
C h e m i c a l Company, unpubl ished results), w h i c h makes exact quantitation 
very difficult . I n addit ion, the metachromatic reaction is often accompanied 
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b y partial coagulation of the dye-polyelectrolyte complex that can raise the 
turbidity of the solution and further complicate spectral measurements. 

Despite these complications, metachromasy has been proposed as a 
method of quantitation of polycarboxylate of polysulfonate concentrations 
d o w n to the 1-ppm level (95) using pinacyanol or N i l e blue A as the 
metachromatic dye. This method found reasonable l inearity i n the metachro
matic calibration curves over narrow ranges of dye concentration. Fur ther 
more, the method could analyze separately for polycarboxylates and polysul-
fonates i n the same sample by adjusting the p H of the system. 

Another method of quantitation for cationic polyelectrolytes was reported 
by Parazak et al . (96). This method ut i l ized the interaction between anionic 
dyes and cationic polyelectrolytes. However , instead of requir ing a metachro
matic spectral change upon interaction, the method utilizes the fact that the 
neutral complex, w h i c h is somewhat water-insoluble, may be extracted f rom 
aqueous solution by a hydrophobic solvent. I n this method a 1,1,2-trichloro-
trifluoroethane ( T C T F E ; Freon) solvent was used, and the neutral complex 
was attracted to the T C T F E - w a t e r interface where it formed a webl ike 
structure. T h e dye that remained i n aqueous solution was then measured 
spectrophotometrically and the loss i n absorbance was found to be directly 
proportional to the concentration of polyelectrolyte. This method was found 
to be sensitive d o w n to 0.5 p p m of cationic polyelectrolyte. 

Final ly , Onabe (97) observed that the visible metachromatic color change 
of toluidine blue f rom light blue i n the free cationic state to red-purple i n 
reaction w i t h anionic polyelectrolytes was abrupt and dramatic. This observa
t ion l e d to the suggestion that this color change c o u l d be used to visually 
detect the e n d point i n a co l lo id titration; that is, toluidine blue could serve as 
a co l lo id titration indicator. 

Color-Array and Complexation-Extraction Studies 

Because the metachromatic spectral change occurs l inearly over a narrow 
range of P / D values and because the metachromatic organic dyes generally 
have high molar absorptivities, the metachromatic effect has been proposed 
as a basis for the quantitative analysis of synthetic polyelectrolytes i n the 
1 - 1 0 - p p m range i n water (95, 96). Al though the technique does work, its 
sensitivity to temperature, p H , ionic strength, and saturation make applica
t ion difficult, especially i n the field. A new set of standards must be created 
for every new water sample and sometimes reproducibi l i ty is difficult to 
attain on separate days even w i t h the same water sample. Furthermore , a 
t ime dependence for aggregation has been observed i n some instances 
where in the metachromatic spectral change does not occur instantaneously, 
but develops gradually over several minutes or hours. I n addition, over long 
t ime periods a gradual settling out of the " d y e d " neutral polyelectrolyte 
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occasionally has been observed. T h e aforementioned effects certainly c o m p l i 
cate the use of metachromasy for polymer analysis. 

I n our study, the use of the metachromatic effect for low-level polyelec
trolyte analysis was reexplored w i t h a new twist. Because the metachromatic 
color change takes place over a narrow fixed P / D range, we varied the dye 
concentration at a fixed polymer concentration and visually observed the dye 
concentration that caused the spectral shift to take place. This process was 
repeated at several standard polymer concentrations to generate a standard 
color array (i.e., color o f solution versus polymer and color o f solution versus 
dye concentration) against w h i c h a set o f solutions w i t h an unknown polymer 
concentration and various k n o w n dye concentrations could be visually c o m 
pared. Some cationic metachromatic dyes have spectral changes upon c o m -
plexation w i t h sodium poly (acrylate-co-acrylamide) that are significant enough 
to be readily detectable visually. T h e behavior of these dyes was examined i n 
our study. 

I n addit ion, w e f o u n d that the method of Parazak et al . (96) may be 
appl ied to anionic polyelectrolytes such as sodium poly (acrylate-co-acryla-
mide) . W h e n certain cationic dyes reacted w i t h this polymer, the resultant 
complex could be extracted into a T C T F E - w a t e r interface. This extraction 
process removed dye and polyelectrolyte f rom the aqueous phase i n constant 
proport ion. Thus the loss i n dye absorbance after complexation and extraction 
was proport ional to the init ial concentration of polyelectrolyte. T h e polymer 
concentration c o u l d be assessed either visually or spectrophotometrically by 
this complexation-extract ion procedure. 

Experimental Details 

Dyes and extraction solvents used i n this study were obtained f rom A l d r i c h 
C h e m i c a l C o m p a n y and were used without further purif ication. Solutions 
were buffered to p H 7.0 using a phosphate buffer. Sodium poly (acrylate-co-
acrylamide) samples were obtained f rom N a l c o C h e m i c a l Company. U V - v i s i -
ble spectra were r u n o n a spectrophotomer ( I B M 9430). A copolymer o f 7 0 % 
acrylic acid and 3 0 % acrylamide w i t h a molecular weight range o f 
25,000-40,000 g / m o l was used. 

Results 

F r o m 39 cationic dyes screened for their ability to manifest a visual 
metachromatic effect, 3 dyes were chosen: toluidine blue O , cresyl violet 
acetate, and safranine O . T h e structures of these dyes are shown i n Char t I. 
In this test, an array of solutions was made up w i t h varying polymer and dye 
concentrations. T h e polymer concentrations were 0, 2.5, 5.0, 7.5, and 10.0 
p p m and the dye concentrations were 1, 2, 3, 4, 5, and 6 X 1 0 " 5 M . Thus , 
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(a) toluidine blue 0 

CH3C02-

12 U " IT^ 

(b) cresyl violet acetate 

CH 

NH9 

cr 

(c) safranine 0 

cr 
(CH3CH2)2 Ν 

^N(CH3)2 

(d) janus green Β 
Chart I. Dyes used for color-array and complexation-extraction studies. 
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for each dye an array of thirty 100 -mL solutions was prepared and pho
tographed. Copies of these photographs are shown i n Plates 1 - 3 . I n these 
color-array tests, the polymer concentration that caused a metachromatic shift 
i n the dye increased w i t h increasing dye concentration. W h e n the molar 
concentrations of carboxylate residues i n the polymer solutions were deter
m i n e d and div ided by the molar dye concentrations, the resulting P / D ratios 
were calculated. A chart of P / D ratios for each solution i n the array was 
made and is presented i n F igure 2. A comparison of the Ρ / D values o n this 
chart and the colors i n the two-dimensional arrays shows that the significant 
metachromatic color change occurs over a fairly narrow P / D ratio range near 
unity. This is consistent w i t h previous work that established that the 
metachromatic effect was the strongest at P / D values of 1.0 (13). 

T h e color-array results for toluidine b lue Ο give the most dramatic visual 
metachromatic effect, the results for cresyl acetate also show a readily 
discernible color change, and the results for safranine Ο indicate very little 
effect on the photograph. (Note that color changes i n the safranine Ο array 
were subtle but noticeable visually w h e n the solutions were photographed. 
Unfortunately these color changes d i d not come through i n the pictures.) 

T h e peak absorbance values for solutions i n each o f the color-array tests 
are shown i n Figures 3 - 5 . These graphs indicate a general decrease i n dye 
absorbance as polymer is added through P / D = 1. 

Some of the metachromatic solutions were extracted w i t h nonaqueous 
solvents, such as toluene, methylene chloride, or T C T F E . T h e nonaqueous 
solvent removed the d y e - p o l y m e r complex f rom aqueous solution and the 
resulting aggregate was attracted to the interface between the two l iquids, 
where it f o r m e d a webl ike film. This colored film was readily seen w h e n the 
two-phase mixture was shaken, but the film nearly disappeared i n the 
interface w h e n the mixture stood undisturbed. T h e phenomenon accentuated 
the differences between equivalent cationic dye solutions w i t h and without 
1.0 p p m of polyanion, and c o u l d be used to determine the concentration of 
polymer i n solution mainly b y deplet ion o f the dye color i n the aqueous 
phase. Such a method was proposed for anionic dyes complexing w i t h 
polycations (96) and was found to be sensitive d o w n to 0.5 p p m of polyelec
trolyte. 

T h e extraction results obtained i n this study suggest the feasibility of 
application of this technique to the analysis of low levels of polyanions. 
Solutions that contain the dye Janus green Β and sodium poly(acrylate-co-
aerylamide) at P / D ratios near 1 were successfully extracted w i t h 1,1,2-tri-
chlorotrifluoroethane (Freon) and the aqueous layer was left nearly colorless. 
Plate 4 is a photograph of the solutions that resulted f rom an extraction 
experiment i n w h i c h 1 X 10 ~ 5 M Janus green Β was mixed w i t h 0, 1, and 5 
p p m of sodium poly(acrylate-co-acrylamide). As the figure clearly indicates, 
the complexation-extraction method is visually sensitive d o w n to a polymer 
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Figure 2. Chart of P/D ratio values for each of the solutions in the color-array 
studies shown in Plates IS. 

concentration of 1 p p m or less. T h e structure of the dye Janus green Β is 
shown i n Char t I. 

Discussion 

The experimental results suggest that for dyes that exhibit a metachromatic 
shift w i t h poly(acrylate-co-acrylamide), the color change occurs over a narrow 
P / D range near unity. T h e P / D ratio represents the n u m b e r of anionic 
polymer residues per dye molecule i n the system. I n this copolymer, 3 0 % of 
the residues are nonionic acrylamide, w h i c h is apparently metachromatically 
inactive. T h e observation of color change at P / D = 1 is consistent w i t h many 
previous results that established P / D ratios near 1 for the maximum 
metachromatic effect. This stoichiometry also emphasizes the importance of 
the electrostatic interaction between the cationic dye and the anionic poly
electrolyte residue vis â vis the hydrophobic and pi-electron interactions. 

Because metachromatic change occurs over a small range of P / D , it is 
difficult to use metachromasy for the l inear analysis of polymer solutions. T h e 
results i n the literature also suggest that as P / D increases beyond 1, the 
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528 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

metachromasy saturates very quickly and begins to reverse at P / D greater 
than 10 (7) . Dependent o n the dye concentration, the l inear useful range o f 
spectral change versus polymer concentration is often too narrow to be used. 

I n our study, the narrowness o f the metachromatic range was used to 
advantage. W h e n polymer solutions were mixed w i t h several concentrations 
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of the same metachromatic dye, the solutions w i t h polymer (anionic residue) 
concentration less than the dye concentration d i d not show a color change, 
whereas the solutions w i t h polymer (anionic residue) concentration greater 
than the dye concentration d i d change color. In other words, color change 
occurred at P / D = 1 w i t h the metachromatic color manifest at P / D > 1 
and the free dye color seen at P / D < 1. Because the dye concentrations i n 
these test solutions were known, the polymer (anionic residue) concentration 
could readily be determined. Fur thermore , toluidine blue Ο and cresyl violet 
acetate gave pronounced visual color changes so that the analytical test could 
be carried out without a spectrophotometer or colorimeter, and a simple 
color whee l or chart cou ld be used to determine polymer concentrations. 

T h e prel iminary extraction studies i n w h i c h solutions that contained 
cationic dye and anionic polyelectrolyte were extracted w i t h a nonaqueous 
solvent l ike T C T F E may also be appl ied to polymer analysis. Because the 
neutral d y e - p o l y m e r complex migrated to the interface between the two 
immiscible l iquids and was effectively removed f rom the aqueous layer, any 
remaining color i n the water layer must be attributable to excess dye 
(presuming a strong interaction between dye and polymer so that complexa-
t ion was complete). T h e polymer concentration i n such systems can be 
determined spectrophotometrically (by analysis of the residual dye i n the 
water layer using a standard curve) or visually (as before, by use of solutions 
of varying dye concentration to seek the maximum dye concentration for 
w h i c h no residual color is left i n the aqueous phase after the extraction). 
Because the complexation exhibits 1:1 stoichiometry, this maximum dye 
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concentration should be equal to the polymer (anionic residue) concentration 
i n the solution. A g a i n this method requires that a strong complex is f o r m e d 
between the dye and the polymer so that essentially all of the anionic sites are 
occupied b y dye molecules at the equivalence point. 

A n additional advantage o f the extraction method is that it only requires a 
strong complex form between the dye and the polymer, and it does not 
require a spectral shift or color change. Polyelectrolytes complex w i t h some 
dyes that exhibit m i n i m a l spectral changes. I f these dyes f o r m strong enough 
complexes, they w i l l also be viable candidates for an analytical method based 
on the extraction process. 

Summary and Conclusions 

Metachromasy, the color-changing ability of certain ionic dyes i n the pres
ence of oppositely charged polyelectrolytes, has been used to study the 
structure-property relationships o f water-soluble polymers. C o l o r changes i n 
these dyes, detected both visually and spectrophotometrically, have been 
shown to be sensitive to their molecular environments and states of aggrega
t ion as they adhere to polymer surfaces. These metachromatic color changes 
have been correlated to polymer charge density, degree o f ionization, hy
drophobicity, conformation, molecular weight, tacticity, and chain flexibihty. 
T h e effect is fairly nonspecific, however, and care must be taken w h e n the 
results are interpreted. 

Metachromasy also can be used as an analytical tool to measure the 
concentration of polyelectrolyte i n aqueous solution. B y quantitatively m o n i 
toring the spectral changes i n d u c e d i n a metachromatic dye with various 
concentrations o f polyelectrolyte, a standard curve can be constructed. T h e 
method is fairly sensitive to p H , temperature, ionic strength, various i m p u r i 
ties, and interaction t ime, however, so care must be taken to control al l other 
experimental conditions so that a h igh degree of precision can be obtained. 

T h e color-array and the complexation-extract ion methods proposed 
herein are extensions of the metachromatic methods for quantitative analysis 
of polymers. These methods are based on the 1:1 stoichiometry of metachro
masy rather than o n the development of a standard curve and so are bel ieved 
to be easier to use and inherently more accurate than traditional techniques. 
Furthermore , the color-array method is amenable to a visual determination of 
polymer concentration d o w n to 1 p p m , w h i c h obviates the need for a 
spectrophotometer i n field determinations. To lu id ine b lue Ο showed the 
most promise as a dye for use i n the color-array method. T h e advantage o f 
the complexation-extract ion m e t h o d is that it may be appl ied to determine 
the concentration of anionic polyelectrolyte using a nonmetachromatic dye. 
As long as a strong neutral complex forms between the cationic dye and the 
poly(acrylate-co-acrylamide) and this complex is extractable b y a nonaqueous 
solvent such as T C T F E , the complexation-extract ion method may be used 
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19. K U G E L Metachromasy 531 

for the quantitative analysis o f the polymer. This method may also be appl ied 
visually, but more accurate results w i l l be achieved using a spectrophotome
ter. T h e dye Janus green Β showed the most promise for use i n the 
complexation-extraction method. 

Acknowledgments 

T h e author is grateful to Thomas C . M c G o w e n for carrying out m u c h of the 
experimental work and to Nalco C h e m i c a l C o m p a n y for providing 
poly(aerylate-co-aerylamide) samples. 

References 
1. Bradley, D. F. ; Wolf, M. K. Proc. Natl. Acad. Sci. U.S.A. 1959, 45, 944-952. 
2. Vitagliano, V. ; Costantino, L . ; Zagari, A. J. Phys. Chem. 1973, 77, 204-210. 
3. Yamaoka, K.; Takatsuki, M.; Nakata, K. Bull. Chem. Soc. Jpn. 1980, 53, 

3165-3170. 
4. Yamaoka, K.; Matsuda, T.; Murakami, T. Bull. Chem. Soc. Jpn. 1981, 54, 

3859-3860. 
5. Ranadive, N. S.; Korgaonkar, K. S. Biochim. Biophys. Acta 1960, 39, 547-550. 
6. Ortona, O.; Costantino, L . ; Vitagliano, V. J. Mol. Liq. 1989, 40, 17-24. 
7. Dey, A. N.; Palit, S. R. Indian J. Chem. 1968, 6, 260-262. 
8. Carroll, B . ; Cheung, H. C . J. Phys. Chem. 1962, 66, 2585. 
9. Shirai, M.; Nagatsuka, T.; Tanaka, M. J. Polym. Sci., Polym. Chem. Ed. 1977, 

15, 2083-2095. 
10. Guhaniyogi, S. C.; Mandal, Β. M. Makromol. Chem. 1974, 175, 823-831. 
11. Shirai, M.; Tanaka, M. J. Polym. Sci., Polym. Chem. Ed. 1976, 14, 343-351. 
12. Pal, M. K.; Ghosh, Β. K. Makromol. Chem. 1979, 180, 959-967. 
13. Singh, C. Anal. Biochem. 1970, 38, 564-568. 
14. Taylor, Κ. B. Stain Technol. 1961, 36, 73-83; Chem. Abstr. 1962, 56, 5060g. 
15. Yamaoka, K.; Takatsuki, M. Bull. Chem. Soc. Jpn. 1981, 54, 923-924. 
16. Yamaoka, K.; Matsuda, T.; Shiba, D.; Takatsuki, M. Bull. Chem. Soc. Jpn. 1982, 

55, 1300-1305. 
17. Bean, R. C.; Shepherd, W. C.; Kay, R. E.; Warwick, E. R. J. Phys. Chem. 1965, 

69, 4368-4379. 
18. Pal, M. K.; Ghosh, Β. K. Makromol. Chem. 1980, 181, 1459-1467. 
19. Scott, J. E. Histochemie 1970, 21, 277-285. 
20. Ram, S. N.; Yadav, K. D. S. ; Sharma, B.; Singh, C. Indian J. Chem. 1989, 28A, 

1038-1041. 
21. Yamaoka, K.; Takatsuki, M.; Yaguchi, K.; Miura, M. Bull. Chem. Soc. Jpn. 1974, 

47, 611-617. 
22. Shirai, M.; Murakami, Y.; Tanaka, M. Makromol. Chem. 1977, 178, 2141-2147. 
23. Michaelis, L . Cold Spring Harbor Symp. Quant. Biol. 1947, XII, 131. 
24. Pal, M. K. Histochemie 1965, 5, 24-31; Chem. Abstr. 1965, 63, 10093L 
25. Blauer, G . J. Phys. Chem. 1961, 65, 1457; Chem. Abstr. 1962, 56, 5541g. 
26. Bidegaray, J. P.; Vivoy, R. J. Chim. Phys. Phys.-Chim Biol. 1964, 61, 1383-1390; 

Chem. Abstr. 1965, 63, 7657a. 
27. Chayen, R. ; Roberts, E . R. Sci. J. Royal Coll. Sci. 1955, 25, 50-56; Chem. 

Abstr. 1957, 51, 5861e. 
28. Levshin, L . V.; Slavnova, T. D.; Penova, I. V. Izv. Akad. Nauk SSSR, Ser. Fix. 

1970, 34, 604-607; Chem. Abstr. 1970,73, 26582y. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

9

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



532 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

29. Pal, M. K.; Schubert, M. J. Phys. Chem. 1963, 67, 1821-1827. 
30. Zanker, V. Z. Phys. Chem. 1952, 199, 15. 
31. Vitagliano, V. NATO Adv. Study Inst. Ser., Ser. C 1975, 18, 437-466. 
32. Shirai, M.; Nagaoka, Y.; Tanaka, M. Makromol. Chem. 1977, 178, 1633-1639. 
33. Shirai, M.; Nagaoka, Y.; Tanaka, M. J. Polym. Sci., Polym. Chem. Ed. 1977, 15, 

1021-1025. 
34. Ortona, O.; Vitagliano, V.; Sartorio, R.; Costantino, L. J. Phys. Chem. 1984, 88, 

3244-3248. 
35. Nishida, K.; Watanabe, H. Colloid Polym. Sci. 1974, 252, 392-395. 
36. Valdes-Aguilera, O.; Neckers, D. C. Acc. Chem. Res. 1989, 22, 171-177. 
37. Gummow, B. D.; Roberts, G. A. F. Makromol. Chem., Rapid Commun. 1985, 6, 

381-386. 
38. Shirai, M.; Nagatsuka, T.; Tanaka, M. Makromol. Chem. 1977, 178, 37-46. 
39. Takatsuki, Α.; Bull. Chem. Soc. Jpn. 1980, 53, 1922-1930. 
40. Yamagiski, Α.; Watanabe, F. J. Phys. Chem. 1981, 85, 2129-2134. 
41. Yun, S. S.; Park, C. H.; Shin, D. H.; Lee, H. Rep. Res. Inst. Phys. Chem., 

Chungnam Natl. Univ. 1984, 5, 5-11; Chem. Abstr. 1986, 105, 210389w. 
42. Shirai, M.; Nagatsuka, T.; Tanaka, M. Makromol. Chem. 1978, 179, 173-179. 
43. Shirai, M.; Yamashita, M.; Tanaka, M. Makromol. Chem. 1978, 179, 747-753. 
44. Herkstroeter, W. G.; Marrie, P. Α.; Hartman, S. E.; Williams, J. L. R.; Farid, S. J. 

Polym. Sci., Polym. Chem. Ed. 1983, 21, 2473-2490. 
45. Battacharyya, A. K.; Chakravorty, N. C. Indian J. Chem. 1990, 29A, 32-37. 
46. Pal, M. K.; Roy, A. Indian J. Biochem. Biophys. 1988, 25, 368-372; Chem. 

Abstr. 1988, 110, 3977z. 
47. Stork, W. H. J.; deHasseth, P. L.; Schippers, W. B.; Kormeling, C. M.; Mandel, M. J. 
Phys. Chem. 1973, 77, 1772-1777. 
48. Yamaoka, K.; Takatsuki, M. Bull. Chem. Soc. Jpn. 1978, 51, 3182-3192. 

49. Takatonki, M.; Yamaoka, K. Bull. Chem. Soc. Jpn. 1979, 52, 1003. 
50. Shirai, M.; Nagatsuka, T.; Tanaka, M. J. Polym. Sci., Polym. Chem. Ed. 1978, 

16, 2411-2421. 
51. Shirai, M.; Murakami, Y.; Tanaka, M. J. Polym. Sci., Polym. Chem. Ed. 1979, 

17, 2627-2631. 
52. Shirai, M.; Ohyabu, M.; Tanaka, M. J. Polym. Sci., Polym. Chem. Ed. 1981, 19, 

1847-1854. 
53. Shirai, M.; Ohyabu, M.; Ono, Y.; Tanaka, M. J. Polym. Sci., Polym. Chem. Ed. 

1982, 20, 555-563. 
54. Shirai, M.; Ono, Y.; Tanaka, M. Makromol. Chem. 1983, 184, 153-163. 
55. Shirai, M.; Hanatani, Y.; Tanaka, M. J. Macromol. Sci., Chem. 1985, A22, 

279-292. 
56. Baumgartner, E.; Bertolotti, S. G.; Cosa, J. J.; Gsponer, H. E.; Hamity, M.; 

Previtali, C. M. J. Colloid Interface Sci. 1987, 115, 417-421. 
57. Isenberg, I.; Leslie, R. B.; Baird, S. L.; Rosenbluth, R.; Bersohn, R. Proc. Natl. 

Acad. Sci. U.S.A. 1964, 52, 379-387. 
58. Lerman, L. S. J. Mol. Biol. 1961, 3, 18. 
59. Lerman, L. S. Proc. Natl. Acad. Sci. U.S.A. 1963, 49, 94. 
60. Bersohn, R.; Isenberg, I. J. Chem. Phys. 1964, 40, 3175. 
61. Shirai, M.; Nagatsuka, T.; Tanaka, M. Chem. Lett. 1976, 291-294. 
62. Yamaoka, K.; Takatsuki, M.; Miura, M. Bull. Chem. Soc. Jpn. 1975, 48, 2739. 
63. Vitagliano, V.; Costantino, L.; Sartorio, R. J. Phys. Chem. 1976, 80, 959-964. 
64. Schreiber, J. P.; Daune, P. M. J. Mol. Biol. 1974, 83, 487. 
65. Furano, Α. V.; Bradley, D. F.; Childers, L. G. Biochemistry 1966, 5, 3044. 
66. Stone, A. L.; Bradley, D. F. J. Am. Chem. Soc. 1961, 83, 3627-3634. 
67. Winnik, M. A. In Polymer Surfaces and Interfaces; Feast, W. J.; Munro, H. S., 

Eds.; Wiley: New York, 1987; p 1. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

9

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



19. KUGEL Metachromasy 533 

68. Tazuke, S.; Winnik, M. A. In Photophysical and Photochemical Tools in Polymer 
Science; Winnik, Μ. Α., Ed.; Reidel: New York, 1986; p 15. 

69. Anufrieva, Ε. V.; Gotiib, Y. Y. In Advances in Polymer Science; Springer-Verlag: 
Berlin, Germany, 1981; Vol. 40, p 1. 

70. Ghiggino, K. P.; Roberts, A. J.; Phillips, D. In Advances in Polymer Science; 
Springer-Verlag: Berlin, Germany, 1981; Vol. 40, p 69. 

71. Stockinger, L. Acta Histochem. 1958, Suppl. No. 1, 103-120; Chem. Abstr. 
1962, 56, 5050e. 

72. H. J. Conns Biological Stains; 9th éd.; Lillie, R. D., Ed.; Williams and Wilkins: 
Baltimore, MD, 1977. 

73. Greenspan, P.; Fowler, S. D. J. Lipid Res. 1985, 26, 781-789. 
74. Sackett, D. L.; Wolff, J. Anal. Biochem. 1987, 167, 228-234. 
75. Chignell, C. F. In Methods in Pharmacology; Chignell, C. F., Ed.; Appleton-Cen-

tury-Crofts: New York, 1972; Vol. 2, p 33. 
76. Wang, J. L.; Edelman, G. M. J. Biol. Chem. 1971, 246, 1185. 
77. Sugiyama, Y.; Yamada, T.; Klapowitz, N. Biochem. Biophys. Acta 1982, 709, 342. 
78. Birkett, D. J.; Myers, S. P.; Sudlow, G. Mol. Pharmacol. 1977, 13, 987. 
79. Santous, E. C.; Spector, A. A. Biochemistry 1972, 11, 2299. 
80. Hsu, P. L.; Ma, J. K. H.; Jun, H. W.; Luzzi, L. A. J. Pharm. Sci. 1974, 63, 27. 

81. Suziyamma, Y.; Suzuki, Y.; Sawada, Y.; Kawasaki, S.; Beppu, T.; Iga, T.; Hanano, 
M. Biochem. Pharmacol. 1985, 34, 821-829. 

82. Levshin, L. V.; Slavnova, T. D.; Penova, I. V.; Nazirov, B. Zh. Prikl. Spektrosk. 
1973, 18, 416-421; Chem. Abstr. 1973, 79, 43645η. 

83. Fenyo, J. C.; Braud, C.; Beaumais, J.; Muller, G. J. Polym. Sci., Polym. Lett. Ed. 
1975, 13, 669-675. 

84. Braud, C. Eur. Polym. J. 1977, 13, 897-901. 
85. Muller, G.; Fenyo, J. C. J. Polym. Sci., Polym. Chem. Ed. 1978, 16, 77-87. 

86. Fenyo, J. C.; Mognol, L.; Delben, F.; Paoletti, S.; Creseenzi, V. J. Polym. Sci., 
Polym. Chem. Ed. 1979, 17, 4069-4080. 
87. Wilhelm, M.; Zhao, C.-L.; Wang, Y.; Xu, R.; Winnik, Μ. Α.; Mura, J.-L.; Riess, G.; 
Croucher, M. D. Macromolecules 1991, 24, 1033-1040. 
88. Winnik, F. M.; Winnik, Μ. Α.; Ringsdorf, H.; Venzmer, J. J. Phys. Chem. 1991, 
95, 2583-2587. 
89. Valdes-Aguilera, O.; Pathak, C. P.; Neckers, D. C. Macromolecules 1990, 23, 
689-692. 
90. Gormally, J.; Panak, J.; Wyn-Jones, E.; Dawson, Α.; Wedlock, D.; Phillips, G. O. 

Anal. Chim. Acta 1981, 130, 369-375. 
91. Chen, H.; Wang, D.; Zeng, J.; Li, L. Shanghai Dier like Daxue Xuebao 1988, 8, 
351-354; Chem. Abstr. 1988, 110, 150212z. 
92. Guevener, B.; Gueven, K. C.; Peremeci, E. Sci. Pharm. 1988, 56, 283-286; 

Chem. Abstr. 1988, 110, 120991k. 
93. Guler, E.; Guven, K. C. Acta Pharm. Turc. 1988, 30, 49-52; Chem. Abstr. 

1988, 109, 204284z. 
94. Wu, A. L. European Patent 0 231 127, 1987; Chem. Abstr. 1987, 109, 3431w. 
95. Myers, R. R.; Fink, J. E. European Patent 0 144 130, 1984. 

96. Parazak, D. P.; Burkhardt, C. W.; McCarthy, K. J. Anal. Chem. 1987, 59, 
1444-1445. 
97. Onabe, F. Mokuzai Gakkaishi 1982, 28, 437-444. 

98. Pal, M. K.; Mandai, N. Biopolymers 1990, 29, 1541-1548. 

RECEIVED for review July 15, 1991. ACCEPTED revised manuscript August 10, 1992. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
01

9

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



20 

Probe Spectroscopy, Free Volume 
Concepts, and Physical Aging 
of Polymer Glasses 

J. E. Kluin1, H. Moaddel2, M. Y. Ruan1, Z. Yu,2, A. M. Jamieson2, 
R. Simha2, and J. D. McGervey1 

1Department of Physics and 2Department of Macromolecular Science, 
Case Western Reserve University, Cleveland, OH 44106 

Many properties of polymeric materials can be interpreted by using 
the free volume concept. Our particular efforts in this area have 
utilized the Simha—Somcynsky theory, which enables the computation 
of a free volume function from the experimental equation-of-state of 
the polymer. In recent years several groups have investigated the 
possibility of applying spectroscopic techniques as a direct probe of 
the structural disorder (free volume) in polymers. We review these 
efforts, which include fluorescence spectroscopy, electron spin reso
nance spectroscopy, and positron annihilation lifetime (PAL) measure
ments. We describe in detail the application of PAL analysis to 
investigate free volume changes in situ in bisphenol A polycarbonate 
subjected to mechanical deformation. 

TFHE F R E E V O L U M E C O N C E P T IS C E N T R A L τ ο T H E INTERPRETATION o f many 
properties of polymeric materials. The term "free volume, " applied to 
amorphous polymers, refers to the difference between the total volume of the 
material ( V ) and the volume occupied by the component molecules ( V o c c ) : 
V f = V — V o c c , where V f denotes free volume. T h e idea that V f plays a major 
role i n determining the molecular mobil i ty of the polymeric matrix has been 
widely applied to interpret various bulk phenomena. Examples include the 
temperature dependence of the viscoelastic relaxation times ( I ) of polymer 
l iquids [viz. the W i l h a m s - L a n d e l - F e r r y ( W L F ) equation] and the physical 
aging phenomenon i n the mechanical properties of polymer glasses (2). 

0065-2393/93/0236-0535$06.25/0 
© 1993 American Chemical Society 
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536 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Nevertheless, although the free volume concept can be def ined quite pre
cisely, its implementat ion as a quantitative measure of the structural disorder 
i n polymers is a challenging problem. I n this regard, we note that a statistical 
mechanical description of the bulk polymeric state by S imha and Somcynsky 
(3) incorporates a free volume function, h(P, T), where h is the fractional 
free volume, p is the pressure, and Γ is the temperature. T h e free volume 
function can be computed f rom the experimental equation-of-state of the 
polymeric l i q u i d , and, therefore, explicitly incorporates both entropie and 
enthalpic contributions to the structural disorder. In glass, the free volume 
depends on thermal history and the corresponding free volume function, h(P, T, ta), can be determined f rom volume relaxation data at aging t ime, £ a , on glasses of well-specif ied formation histories (4). O f note is the observation 
that quantitative connections can be made via the S imha-Somcynsky theory 
between pressure-volume- temperature ( P V T ) data for the glass and the t ime 
evolution of mechanical properties dur ing isothermal physical aging (5) . 

Several investigations have explored the possibility that spectroscopic 
techniques can be used to probe directly the free volume i n polymeric 
materials. Y u et al . ( 6 ) ut i l ized the c is- trans conversion o f substituted 
stilbenes, w h i c h were dispersed i n the polymeric matrix and monitored by the 
change i n U V absorption. T h e ease of interconversion decreases wi th increas
ing size o f substituent groups (6) . These workers were able to further 
demonstrate that the fraction of trans isomers formed decreases upon anneal
ing i n the glassy state (6) . These observations are consistent w i t h the idea 
that the stilbene derivative probes a subset of the distribution of free volume 
sites whose lower l imi t is determined by the molecular volume of the probe, and that the preponderance o f these free volume sites decreases i n the aging 
glass. B y covalently attaching the stilbene moiety to the polymer at different 
locations, Y u et al. (6 ) were further able to show that the free volume at 
chain ends is larger than that i n the interior of the chain. A particular feature 
of the stilbene probes is that a reasonably accurate estimation o f the volume 
swept out dur ing the c is- trans conversion can be made (6) . 

Fluorescence probes have been investigated by several groups. T h e 
fluorescence anisotropy that is a measure of the rotational diffusive mot ion of 
the probe is found to be strongly dependent on the probe size as w e l l as on 
the molecular mobil i ty of the polymer matrix i n w h i c h it is located. I f the 
probe is large, the fluorescence anisotropy is sensitive to the free volume of 
the matrix i n w h i c h it is dispersed (7, 8). Thus, the temperature dependence 
of the fluorescence anisotropy is described by an equation of the W L F type 
(7, 8). This observation is consistent w i t h an expression for the probe 
rotational correlation time, T c , o f the form (7, 8) 

T c = T c
0 e x p ( B V m / V f ) (1) 
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20. KLUIN ET AL. Physical Aging of Glasses 537 

where τ® is the correlation t ime of a freely rotating probe, Vm is the probe 
volume, and β is a system-dependent constant. I f Β and Vm are temperature 
independent, T c should exhibit W L F behavior characteristic of the polymer 
host. However , w h e n the probe is small, its rotational mot ion is also in f lu 
enced by sub-glass-transition temperature (sub-T g ) mot ion (7, 8). 

I n a prel iminary way, M e y e r has explored the potential of fluorescence 
anisotropy to fol low free volume changes dur ing isothermal physical aging of 
a polymer glass (9) . T h e anisotropy of diphenylanthracene dispersed i n 
poly (vinyl acetate) ( P V A c ) was isothermally monitored at T g — 2, after a 
shallow quench f rom above T g . T h e anisotropy increased w i t h aging t ime 
consistent w i t h an increase i n T c due to the collapse of free volume. However , i n our experience (9) , the sensitivity of such measurements, w h i c h require 
taking ratios of the polar ized and depolarized emission, is not sufficient to 
effectively monitor the comparatively small changes i n free volume that 
accompany isothermal physical aging deep i n the glassy state. Again , it is 
anticipated that the probe monitors a subset of the free volume distribution 
state that depends on probe size, V m . 

L ikewise , the spectral l inewidth of electron spin resonance ( E S R ) probes 
dispersed i n polymers shows a temperature dependence determined by the 
mobil i ty of the matrix. Specifically, the E S R spectrum of nitroxide probes 
shows a collapse associated w i t h the point at w h i c h the mean rotational 
relaxation frequency becomes equal to the spin resonance frequency. A 
correlation has been noted between the temperature at w h i c h this occurs 
( T 5 0 G ) and the glass-transition temperature (JO, I I ) . T h e subscript 5 0 G 
indicates that the transition temperature is defined w h e n the E S R l ine w i d t h 
equals 50 gauss. 

M e y e r (9 ) has investigated isothermal changes at T g — 7 i n the l inewidth 
of the nitroxide probe, 4-(2-bromoacetamide)-2, 2, 6, 6-tetramethyl-l-oxylpiper-
idine ( B R O M O ) , dispersed i n P V A c fol lowing a quench f rom the equi l ibr ium 
melt. A t this temperature, B R O M O is i n the motionally restricted region 
where a " b i m o d a T spectrum is observed ( I I ) . A s the sample annealed 
(physical aging), a small increase was observed (9) i n the position of the 
high-f ield peak of the derivative spectrum, f rom w h i c h an increase w i t h aging 
t ime of the average rotational correlation t ime T c was deduced. A t aging 
times i a > 1 h , we observed (9 ) d log 7c/d log f a = constant. Such behavior 
can be rationalized b y free volume arguments used b y Struik (2) and appl ied 
to an equation of the form of equation 1, provided the instantaneous free 
volume is far f rom both the ini t ia l quench and the final equi l ibr ium values. 
However , as i n fluorescence anisotropy, the l inewidth variations that we 
observe dur ing physical aging i n the glassy state are exceedingly small (9) , w h i c h makes E S R nitroxide radicals an ineffective probe for isothermal free 
volume changes i n the glass. In addition, the probe again locates i n a port ion 
of the free volume distribution that depends on the probe size. 
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538 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

A n alternative approach using fluorescence probe spectroscopy is to 
monitor the increase i n emission intensity, F , that occurs w h e n the mobi l i ty 
of the polymeric host matrix decreases. This increased emission intensity 
occurs because of a decrease i n nonradiative deexcitation mechanisms. A n 
equation has been proposed (12) that relates the emission intensity to the 
matrix free volume: 

F / F 0 = e x p ( f e V m / V f ) (2) 

H e r e F 0 is the emission intensity of a freely rotating probe, V m is the molar 
volume of the probe, and b is a system-dependent constant. W e have studied 
(13) the emission intensity of auramine Ο dispersed i n P V A c i n the l i q u i d 
and glass states. T h e fluorescence intensity shows a change i n temperature 
coefficient at T g that is consistent w i t h that anticipated by free volume 
concepts applied to e q 2. F o l l o w i n g a quench into the glass state f rom the 
melt, a t ime-dependent isothermal increase i n fluorescence was observed (2, 13) that showed a logarithmic dependence on aging t ime: d log ( F / F 0 ) / 
d log i a = constant. Again , using arguments given by Struik, this behavior 
appears to be consistent w i t h equation 2, provided we are far f rom equi l ib
rium ( I , 13). S imilar observations have been made for other p r o b e - p o l y m e r 
combinations (14, 15). M o s t interestingly, a recent communicat ion (16) 
describes the observation of nonlinear responses (asymmetry) i n the isother
mal emission of probes dispersed i n polystyrene and poly (methyl methaery
late) fol lowing a two-stage thermal conditioning, w h i c h consisted of a quench 
into the glass at T g — T i , fo l lowed b y a single temperature j u m p to T g — T 2 

> T g — Tv T h e shapes of the fluorescence relaxation curves are reported 
(16) to depend on the direct ion and magnitude of the j u m p i n a fashion 
similar to the wel l -known behavior found i n the bulk specific volume (17, 18). 

The preponderance of the preceding evidence indicates that fluorescence 
and E S R probes are indeed sensitive to free volume effects i n polymeric 
materials. However , the implementat ion of these techniques as a quantitative 
measure of the small changes i n free volume associated w i t h isothermal 
physical aging is difficult because of uncertainties wi th regard to probe size 
variations (6-10), poor sensitivity (9) , and possible temperature dependence 
of the parameters Β and b i n eqs 1 and 2, respectively (13-16). T h e positron 
l ifetime method offers the possibility of avoiding some, i f not all , of these 
difficulties. This experiment involves br inging the polymer into contact w i t h a 
radioactive positron source, typically 2 2 N a . Positrons emitted into the poly
meric matrix become thermalized and suffer several possible fates (19-21): 
(1) annihilation as free positrons (e++ e~~ —> hi); (2) bonding of an electron 
of opposite spin to form parapositronium (p-PS) and subsequent self-annihila
t ion (e++ p-Ps —> hv) , and (3) bonding of an electron of parallel spin 
to form orthopositronium (o-Ps) and then annihilation b y " p i c k - o f f ' o f a 
matrix electron (e + + e~o-Ps; o-Ps + > hv) . T h e lifetimes associated 
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20. KLUIN ET AL. Physical Aging of Glasses 539 

w i t h these processes can be measured by measuring the t ime intervals 
between the detection of the high-energy 7 ray released w h e n the positron is 
emitted and the low-energy gamma rays released on annihilation. The t ime 
intervals are quite distinct: τ χ = 120 ps, for e + + e~-> hv; τ 2 ~ 400 ps for 
e++ e~-> p-Ps -> hv; and τ 3 - 1000-2500 ps for e + + é?~-> o-Ps, o-PS + 
e~-> hv. O f particular interest is the observation (19-20) that the relatively 
long-l ived species o-Ps can become trapped i n regions of low electron density 
(i.e., a 'hole') and that the pick-of f annihilation rate of o-Ps is very sensitive to 
the size of the hole. 

A variety of studies of o-Ps annihilation characteristics i n polymers 
confirm that they are sensitive to phenomena associated w i t h changes i n 
matrix free volume (20-24). These studies include observations of changes i n 
the temperature coefficient of τ 3 at T g (20, 21, 24) and reports (22-24) o f 
changes i n the relative fraction of o-Ps annihilation events, i 3 , dur ing 
isothermal physical aging i n the glass fol lowing a quench f rom above T g . 
Focus ing on our o w n efforts i n this area, we have carried out an extensive 
study of o-Ps annihilation i n poly (vinyl acetate) ( P V A c ) , a polymer whose 
P V T relationships have been extensively characterized both i n the l i q u i d and 
glassy states (25). Furthermore , f r o m these data, the S imha-Somcynsky free 
volume function has been computed i n the melt [h(P, T)] and for glasses of 
well-specif ied histories [h(P, T, tj] (25, 26). Consistent w i t h studies o n 
other polymers (20, 21), we observe (23) that τ 3 increases w i t h temperature 
and exhibits a discrete change to a larger temperature coefficient at T g . O n 
the other hand, 1 3 exhibits (24) a broad shallow maximum centered o n T g . 
Because Z 3 is a measure of the probabil i ty of formation of o-Ps, it is 
reasonable to assume that I 3 is proportional to the number density of holes. 
Also , we can relate τ 3 to the volume of a hole. W e util ize an equation 
proposed by Nakanishi et al . (27) , fol lowing a mode l developed by Tao (19) 
for a spherical hole w i t h radius R and a surface electron layer of thickness 
Δ β . T h e lifetime of a trapped o-Ps atom has been shown by quantum 
mechanical arguments to be (19, 27) 

τ 3 = 0.5[1 - R/R0 + ( l / 2 i r ) s i n ( 2 ' T T R / R 0 ) ] " 1 (3) 

where R0 = R + Δ β . It was shown (27) that e q 3, w i t h Δ Κ = 0.1656 n m 
gives good agreement w i t h the o-Ps lifetimes i n molecular solids such as 
zeolites, where hole sizes have been independendy estimated. I n polymers 
containing a distribution of hole sizes, we expect to find a distribution of o-Ps 
lifetimes. However , typically it is possible only to estimate an average o-Ps 
l i fetime (23), ( τ 3 ) , w h i c h therefore yields an average hole volume (v{) = 
( 4 / 3 ) i r B 3 , where R is the average hole radius computed via e q 3. W e have 
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related the positron results to the free volume fraction via the equation 

h = Cl3(v{) (4) 

where C is a coefficient that depends upon the rate of formation of o-Ps i n 
holes. W e determined C by comparing the o-Ps parameters versus h(P, T) 
computed f rom P V T data at Γ = T g v ia the S imha-Somcynsky theory (25). 

In previous work, we found that the temperature dependence o f the 
product i 3 ( V f > for P V A c is i n excellent agreement w i t h that of the theoreti
cal h for temperatures Τ > T g , i n support of our hypothesis. A t high 
temperatures, Γ > T g 4- 60 °C the product i 3 < V f > exhibited a positive devia
t ion f rom the theoretical H. W e speculate that this may be due to the fact that 
the smaller free volume sites relaxed too fast to be sampled by the o-Ps (23). 
B e l o w T g , a quantitative comparison is rendered difficult because of the 
physical aging phenomenon. However , the free volume values computed 
f rom the τ 3 and i 3 appear to be o f the correct order o f magnitude (23). W e 
note that to obtain a detailed interpretation of certain features of the o-Ps 
data, specifically the existence of isofree volume states i n the glass produced 
by distinct thermal histories, w h i c h differ i n Z 3 and <V f>, it w i l l clearly be 
necessary to incorporate a treatment of the free volume distribution into the 
theoretical interpretation of o-Ps annihilation. Recently it was demonstrated 
(S. Vleeshouwers, private communicat ion, 1992) that a two-dimensional ( 2 D ) 
M o n t e Car lo simulation of a process of hole nucleation and hole cluster 
formation o n a lattice, i n w h i c h the total fractional hole free volume is set 
equal to the S imha-Somcynsky value at each temperature, reproduces the 
maximum observed i n the temperature dependence of I 3 i n P V A c . Essen
tially, the increase i n I3 w i t h temperature be low T g is because of an increase 
i n the number of holes (hole nucleation). Above T g , the number of holes 
decreases w i t h temperature because of hole clustering. 

O u r emphasis i n this report is the application of positron l i fet ime 
spectroscopy to the investigation o f changes i n the free volume of polymeric 
solids produced by mechanical deformation. I n our init ial efforts we focused 
on the engineering thermoplastic bisphenol A polycarbonate. T o enable these 
experiments, a miniature load ce l l was constructed to per form i n situ positron 
l ifetime measurements under well-specif ied strains (28). 

Experimental Details 

Positron Lifetime Spectrometer. T h e positron annihilation fife-
t ime spectroscopy system consists of a vacuum chamber, B a F 2 and C s F 7-ray 
detectors, and a fast fast-coincidence detection system, based on E G & G 
Ortec nuclear instrumentation modules ( N I M ) modules. D a t a were collected 
o n a personal computer analyse ( P C A ) mult ichannel analyzer (Tennelec). 
U n i f o r m sample temperature is maintained by a temperature controller 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
02

0

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



20. KLUIN ET AL. Physical Aging of Glasses 541 

(model 805, L a k e Shore Cryogenics) using two diode sensors that monitor the 
temperature at two different surface areas and control fluctuations i n temper
ature dur ing data acquisition to wi th in ± 0 . 0 4 °C. T o optimize the t ime 
resolution function and the detecting efficiency of the system, a cyl indrical 
cesium fluoride crystal (1.5 X 1.5 in.) was used as a scintillator to detect the 
1 .27 -MeV gamma ray that functions as the positron " b i r t h " signal and a 
conical bar ium fluoride crystal (0.8 X 1 X 1 in.) to detect the 0 . 5 1 1 - M e V 
gamma ray that serves as the " d e a t h " signal. T h e windows of the constant 
fraction differential discriminators, w h i c h select the energy ranges of the 
gamma rays, were set using a sodium-22 positron source w i t h a polycarbonate 
sample. F o r a 1 5 - μ Ο sample of 2 2 N a , the count rate was about 300 
counts/s. T h e source, w h i c h contained up to 30 μΟί of 2 2 N a C l , was 
deposited o n a th in a luminum foi l (1.7 m g / c m 2 ) w i t h i n an area of diameter 
« 2.5 m m . T h e fo i l was then folded into a 7 -mm square shape and sand

w i c h e d between two rectangular pieces (1 X 1.3 X 0.4 cm) of the polycar
bonate sample. T h e t ime resolution funct ion i n each case was determined i n 
the process of computer fitting of the data and was compared w i t h indepen
dent measurements using the prompt gamma rays of 6 0 C o . F o r 6 0 C o the f u l l 
w i d t h at half maximum ( F W H M ) was consistently less than 230 ps. T i m e 
calibration was done b y several methods. O n e method, w h i c h was based on 
the random coincidence rate, showed that the channel w i d t h of the m u l t i 
channel analyzer was 10.3 ps. T o test this result, we observed the gamma rays 
f rom the decay of 2 0 7 B i and found a mean l i fet ime of 182 ± 5 ps for the 
570-keV level of 2 0 7 P b , w h i c h agreed w i t h the publ ished l ifetime of 186 ps. 

Data Analysis of Positron Annihilation Lifetime Spectra. 
E a c h positron annihilation l i fet ime ( P A L ) spectrum was fitted to a sum of 
four exponentially decaying functions convoluted w i t h the resolution function. 
T h e fitting was by means of the program Patfit-88. T h e resolution funct ion is 
approximated as the sum of three Gaussian functions whose statistical weights 
and f u l l widths at hal f m a x i m u m ( F W H M ) are determined by the fitting 
program to be those that give the best fit to the data. Af ter the resolution 
function has been determined for one l i fet ime spectrum w i t h a given 
source-sample assembly, the function is assumed to be the same for al l 
subsequent l i fet ime spectra as long as the assembly remains i n place. T h e 
resolution function consistently had a F W H M of about 230 ps, w h i c h is equal 
to that found f rom the 6 0 C o source. W h e n a new sample is introduced, the 
resolution function is again found f rom the fitting procedure; minor changes 
i n the tail of the funct ion are sometimes found, probably because of a change 
i n scattering f rom one detector to the other w h e n the geometry changes 
slightly. Af ter the resolution funct ion is determined f rom analysis of the ini t ia l 
run on a sample, the parameters to be computed i n each subsequent analysis 
are the posit ion τ 0 for the starting point of each exponential decay, the four 
intensities ( I s , Z 1 ? I 2 , J 3 ) , and the four decay constants (reciprocals of the 
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mean lifetimes T S , T 1 ? T 2 , T 3 ) for the exponential functions. T h e source c o m 
ponent (J S , T s ) results f rom positrons that are annihilated before they reach 
the sample; almost al l of these stop i n the a l u m i n u m foi l covering the source. 
F r o m the known foi l thickness we calculate that i n our experiments about 7 % 
of the positrons were annihilated i n the fo i l . T h e positron l i fet ime i n the 
a l u m i n u m foi l is k n o w n to be T s = 180 ps; hence the values of Is and T s can 
be i k e d i n the curve fitting procedure. 

T h e program Patfit-88 determines the remaining seven parameters, after 
subtracting the known source components. T h e starting t ime £ 0 , the three 
mean lifetimes, and two intensities are varied; the t h i r d intensity is then 
determined by requir ing the sum of the intensities to be equal to 100%. 
Because of the mult icomponent nature of the P A L spectrum, several distinct 
choices can be made i n computing the fit parameters, w h i c h w i l l result i n 
systematic differences i n the reported τ 3 and I 3 values. F o r example, dur ing 
physical aging experiments, the two shortest lifetimes show variations that 
appear to be random; therefore, to minimize the effects of the random 
fluctuations on the values o f τ 3 and I 3 , these two lifetimes are h e l d at their 
mean values i n a subsequent analysis of al l of the curves. Also , theoretically, the shortest l i fetime component results f rom annihilation of p-Ps, whose 
mean l ifetime is k n o w n to be 125 ps. I n addition, the intensity of p-Ps must 
be proportional to that of o-Ps (Ix = 0.331 3). Generally, it is not possible to 
obtain a good fit by keeping τ1 fixed at 125 ps and using a reasonable 
intensity for this component. Therefore, Ιλ or τ1 can be al lowed to vary, assuming that this component is the unresolved sum of p-Ps and another 
positron state i n the polymer. Clearly , it follows that an unambiguous 
description of the o-Ps decay component requires specification of the param
eters for the p-Ps and e+ decays. 

Sample Preparation. T h e bisphenol A polycarbonate specimens 
used i n this investigation were typical commercia l materials obtained f rom 
Bayer A G C o m p a n y (Leverkusen, Germany) . T h e glass-transition tempera
ture was determined to be 150 °C by a differential scanning calorimeter 
( D S C ) at a heating rate of 20 °C/min. Because the pr inc ipal a im of this 
investigation is to characterize changes of free volume i n the polymer glass, the thermal or mechanical history must be precisely controlled. Thus, for 
each aging experiment the annealing temperature was at T g 4- 5 °C. O n e 
hour was required to increase the temperature of the sample f rom room 
temperature to the annealing temperature, where it was h e l d for 30 m i n to 
erase the pr ior thermal history to equihbr ium. After quenching to the 
measuring temperature (cooling rate 2 °C/min) and a further equil ibration 
per iod o f 20 m i n , the temperature of the entire sample was uni form and 
stable. F o r our study of the temperature dependence of the positron spec
t rum (29), we likewise took 1 h to increase the temperature to T g + 5 °C, h e l d for 30 m i n , then cooled to the measuring temperature at an average rate 
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2 °C/mm, waited 10 m i n for thermal equil ibration, and acquired spectral 
data for 1 H. F ina l ly after a further annealing at T g + 5 °C we increased the 
temperature to obtain positron spectra at temperatures to 200 °C. 

Results and Discussion 

Temperature Dependence of τ 3 and I 3 and Fractional Free 
Volume. T h e temperature dependence of Z 3 and T 3 for polycarbonate is 
shown i n F igure l a and b. I n F igure l c , we show the product h/C = Z 3 <u f >, where the average hole volume ( u f > = 4/3 IT R 3 and R is obtained f rom e q 
3. This comparison follows u p o n our previous study of poly (vinyl acetate) 
(23) i n w h i c h we argued that Z 3 is proportional to the number of holes per 
unit volume and hence Z3(t> f> is proport ional to the fractional free volume. 
Generally, the experimental results show behavior similar to that observed 
earlier (23) for P V A c . A change i n temperature coefficient of τ 3 is observed 
near T g = 150 °C, w h i c h indicates an increase i n temperature coefficient o f 
the hole radius i n the l i q u i d state compared to the glass state. I n addition, Z 3 

exhibits a weak maximum i n the glass-transition region. F o r comparison, i n 

28 1 1 « ι ι ι ι ι I 
- 3 0 0 30 60 90 120 150 180 

temperature (C) 

Figure I. Temperature-dependence of orthopositronium annihilation in 
polycarbonate: (a) o-Ps intensity, l3; (b) o-Ps lifetime, τ3; (c) apparent free 
volume fraction, h/C = I 3 (V^) . These values were extracted by fits in which r1 

was constrained to r1 = 120 psi. The solid lines are theoretical calculation of the 
Simha-Somcynsky free volume function. Continued on next page. 
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Figure 1. Continued 
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F igure l c , the temperature variation of the S imha-Somcynsky free volume 
fraction for polycarbonate calculated f rom P V T data (J. E. K l u i n , Z . Y u , J . D. 
M c G e r v e y , A . M. Jamieson, R. Simha, and K . Sommer, unpubl ished results) 
is shown. T h e theoretical funct ion is arbitrarily matched to the positron 
values at the glass-transition temperature T g = 150 °C. Again , as we reported 
previously for P V A c (23), good agreement w i t h theory is observed for 
Τ > T g ; as the temperature is lowered further below T g , increasingly poor 
agreement is observed. 

Several points should be made here. 

1. F r o m analysis (J. E. K l u i n , Z . Y u , J . D. M c G e r v e y , A . M. 
Jamieson, R. Simha, and K . Sommer, unpubl ished results) of 
simulated P A S spectra containing mult iple o-Ps decay compo
nents derived f rom hole size distributions produced by the 
previously referenced M o n t e Car lo calculations (S. Vleeshouw-
ers, private communicat ion, 1992), we find that the average 
o-Ps l i fetime < τ 3 > derived f rom typical three-component fit
t ing is the number average value < τ 3 ) = Ση^τ^. 

2. W e find that the corresponding o-Ps intensity I 3 e x p is always 
numerical ly smaller than the number average; that is, J 3 e x p < 
/ 3 = Σ η ^ · . 

3. It is clear f rom these simulations (J. E. K l u i n , Z . Y u , J. D. 
M c G e r v e y , A . M. Jamieson, R. Simha, and K . Sommer, unpub
l ished results) that the anomalously large values of the p-Ps 
decay parameters, Ix and T 1 ? are due to overlapping contribu
tions of comparatively short-l ived o-Ps decay components. 

4. T h e M o n t e Car lo simulations of hole size distributions based 
on the S imha-Somcynsky h value at al l temperatures repro
duce (30) the qualitative details of the temperature depen
dence of the o-Ps decay components i n bisphenol A polycar
bonate; that is, the increase i n temperature coefficient of ( τ 3 ) 
at T g and the weak maximum i n I 3 . T h e deviation between the 
experimental and the predicted h values i n F igure l c is 
principal ly due to discrepancies i n comparing I 3 e x p and i 3 c a i c . 

Isothermal Physical Aging in Strain-Free Glassy Polycarbon
ate. D u r i n g isothermal physical aging i n the glass at temperatures far be low 
T g fol lowing a quench f rom the equi l ibr ium melt at 155 °C, we found that the 
o-Ps l ifetime τ 3 remained almost constant w i t h aging time, f a , but the 
intensity, Z 3 , showed a significant decrease w i t h t&. These results are consis
tent w i t h a previous positron study of polycarbonate (24) and, i n fact, 
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w i t h observations of positron spectra i n other polymers dur ing physical aging 
(22, 23). 

This behavior has been interpreted i n terms of free volume changes that 
occur dur ing physical aging; i n particular, this behavior indicates a decrease 
i n the number of holes (22-24). However , recently it was pointed out (31) 
that such decreases may also arise f rom prolonged exposure to e+ radiation. 
Thus, i n F igure 2 we compared the t ime-dependent variation of Z 3 and τ 3 at 
23 °C for an as-received polycarbonate specimen on constant exposure to e + 

radiation and again fol lowing a rejuvenation treatment i n w h i c h it was heated 
to 155 °C and then quenched to 23 °C. I n each case, τ 3 remained indepen
dent of t ime. F o r the as-received specimen, I 3 decreased very slightly, by 
about 0 .5% over 60-h exposure, whereas the rejuvenated specimen shows an 
initially larger value that decreased and became indistinguishable f rom the 
as-received specimen after about 20 H. T h e difference may be ascribable to 
changes i n free volume dur ing isothermal physical aging fol lowing the quench. 
T h e small decrease i n I3 i n the as-received polycarbonate must be a chemical 
effect due to e+ irradiation. 

Strain Dependence of Free Volume in Polycarbonate. 
Positron annihilation spectra were determined o n a well-aged polycarbonate 
specimen at Τ = 25 °C subjected to increasing tensile strains up to 8%. 
Consistent w i t h an independent experiment reported elsewhere (32), as 
shown i n F igure 3a and b, application of strains up to a level o f 3 - 4 % 
produces an increase i n τ 3 , and hence i n <t;f ) , but little change i n 1 3 ; that is 
i n , Above 4 % strain, no further variation i n ( u f > or i n Ν is apparent unt i l 
the macroscopic y ie ld point is reached at 6%. T h e corresponding free volume 
fraction, h/C, computed from the positron data and shown i n F igure 3c, increases up to 4 % strain and then levels off. A t 8 % strain, two values of T 3 , ί 3 , and h/C are shown i n F igure 3. These represent data taken, respectively, outside and inside the necking area of the specimen. There appears to be a 
distinct decrease i n the o-Ps free volume i n the necking region. However , it is 
interesting to remark that the free volume i n the necking region remains 
larger than that of the init ial undeformed well-aged polycarbonate. In F igure 
4 is a stress-strain curve for our polycarbonate specimen that shows typical 
y ie ld behavior at 6 % strain. W e also indicate on this curve the point i n the 
pre-yielding region at w h i c h the leveling off occurs i n the strain dependence 
of the free volume determined f rom the positron annihilation spectrum. 

Several studies of the materials properties of polycarbonate show distinc
tive modifications i n the pre-yie lding regime. First , measurements of the bulk 
volume (33) are reported to show an increase w i t h tensile strain, e, up to 4 % , at w h i c h point the density begins to increase w i t h further strain. T h e ini t ia l 
volume increase is numerical ly consistent w i t h that computed on the basis 
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Figure 2. Variation of orthopositronium annihilation in polycarbonate during 
isothermal physical aging at Τ = 23 °C in the glass following a quench from 

Τ + 5 °C: (a) o-Ps intensity, I 3 ; (b) o-Ps lifetime, τ3. 
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that the Poisson ratio, υ, of polycarbonate, is smaller than 0.5: 

AV 

V 0 

= ( l - 2 « ) e (5) 

F o r bisphenol A polycarbonate, ν = 0.385. It is pertinent to note here that 
the relative increase i n fractional free volume w i t h strain, Ah/h0, measured 

i 3 ( % ) 

v 3 
(nsec) 

4 6 

strain ( % ) 

Figure 3. Orthopositronium annihilation in polycarbonate as a function of static 
tensile strain: (a) o-Ps intensity, I 3 , (b) o-Ps lifetime, τ3; (c) fractional free 
volume h/C = I3<V^>. These values were generated (28) by unconstrained fits. 

The open circle at 8% strain was measured separately in the necking region. 
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h/C 

strain ( % ) 

Figure 3. Continued 

by the o-Ps annihilation spectrum, is substantially larger than the fractional 
increase i n bulk volume, A V / V 0 , as shown i n F igure 5. Thus the increase i n 
free volume is larger than that produced by an affine expansion of the holes. 

Second, a study (34) of the so-called strain-induced rejuvenation or 
reversal of the physical aging process i n the mechanical properties of polycar-

Stress 

(MN/m 

Strain (%) 

Figure 4. Tensile stress-strain curve for the polycarbonate sample used in the 
positron annihilation studies measured by tensile tester (instron) at a crosshead 
speed of 2 mm/min according to ASTM test d 638-87b. The broken line 
indicates approximately where the apparent leveling-off occurs in the strain 

dependence of free volume measured by o-Ps annihilation (Figure 3). 
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Figure 5. The percent increase in fractional free volume with strain, A h / h 0 , measured from o-Ps annihilation, compared with the percent increase in bulk 
volume, A V / V 0 , from reference 33. 

bonate found characteristic changes w h e n the applied strain reached 4 % . 
Specifically, the storage and loss tensile modul i , ER and E" were measured at 
10 H z dur ing stress relaxation at static tensile strains f rom 1.2% to 6 .5% at 
50 °C. It was observed that E' and 1 /E" decreased w h e n the static strain was 
applied and then increased monotonically w i t h t ime, w h i c h implies an init ial 
decrease i n rigidity, fo l lowed by a slow recovery i n rigidity as the sample ages 
under strain. B o t h the magnitude of the init ial change and the rate of the 
subsequent recovery increase uniformly w i t h the applied strain up to 4 % , and 
then level off. This behavior was attributed to a systematic init ial increase i n 
segmental mobil i ty w i t h appl ied strain u p to 4 % , fol lowed by accelerated 
physical aging (34). Clearly, such an interpretation is quite consistent wi th 
our positron observations. 

Physical Aging in Polycarbonate under Applied Strain. A 
positron annihilation l ifetime study of free volume changes i n a well-annealed 
polycarbonate specimen objected to a static tensile strain of 3 . 5 % at 25 °C 
was carried out. T h e positron spectrum was recorded at 3-h intervals dur ing 
stress relaxation and physical aging fol lowing the application of the strain for a 
total per iod of 200 h and again periodically every 3 h dur ing further physical 
aging fol lowing release of the stress unt i l a total of 340 h had elapsed. I n 
Figure 6, we show variation of 7 3 , τ 3 , and the fractional free volume h dur ing 
this experiment. T h e horizontal l ine indicates the init ial values of the u n 
strained specimen. Applications of strain causes an init ial increase of τ 3 , and 
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hence (νξ), whi le I 3 (and hence N) remain constant wi th in experimental 
error. D u r i n g the physical aging process that accompanies stress relaxation, the fractional free volume h decreases, due to decreases i n both ( u f > and N. 
Note , however, that a significant port ion (about 50%) of the overall decrease 
i n h is presumably due to e+ radiation damage based o n F igure 2. U p o n 

100 200 300 400 

aging time (hours) 

3 

(nsec) 

2.15 

2.05 

1.95 

(w 

release of strain 

100 200 300 400 

aging time (hours) 
Figure 6. Variation of orthopositronium annihilation in polycarbonate during 
physical aging after the application of 3% static tensile strain. The solid circles 
denote data taken in the presence of constant 3% strain, during stress relaxation, and the open circles denote data taken following strain release, (a) o-Ps 
intensity, I 3 ; (b) o-Ps lifetime, τ3; (c) fractional free volume h/C = I 3CV^}. 

Continued on next page. 
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Figure 6. Continued 

release of strain, further decrease of h occurs throughout the duration of the 
experiment unt i l , after 340 h , h is smaller than the init ial value. Apparently, the applications of strain to this well-aged polycarbonate specimen has 
reactivated the aging process, presumably because of the increase i n size of 
free volume. However , it is interesting to note that L e g r a n d et al . (34) 
reported a negative increment i n the bulk volume of a polycarbonate speci
m e n fol lowing long-term annealing at 3% strain and subsequent strain 
recovery. T h e implications is that the tensile strain permits a t ime-dependent 
reorientation or more efficient packing of chains even i n the pre-yielding 
region. 

F inal ly , we comment on our positron data i n the necking region. H e r e 
we see a decrease i n the measured free volume fraction, h/C, compared to 
the plateau value reached i n the pre-yie ld region. This is consistent w i t h the 
known development of extensive interchain orientation and macroscopic 
densification that accompanies the necking phenomenon. However , it is 
noteworthy that h/C remains above the value measured for well-aged 
amorphous polycarbonate. This observation supports the idea that co ld 
drawing may increase the macroscopic densities because of enhanced inter
chain orientation and packing, and yet increase the free volume (35, 36). This 
concept has been advanced based on the observation that the rate of volume 
relaxation is enhanced by cold drawing (35, 36). 

Summary 

A variety of spectroscopic techniques have been investigated for their ability 
to detect changes i n the free volume (molecular mobility) of bulk polymers. 
M a n y of these, for example, the fluorescence, E S R , and stilbene isomeriza-
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t ion methods, are sensitive to the large changes i n free volume that accom
pany changes i n temperature, but are comparatively ineffective for fol lowing 
the small changes i n free volume that occur, for example, dur ing isothermal 
physical aging i n the glassy state. A l l of the available techniques inc luding 
P A L spectroscopy are l imi ted i n that under various circumstances, they are 
able to sample only a port ion of the free distribution. W i t h the P A L 
technique we were able to establish a quantitative relationship between the 
o-Ps lifetimes and intensities, and between the S imha-Somcynsky free v o l 
ume function for P V A c and polycarbonate over a range of temperatures 
above T g . However , more work needs to be done to obtain a complete 
understanding of the o-Ps annihilation characteristics. It is clear f rom our 
work and others (37) that the o-Ps decay component contains information o n 
the free volume distribution. 

Qualitatively, it has been demonstrated that the o-Ps spectrum can be 
used to investigate free volume changes i n the glass produced by physical 
aging or mechanical strains. However , it is clear that the interpretation of 
such free volume changes is complicated by artifactual change i n the o-Ps 
decay intensity produced by prolonged e+ irradiation. Cer ta in polymers 
appear to have heightened sensitivity to such effects (30). W e find, that 
under isothermal conditions, the apparent free volume level of polycarbonate 
increases w i t h application of static tensile strains u p to 4 % , after w h i c h it 
levels off. This behavior is consistent w i t h observed enhancement of the aging 
rate of the mechanical properties i n the presence of large strains. I n the 
necking region, the free volume decreases but remains higher than the value 
for well -aged amorphous polycarbonate, despite the extensive chain orienta
t ion. F inal ly , the o-Ps spectrum of polycarbonate subjected to long-term 
aging at 3 % strain, fol lowed by further aging dur ing strain recovery, indicates 
a negative change i n free volume that is i n agreement w i t h publ ished 
observations of a negative increment or bulk volume of specimens subjected 
to a similar mechanical history. This observation supports suggestions that the 
reorientation of chains is facilitated by the increased free volume associated 
w i t h mechanical deformation and permits a more efficient interchain packing 
even i n the pre-yielding region. 
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Fluorescence Spectroscopy and 
Photochemistry of Poly(4-oxystyrenes) 
with Triphenylsulfonium Salts 
Insight into the Photoinitiation of Chemically 
Amplified Resists 

N i g e l P . Hacker1 and K e v i n M. W e l s h 2 

1IBM Research Division, Almaden Research Center, 650 Harry Road, 
San Jose, CA 95120-6099 
2Advanced Technology Center, IBM General Technology Division, 
Hopewell Junction, NY 12533 

The fluorescence spectroscopy of 4-oxystyrene polymers, the quench
ing of the fluorescence by triphenylsulfonium salts, and the photo
chemistry of the triphenylsulfonium salts in these polymers were 
studied. Three polymers were examined: poly(4-hydroxystyrene), poly 
(4-methoxystyrene), and poly[4-(tert-butoxycarbonyl)oxy]styrene]; the 
latter polymer is employed as a photosensitive polymer for resist 
applications in the presence of sulfonium salts. All three polymers 
fluoresce in the 300-340-nm region. Triphenylsulfonium salts quench 
the fluorescence from the polymers both in solution and the solid state 
by dynamic and static quenching mechanisms respectively. Photolysis 
of the sulfonium salts in the polymer films gave lower than expected 
cage to escape ratios (C/E) for a viscous medium, which is attributed 
to a sensitization process by the polymer. However, in-cage products 
are observed, which also implies a direct photolysis mechanism. Thus 
it is proposed that the process for photoacid production in 4-oxystyrene 
polymers occurs by a dual photoinitiation pathway that involves both 
the excited state of the sulfonium salt and the excited state of the 
polymer film. Performance of the sulfonium salt-oxystyrene polymer 
was assessed by a low irradiation dose-high dose thickness change 
comparison at various sulfonium salt concentrations. This thickness 

0065-2393/93/0236-0557$06.00/0 
© 1993 American Chemical Society 
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558 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

test simulates photospeed but reduces errors introduced from the 
variation in dissolution characteristics caused by changing the sulfo
nium salt concentration. The thickness data follow the same trend as 
the percent excited state quenched by the static quenching mechanism 
with the exception that there is an additional direct photolysis compo
nent. The combined spectroscopic and photochemical studies also 
explain the dynamic range of photosensitivity of the resist that encom
passes the UV absorption range of both the initiator and the polymer 
film. 

TTHE USE O F O N I U M SALTS AS PHOTOINITIATORS for acid-catalyzed cross-
l inking reactions i n polymer chemistry has found wide application ( I ) . M o r e 
recently, poly[4-[(teri-butoxycarbonyl)oxy]styrene] ( P T B O C ) has become v i 
tally important i n the electronics industry as an extremely sensitive photoac
tive polymer i n formulation w i t h an o n i u m salt photoinitiator (2) . A l t h o u g h 
the photochemistry of sulfonium and other o n i u m salts has been extensively 
studied i n solution ( I , 3) and recent mechanistic investigations have shown 
the importance of solvent in-cage reactions and cage-escape reactions (4-7), there has been no substantial investigation o f exactly how these polymers are 
rendered photosensitive by o n i u m salts (8). 

T h e init ial reaction of o n i u m salts i n the P T B O C resist is photogenera-
t ion of Brônsted acid, w h i c h u p o n post-exposure bake catalyzes the removal 
(deprotection) of the T B O C group i n the exposed areas and generates 
poly(4-hydroxystyrene) ( P H O S T ) . If a th in film of P T B O C is irradiated 
through a mask, then baked and developed w i t h a solvent that selectively 
dissolves P H O S T , a latent image can be obtained. Thus w i t h this process, one 
incident photon generates acid that catalyzes mult iple reactions and results i n 
a "chemical ly ampl i f i ed" photosensitive polymer. The acid-catalyzed process 
is very efficient, and chain lengths of 1 0 2 - 1 0 3 have been estimated (9) . 
Al though the acid-catalyzed process is efficient, it undergoes a termination 
process that prevents deprotection of the P T B O C i n the unexposed areas, and this permits the development of images w i t h features less than 1 μ ι η . 

There are some important aspects of the P T B O C - s u l f o n i u m salt resist 
that need to be characterized. F o r example, it is w e l l known that the 
quantum yie ld for tr iphenylsulfonium salt photodecomposit ion decreases 
drastically i n viscous solvents and polymer films (10), yet the photoresist 
exhibits remarkable sensitivity at low doses. Also , the polymer has a consider
able absorbance i n the deep U V that l imits the amount of incident light 
absorbed by the o n i u m salt photoinitiator. T h e ideal photoresist system is 
where the polymer has no absorbance at the wavelength emitted by the 
exposure tool and where the photoinitiator absorbs all of the incident light 
throughout the depth of the film (11). A maximum absorbance of about 0.4 at 
the required wavelength is thought to permit o p t i m u m light transmittance to 
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the initiator at the bottom of the film (12). Despite the fact that the 
P T B O C - s u l f o n i u m salt resist is nonideal (i.e., the polymer absorbs at the 
wavelength of the incident light), it performs remarkably w e l l as a deep U V 
photoresist wi th photospeeds of around 1 m j / c m 2 at 248 n m , w h i c h is about 
2 orders of magnitude faster than opt imized nonchemically amplif ied resists. 

W e report here the fluorescence spectroscopy and photochemistry of 
poly (4-oxystyrene) derivatives w i t h tr iphenylsulfonium salt i n solution and as 
films. T h e goal of this study is to understand how the presence of these 
polymers affects the photoinitiation of acid and how the sulfonium salt 
functions i n these polymers, and also to determine i f there is a relationship 
between the spectroscopic properties, the photochemistry, and the perfor
mance of the P T B O C resist. 

Experimental Details 

Fluorescence Spectroscopy. In a typical experiment, the samples 
were prepared by dissolving the appropriate amounts of polymer and quencher 
i n propylene glycol methyl ether acetate ( P G M Ε A ) fol lowed by filtration of 
0.45 μ ιη . T h e polymer films were formed by spin-casting o n sil icon wafers or 
quartz plates at 3500 r p m fol lowed by a soft bake at 90 °C for 60 s. Thus, a 
2 0 - w t % solution o f p o l y m e r - o n i u m salt i n P G M E A gave films w i t h thick
nesses of 0 .8-1.0 μηι. 

Luminescence spectra were obtain on a spectrofluorometer (Shimadzu 
R F - 5 4 0 or P e r k i n - E l m e r L S 5 - B ) using an interrogation wavelength of 290 
n m , a source monochromator w i t h a slit w i d t h of 2 m m , and a 290-nm narrow 
bandpass filter. T h e emission was monitored at the wavelength of interest 
through a 300-nm high-pass filter and a monochromator w i t h a 2 - m m slit 
width . The sil icon wafers (or quartz plates) coated w i t h the polymer th in film 
were placed i n a specially modif ied solid sample holder at approximately a 45° 
angle to the source and a shutter between the source and the sample was 
employed to reduce the amount of exposure to actinic radiation. L u m i n e s 
cence intensity data were obtained f rom at least five different sites on the 
wafers. In data analysis, a density of 1.16 g / m L for the polymeric films was 
used. This density was assumed to remain constant w i t h the addition of 
on ium salt quencher. 

Photochemistry. Tr iphenylsul fonium sa l t -polymer films were pre
pared by dissolving the appropriate amounts of polymer and salt i n a suitable 
solvent ( P G M E A or dichloromethane), al lowing the solvent to evaporate for 
16 h , and finally drying overnight i n a vacuum oven at 70 °C. Pieces of the 
films (0.1 g) were placed i n quartz or Pyrex tubes and were irradiated for 30 
m i n i n a Rayonet reactor equipped w i t h four bulbs, R P R 2 5 3 7 A or R P R 3 0 0 0 A , for λ = 254 or 300 n m , respectively. T h e reaction mixtures were mixed w i t h 
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acetonitrile (4 m L ) , sonicated, quenched w i t h br ine (10 m L ) , and extracted 
w i t h hexanes (1 m L ) containing n-tetradecane internal standard. T h e photo-
products were identi f ied by comparison of retention times w i t h k n o w n 
concentrations of authentic samples i n acetonitrile, w h i c h were subjected to 
the same workup procedure to compensate for extraction efficiencies and 
response ratios (see reference 6). 

Resist Performance. Thickness changes were recorded by exposing 
a wafer to a low radiation dose (1 m j / c m 2 at λ = 248 nm), baking at 90 °C 
for 60 s, and comparing the thickness remaining to a similarly prepared film 
that was given a high radiation dose (100 m j / c m 2 ) and processed identically. 
T h e thickness of the polymer films was measured before and after exposure 
by scratching the wafer wi th a razor blade and measuring the profile across 
the scratch at several different points o n the wafer. 

Results 

Fluorescence Spectroscopy. The three poly(4-oxystyrenes), P T 
B O C , P H O S T , and poly(4-methoxystyrene) ( P M O S T ) , al l exhibited an emis
sion i n the 300-350-nm region w i t h a broad tail toward the red spectrum 
upon excitation at λ = 290 n m (Figure 1). P T B O C and P H O S T had maxima 
at λ = 304 and 307 n m , respectively, i n acetonitrile, whereas the maximum 
for P M O S T was red-shifted to 328 n m . T o determine i f the r e d tail f rom the 

300 350 400 450 

Wavelength (nm) 

Figure 1. Comparison of PTBOC, PHOST, and PMOST fluorescence in acetonitrile 
solutions. 
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emission of each of these compounds was due to the polymer, the fluores
cence spectrum of T B O C polymer was measured as a th in film (1 μπι ) and i n 
acetonitrile solution, and was subsequently compared w i t h the model com
p o u n d for the repeating unit, p - c r e s o l - B O C (Figure 2). T h e p - c r e s o l - B O C 
gives a fluorescence emission at λ = 294 n m , whereas the T B O C polymer 
fluoresces at λ = 304 n m i n solution and at λ = 308 n m as a film. In 
addition, the fluorescence spectra of the T B O C polymer, as a film and i n 
solution, both exhibit the broad red-shifted tail , w h i c h is not detected f rom 
p - c r e s o l - B O C . T h e broad red-shifted emission f rom each of the poly(4-
oxystyrenes) is probably due to partial ordering of the polymer. 

W h e n tr iphenylsulfonium hexafluoroantimonate (TPSSb) was added to 
the acetonitrile solutions of each of the polymers, the wavelengths of the 
fluorescence maxima remained constant, but there was a marked decrease i n 
luminescence intensity of the emissions. F igure 3 shows the effect of adding 

Figure 2. Comparison of fluorescence of PTBOC in acetonitrile solution and as a 
film with 4-cresol-BOC fluorescence in acetonitrile solution. 
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2.0 Χ 1 0 ~ 3 - 4 . 0 Χ 1 9 " 2 M T P S S b to the fluorescence of P M O S T i n acetoni
trile solution using an excitation wavelength of λ = 290 n m . T h e emission is 
almost completely quenched at the higher concentrations of T P S S b . F o r 
S t e r n - V o l m e r (dynamic) quenching of fluorescence, 

Φ 0 / Φ = 1 + kqi[Q] 

where Φ 0 and Φ are the quantum yields of fluorescence i n the absence and 
presence of quencher, kq is the bimoleeular rate constant for quenching, τ is 
the l i fetime of the emitt ing species, and [Q] is the quencher concentration. 
T h e fluorescence intensities i n the absence and presence of quencher, i 0 and 
I, are directly proport ional to Φ 0 and Φ , respectively, and thus a plot of I0/I 
versus T P S S b concentration should be linear w i t h a gradient o f kqr and an 
intercept of 1 (13, 14). F igure 4 shows the plots of I0/I for the three 
4-oxystyrene polymers versus T P S S b concentration. A l l three plots are l inear 
w i t h intercepts at 1. Unfortunately, lifetimes for the 4-oxystyrene polymers 
are unknown; however, anisole (T = 8.3 ns) and phenol ( τ = 2.1-7.4 ns) can 
be considered as models for P M O S T and P H O S T , respectively (15). T h e 
bimoleeular constant for diffusion i n acetonitrile is 2 Χ 1 0 1 0 M s - 1 , and so 
for anisole kqr = 166 M " 1 and for phenol fcQT = 42 -148 M " 1 . T h e experi
mentally obtained values of fcQT are 166 M _ 1 for P M O S T , 90 M " 1 for 
P T B O C , and 80 M " 1 for P H O S T . Thus the S t e r n - V o l m e r quenching 
constants for P M O S T and P H O S T w i t h T P S S b are close to the dif fusion-
control led rates. It is l ikely that P T B O C exhibits similar behavior; that is, T P S S b quenches the emission at diffusion-controlled rate. 
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0.01 0.02 0.03 

TPS.Sb Concentration (M) 
0.04 

Figure 4. Plot of I 0 /I versus molar concentration for emission of poly (4-oxysty
rene) derivatives in acetonitrile solution in the presence of triphenylsulfonium 

hexafluoroantimonate. 

T h e quenching of the fluorescence of the 4-oxystyrene polymers by 
T P S S b as films was also measured. U s i n g an excitation wavelength of 295 n m 
and monitor ing the emission at 320 n m , the intensity is decreased by greater 
than a factor of 3 w h e n the concentration of T P S is increased f rom 0 to 0.12 
m , w h i c h corresponds to a loading of approximately 7 % by weight of T P S i n 
T B O C . A t this loading level, the fraction of excited states quenched is 
approximately 68%. In each case the quenching of the emission of the 
polymer films d i d not result i n linear S t e r n - V o l m e r plots. P e r r i n developed a 
model for solid-state (static) quenching: 

b(i 0 /0 = νΝ[p] 

where I0 and ί are the fluorescence intensities i n the absence and presence 
of quencher, V is the volume of the active sphere, Ν is Avogadro's number , and [Q] is the concentration of the quencher i n the sol id matrix (14, 16), T h e 
data presented i n F igure 5 show that the observed luminescence quenching 
w e l l approximates the P e r r i n model for static quenching. T h e radius, R, of 
the active quenching sphere is calculated f rom 

4TT 

1/3 
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1.0 

M 

— 0.5 

0 
0 0.02 0.04 0.06 0.08 0.10 0.12 

TPS.Sb Concentration (M) 

Figure 5. Plot of In I 0 /I versus molar concentration for poly[4-[(tert-butoxy-
carbonyDoxy]styrene] emission at λ = 320 nm in the presence of triphenylsul

fonium hexafluoroantimonate (excitation at λ — 295 nm). 

The radius of the active sphere, calculated f rom the data i n F igure 5, for 
P T B O C is found to be approximately 16 Â. Similar treatment of the emission 
quenching by T P S of the fluorescence f rom poly(4-hydroxystyrene) ( p H O S T ) 
film results i n a radius of 19 Â. These values seem to be higher than the 
expected 8 - 1 0 - Â radius for pure static quenching (14) and may be the result 
of an additional, small dynamic component. 

Photochemistry. Irradiation ( λ = 254 nm) of P T B O C films contain
ing 0.1, 1.0, and 10.0% T P S S b gave 2-, 3-, and 4-phenylthiobiphenyls and 
diphenylsulfide (Scheme I). T h e ratios of the sum of the three phenylthio-
biphenyl isomers to diphenylsulfide [the cage to escape ratio ( C / E ) ] were 
2.04:1 and 1.70:1 for 1 and 1 0 % salt loadings, respectively (Table I, entries 1 
and 2). These C / E values seem remarkably low for a viscous m e d i u m . F o r 
example, irradiation of poly(methylmethacrylate) ( P M M A ) films that contain 
similar loadings of T P S S b under identical conditions gives C / E values of 
2.81-3.51:1 (Table I, entries 5 and 6). T o determine i f sensitization of T P S S b 
was the reason for the relative increase i n diphenylsulfide formation, the films 
were irradiated at 300 n m where the polymer absorbs, but where the salt has 
only a very weak absorbance (e < 1). U n d e r these conditions, at 1 and 1 0 % 
loading, the cage to escape ratio decreases to 0.78:1 and 0.86:1, respectively 
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C A G E 
1 

HX 

I I 
E S C A P E 

Scheme I. Photoproducts from irradiation of triphenylsulfonium salts. 

Table I. Photoproduct Distribution from Irradiation of Triphenylsulfonium 
Salts (Concentration Χ 10 5 M) 

Run TPS λ 
No. (%) WC Polymer (nm) Ph2S Ph-PhSPh C/E 

Fi lm 
1. 1.0 T B O C 254 0.95 1.95 2.04 
2. 10.0 T B O C 254 3.96 6.74 1.70 
3. 1.0 T B O C 300 0.70 0.55 0.78 
4. 10.0 T B O C 300 5.95 5.07 0.86 
5. 1.0 P M M A 254 1.92 6.75 3.51 
6. 10.0 P M M A 254 6.57 18.46 2.81 

C H o C N Solution 
7. 1.0 T B O C 254 13.24 10.42 0.79 
8. 10.0 T B O C 254 110.9 82.8 0.75 
9. 1.0 T B O C 300 1.28 trace — 
10. 10.0 T B O C 300 8.96 0.37 0.04 
11. 0.01 M C H 3 C N 

+ 0.1 M anisole 254 221.4 75.0 0.34 
12. 0.01 M C H 3 C N 

+ 0.1 M anisole 300 14.43 0.79 0.06 
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(Table I, entries 3 and 4). However , w h e n the P T B O C - T P S S b films are 
dissolved i n acetonitrile and irradiated under identical conditions the C / E 
values are 0.71-0.79:1 at 254 n m and 0.04 at 300 n m (Table I, entries 7-10) . 
T h e normal C / E values for direct photolysis under these conditions i n 
acetonitrile are 1.1:1 at λ = 254 n m and 0.35:1 at λ = 300 n m . 

Lithographic Performance. A n u m b e r of P T B O C - T P S S b films 
were evaluated for photosensitivity as a function of wavelength of the incident 
light and the concentration of the T P S S b photoinitiator. It was found that 
P T B O C - T P S S b is photosensitive over a larger dynamic range (200-300 nm) 
than the absorption range of the photoinitiator (210-280 nm). However , the 
photosensitivity range does seem to correlate w i t h the combined absorptions 
of both the polymer and the photoinitiator. Thus the polymer participates i n 
the photoacid generation process. T h e photosensitivity of the photoresist was 
evaluated at various concentrations of T P S S b b y measuring the relative loss o f 
film thickness after a low dose irradiation, versus a high dose on a similarly 
prepared film, fo l lowed by a postexpose bake. This technique eliminates the 
errors f rom the changes i n dissolution characteristics of the resist that are 
introduced by increasing the photoinitiator concentration. T h e loss i n film 
thickness is proportional to the relative amount of deprotection and has a 
good inverse correlation w i t h l ithographic photospeed. 

Discussion 

T h e combined spectroscopic, photoproduct, and lithographic performance 
studies indicate that the P T B O C backbone participates i n the photodecompo-
sition of the o n i u m salt photoinitiator. The phenylthiobiphenyl photoproducts 
are formed by an in-cage fragmentat ion-recombinat ion reaction that also 
results i n product ion of Brônsted acid. However , the diphenylsulfide, ben
zene, and acetanilide are formed by reaction of the init ial ly formed fragments 
w i t h the solvent and may be considered as cage-escape products. T h e 
cage-escape reactions also generate Brônsted acid. T h e remarkable sensitiv
ity of the P T B O C - T P S S b mixtures at X = 300 n m , and the larger than 
expected amounts of cage-escape reaction products i n both solution and as 
films at both photolysis wavelengths, λ = 254 and 300 n m , strongly indicates 
photosensitized decomposit ion of the T P S S b initiator. There are two types of 
sensitization that result i n photodecomposit ion of tr iphenylsulfonium salts: 
triplet energy transfer and photoinitiated electron transfer. 

Tr iplet sensitization occurs i n the presence of ketone sensitizers w i t h 
triplet energies > 74 k c a l / m o l to give 100% cage-escape product (17) . F o r 
example, photolysis of tr iphenylsulfonium triflate i n acetonitrile solutions 
containing acetone, indanone, acetophenone, or xanthone, gives diphenylsul
fide, benzene, and acid. T h e absence of the in-cage phenylthiobiphenyls 
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indicates that the initially formed intermediates from the excited state of the 
on ium salt react wi th the solvent rather than recombine. T h e absence of the 
cage-escape product, acetanilide, suggests that phenyl cation is not an 
intermediate, and the detection of benzene suggests that phenyl radical is an 
intermediate. Thus the excited state of the sulfonium cleaves by homolysis to 
give a radical pair of intermediates that do not recombine. T h e triplet 
diphenylsulfinyl radical ca t ion-phenyl radical pair fit the preceding criteria: 

sensitizer —> [sensitizer]* -> [sensitizer] 1 —> [sensit izer] 3 

[sensit izer] 3 + P h 3 S + X ~ - » sensitizer + [ P h 3 S + X ~ ] 3 

[ P h 3 S + X " ] 3 -> P h 2 S + P h X " 3 -> P h 2 S + P h H + H + X " 

Al though the 4-oxystyrene polymers are not ketones, they can all be consid
ered as anisole derivatives. Anisole has a triplet energy of 80.8 k c a l / m o l and 
so triplet energy transfer is feasible (15). 

Elec t ron transfer occurs f rom the singlet excited state o f the sensitizer, usually a polycyclic aromatic hydrocarbon ( A r H ) , and proceeds via the 
triphenylsulfur radical-sensit izer radical cation in the solvent cage (18). 
Subsequent steps produce acid by escape reactions and by phenylation of the 
sensitizer radical cation: 

A r H -> [ArH]* - » [ A r H ] 1 

[ A r H ] 1 + P h 3 S + X " - > A r H + + P h 3 S X " 1 

A r H + P h 3 S X " 1 -> A r H + P h T h 2 S X " 1 

A r H + P h P h 2 S X 1 -> A r P h + P h 2 S + P h H + H + X 

If the photoinitiated electron transfer reaction occurs, the conditions of the 
R e h m - W e l l e r equation must be satisfied ( J 9 , 20) . If anisole, w h i c h has a 
fluorescence quantum yie ld of 0.3, is used as a model for the 4-oxystyrene 
polymers, the requirement for electron transfer to occur is an exothermic 
reaction: 

AG= - [ £ * + E r e d ] 

where £ * x is the excited state oxidation potential of the donor ( P T B O C ) and 
£ r e d is the reduction potential for the acceptor (TPSSb) . T h e excited state 
oxidation potential is estimated from the energy of the excited state and 
ground-state oxidation potential o f the donor; that is, E*x = Sl — Eox for the 
singlet excited state and £ * = TY — Eox for the triplet excited state, where 
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S x and Tx aie the respective singlet and triplet excited state energies. F o r 
T P S S b , F r e d = —1.2 V versus saturated calomel electrode ( S C E ) (21); for 
anisole, the m o d e l monomer for P T B O C , E o x = 1.35 V vs. S C E (22) and 
S x = 4.47 e V and Γ, = 3.50 e V (15). Substituting these values i n the 
preceding equation yields A G = —1.92 e V ( — 44 kca l/mol) for Sx and 
A G = —0.95 e V ( —22 kca l/mol) for Tv Thus electron transfer is energeti
cally favorable f rom both singlet and triplet excited states. 

F r o m the foregoing arguments it appears that sensitization can occur by 
three processes: triplet energy transfer, electron transfer f rom the singlet 
excited state, and electron transfer f rom the triplet excited state of the 
4-oxystyrene polymers are al l energetically favorable. T h e fluorescence spec
troscopic studies should differentiate between the three possible modes of 
sensitization. 

T h e detection of an emission of the 4-oxystyrene polymers f rom films and 
solutions, the observation of emission quenching, and its insensitivity to 
oxygen (a triplet excited state quencher), implicate the activity of the singlet 
excited state of the polymers. Al though it could be argued that the emission 
f rom the polymer films should be insensitive to oxygen because o f l imi ted 
diffusion, the emission spectra of the films are measured close to the surface 
of the film where oxygen diffusion can occur. Also , for the triplet excited state 
to be responsible for the observed emission quenching, there w o u l d have to 
be an equi l ibr ium between the singlet and triplet excited states of the 
4-oxystyrene polymers. F o r the mode l compound, anisole, the difference 
between S x and Tx (22 kca l/mol) is too large for this to occur and renders 
participation of the triplet excited state an unlikely mechanism for acid 
generation. 

T h e mode of the emission quenching is also an interesting aspect of the 
sensitization process. Solutions of the polymers and T P S S b apparently behave 
as m o n o m e l i c species and the fluorescence quenching gives normal 
S t e r n - V o l m e r plots, w h i c h implies a dynamic quenching mechanism that 
occurs at close to diffusion control led rates. However , the emission quench
i n g of the films of the 4-oxystyrene polymers appears to occur by a static 
quenching mechanism. A l t h o u g h dynamic quenching could occur b y an 
exciton migration mechanism, it appears that quenching data better fit the 
Perr in formulation for static quenching. T h e radi i o f the active sphere for the 
films are 15 -20 Â, w h i c h seems higher than the normal values of 8 - 1 0 Â that 
are expected for pure static quenching. Thus there may be an additional, small dynamic component, where the photon or exciton can migrate through 
1 - 3 units of the polymer. This hypothesis is supported b y the observation of 
the red-shifted emission tails i n the polymers, w h i c h indicate a partial 
ordering o f the monomer units i n the polymers that may permit short-range 
energy migration. 

T h e mechanism for the photolysis of P T B O C - T P S S b mixtures is shown 
i n Scheme II. T h e incident light is absorbed by both the polymer and the 
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p + Ph 3S +X~ [P]* + Ph 3S +X" + [Ph 3S+X"]* + p 

[Ph3S+X~]* * PhPhSPh + Ph 2S + HX 

[P]* + Ph 3S +X" * P+* + Ph 3S' + X" 

P+ < + Ph 3S' + X" - P+' + Ph* + Ph 2S + X" 

P+' + Ph' + X" P-Ph + HX 

where p = poly [4-[(tert-butoxycarbonyl)oxy]stryrene] 

Scheme II. Dual photoinitiation mechanism for photolysis of triphenylsulfonium salts 
in poly[4-[(tert-butoxycarbonyl)oxy]styrene]. 

initiator. T h e light absorbed directly by the initiator results i n decomposit ion 
via the singlet excited state of T P S S b as previously described for direct 
photolysis of T P S S b i n solution (6) . T h e light absorbed by the polymer 
initiates and electron transfer to the initiator f rom the singlet excited state of 
the polymer, w h i c h yields diphenylsulfide and acid as previously described for 
sensitization w i t h polycyclic aromatic hydrocarbons (18). This mechanism 
also accounts for the dynamic range of the lithographic performance of the 
P T B O C - s u l f o n i u m salt photoresist; that is, the absorption spectral range of 
both the polymer and the o n i u m salt photoinitiator contribute to the observed 
photosensitivity. It must be stressed that the photoinitiation process must 
occur by both sensitized and direct photolysis pathways; that is, a dual 
photoinitiation process occurs. T h e polymer does not absorb 100% of the 
incident light and although elevated levels of the escape sulfide products are 
observed due to the sensitization mechanism, the in-cage phenylthiobiphenyls 
are significant products and indicate that direct photolysis also generates acid. 

A n additional factor i n the lithographic performance of photosensitive 
polymers is the general observation that the required dose (photospeed) 
decreases as the concentration of photoinitiator is increased. Usual ly 1 - 1 0 
w t % initiator is added to formulations and there is a general observation that 
the photosensitivity versus initiator loading is nonlinear. Typical ly the photo-
speed levels off at higher initiator concentration. Photospeed data are not 
presented because there are changes i n dissolution properties associated w i t h 
increasing the photoinitiator concentration i n the polymer for unexposed 
films. T o overcome this problem, thickness loss experiments were r u n . 
P T B O C is deprotected to P H O S T i n the presence of photogenerated acid, w h i c h represents a change f rom C 1 3 H 1 7 0 3 to C 8 H 9 0 based on monomer 
units. Thus complete deprotection of a T B O C film results i n approximately a 
4 5 % weight loss, w h i c h should give a corresponding film thickness loss. T h e 
film thickness loss for samples w i t h varying photoinitiator concentration was 
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100 Dynamic - , 100 

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 
Molar Concentration of Triphenylsulfonium Salt 

Figure 6. Plot of percent excited states quenched (static and dynamic quenching) 
and percent film thickness loss (low vs. high exposure dose) for PTBOC. 

measured for samples at a low and high exposure doses, 1 and 100 m j / c m ~ 2 , respectively. T h e 100-mJ/cm dose gave the maximum film thickness loss for 
al l the samples measured. T h e low dose gives the amount o f thickness loss for 
typical resist processing conditions and the high dose gives the maximum 
thickness loss for a particular photoinitiator concentration. T h e thickness is 
proport ional to the weight loss and thus proportional to the amount o f 
deprotection. Thus the percent thickness loss for low dose versus high dose 
gives a measure o f resist performance at various photoinitiator concentrations 
and eliminates artifacts caused by changes i n dissolution characteristics of the 
resist. Photospeed, the measure o f dose required to image a certain thickness 
resist film, decreases w i t h increasing photoinitiator concentrations; that is, lower irradiation doses give the required amount of deprotection as the 
photoinitiator concentration increases. Conversely, film thickness loss i n 
creases w i t h photoinitiator concentration and so there is an inverse relation
ship between photospeed and percent film thickness loss. T h e fact that both 
parameters correspond to the relative amount of deprotection is supported by 
the tendency of both photospeed and thickness loss to level off at h igh 
photoinitiator concentrations. 

F igure 6 shows the relationship between resist performance based o n 
film thickness loss versus concentration of initiator for a typical photoresist. 
Also shown i n the same figure are the percent fraction of the quenched 
excited states of P T B O C versus T P S S b for static and dynamic quenching 
based o n the data obtained experimentally. T h e dynamic quenching data 
show a sharp rise that rapidly reaches a plateau, whereas the rise is more 
gradual for static quenching. T h e photospeed data fall i n between the 
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dynamic and static quenching curves. There are a number of factors that 
could account for the differences between the observed thickness loss and 
percent excited states quenched. T h e photoproduct studies show that there is 
an additional direct photolysis mechanism that generates acid and contributes 
the photospeed data, but not the fluorescence quenching. This mechanism 
w o u l d give lower values for the percent quenching versus the percent 
thickness change. Also , the fluorescence spectroscopy quenching studies on 
the T B O C polymer films are static w i t h a small dynamic component; that is, the P e r r i n formulation is an approximation for these polymers. It is also 
possible that there is some aggregation of the photoinitiator i n the polymer 
film, a factor that has been used to explain differences yields for photoacid 
generation i n poly (methaerylate) film (23). A l though these factors lead to 
inaccuracies for model ing the photospeed data of the P T B O C photoresist, the 
observed trends are predicted by the Perr in mode l for static quenching. 

Summary and Conclusions 

T h e photolysis of T B O C - T P S S b formulations proceeds by a dual photoinitia
t ion mechanism that involves both the singlet excited state of the polymer 
and the singlet excited state of the photoinitiator. Fluorescence spectroscopy 
has shown that the singlet excited state of the polymer is quenched by the 
initiator by a dynamic mechanism i n solution and by a static mechanism i n 
the film. The combined fluorescence quenching and photoproduct studies 
suggest that acid is generated by a photoinduced electron transfer reaction. 
I n addition, there is evidence for direct photodecomposit ion of the initiator 
via its singlet excited state. T h e dynamic range of photosensitivity of the 
P T B O C photoresist formulation corresponds to the combined U V absorptions 
of both the polymer and initiator, and the photosensitivity follows the general 
t rend of the amount of fluorescence quenching of the polymer by the 
initiator. T h e relative amount of reaction f rom sensitized versus direct 
photolysis depends not only on the relative absorbances of the initiator and 
the polymer, but also on reaction m e d i u m — f i l m or solution. T h e combined 
spectroscopic, photochemical , and lithographic results indicate that not only 
is it important to increase the absorbance of the initiator relative to the 
polymer to optimize the sensitivity of a photoresist, but also that the polymer 
backbone can contribute to improved photosensitivity and that the photo-
physics and photochemical interaction between the polymer and initiator 
must be opt imized. 
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Polymer Characterization Using Singlet 
Oxygen Phosphorescence 
as a Spectroscopic Probe 
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Singlet molecular oxygen (1∆gO2) can be produced in solid organic 
polymers by a variety of different methods. The phosphorescence of 
singlet oxygen can be monitored in both steady-state and time-resolved 
experiments, yielding valuable information on the structure and prop
erties of (1) the polymer and (2) solutes dissolved in the polymer. With 
this spectroscopic probe, we are also able to comment on specific 
processes that can have important practical ramifications including, 
for example, the degradation of polymers. In addition, this probe 
provides a method by which oxygen diffusion coefficients can rapidly 
and accurately be determined for easily prepared polymer films. 

S I N G L E T O X Y G E N (*Δ 02), T H E LOWEST E X C I T E D E L E C T R O N I C STATE of 

molecular oxygen, can be produced i n solid organic polymers by a variety of 
different methods. Once formed, singlet oxygen w i l l fol low one of three 
general deactivation channels: 

0065-2393/93/0236-0573$07.50/0 
© 1993 American Chemical Society 
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Singlet oxygen can return to the ground triplet state ( 3 X ~ 0 2 ) by either 
radiative (kT, e q 1) or nonradiative (fc q , e q 2) decay. T h e rates for both 
processes depend on the surrounding m e d i u m inc luding solutes (quenchers, Q ) that may have been added to the polymer matrix. T h e singlet oxygen 
populat ion can also be depleted b y a chemical reaction w i t h either a solute 
molecule or the polymer itself ( ( k r x n ) , e q 3): Adducts ( A 0 2 ) such as an 
endoperoxide or hydroperoxide are formed rather than regenerating t r ip l -
let oxygen. Al though the quantum yie ld of phosphorescence is small 
(~ 1 0 ~ 5 - 1 0 ~ 4 , i.e., kr <^ kq), singlet oxygen can be detected by its emission 
at 1270 n m i n both steady-state and time-resolved experiments. This phos
phorescence can be used to characterize many properties of (1) solid organic 
polymers and (2) solutes dissolved i n the polymer matrix. Furthermore , this 
spectroscopic probe can be used to examine a variety of specific events of 
practical significance. These events include the important processes of poly
mer degradation and oxygen diffusion i n a polymer matrix. 

Photosensitized Production of Singlet Oxygen 

Singlet oxygen can be produced by energy transfer f rom a sensitizer (e.g., a 
dye molecule) added to the polymer matrix as a solute or from a chro
mophore that forms an integral part of the macromolecular structure ( 1 - 3 ) . 
Al though organic molecule singlet excited states ( 1 M 1 ) can sensitize the 
product ion of singlet oxygen (4, 5), they often fluoresce or rapidly undergo 
intersystem crossing (kisc) to the triplet state ( 3 M X ) before a collision w i t h 
oxygen can occur. This mechanism is certainly true i n more rigid media 
where solute diffusion coefficients are small. ( In designating organic molecule 
( M ) electronic states, numerical superscripts identify the spin state, and 
subscripts identify either the ground (0) or first excited (1) state.) 

^ o - ^ U ^ - ^ X — ^ V Î + ' M O formation (4) 
% - 0 2 

3 M l T - ^ " X - O j + ^ o 

1 à g 0 2 » deactivation ( E q s 1 -3) (5) 

kdeo, y-K[Q]+kq[Q']+krxn[A] 

Triple t state lifetimes, however, are sufficiently long, and quenching by 
oxygen can be a very efficient process (3 , 5, 6) . T h e quantum yie ld of l à g 0 2 , φ Δ , depends on the sensitizer M and on the solvent, among other variables, and can range f rom 0 to 1.0 i n a triplet state photosensitized reaction (7) . O f 
course, i f 1Ml is quenched by oxygen to y ie ld 3 M l 5 φ Δ can be as large as 2.0 
(4, 7). 
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22. O G I L B Y E T A L . Singlet Oxygen Phosphorescence 575 

I n the triplet photosensitized process, we have shown that the rate of 
singlet oxygen formation is equivalent to the decay rate of its precursor, the 
sensitizer triplet state (5, 6); that is, dissociation of the oxygen-organic 
molecule complex that is f o r m e d w h e n triplet oxygen interacts w i t h the 
organic triplet state is not rate l imit ing. Therefore, i n a time-resolved triplet 
state photosensitized experiment, the t ime-dependent behavior of singlet 
oxygen (as monitored by its phosphorescence) is properly expressed as a 
convolution o f the intrinsic singlet oxygen decay function (kdecay) and the 
decay function of the triplet state sensitizer { fc t r i p i e t = (kQ + k'0)[3%~ <32]} (3) . 
T h e triplet state synthesizer decay can conveniently be quantified i n a flash 
absorption experiment. [The expression obtained upon solution of this convo
lut ion integral (eq 6) is identical to the expression obtained upon solution of 
the differential equation (eq 7) that characterizes the change, i n t ime, of the 
1 A g 0 2 concentration i n a triplet photosensitized process (8).] 

[V«L = ̂ ΡΐΘ1Τΐίθ M - W ) - -P(-W)] (β) 
*decay * triplet 

- t ^ i r 1 = * « Ρ 4 3 Μ J - * d - , [ V«l (7) 

I n l iquids, even at low oxygen concentrations, the rate of singlet oxygen 
formation is typically 2 orders of magnitude faster than the singlet oxygen 
decay rate. Thus, it is possible to quantify singlet oxygen formation and decay 
kinetics w i t h simple nonlinear least-squares fits to the rising and fall ing 
portions, respectively, of the manifest (i.e., directly observed) t ime-resolved 
singlet oxygen phosphorescence signal (5, 6). I n sol id polymers, however, where solute diffusion coefficients can be very small, the bimoleeular process 
that results i n singlet oxygen formation (eq 4) can be slower than events that 
result i n singlet oxygen decay (eq 5). T o accurately quantify the singlet 
oxygen decay, it is therefore necessary to deconvolute the precursor decay 
kinetics f rom the manifest singlet oxygen phosphorescence signal. U n d e r 
these conditions, even w h e n the intrinsic l i fet ime of singlet oxygen (l/kdecay) 
remains constant, changes i n the rate of singlet oxygen formation (eq 4) w i l l 
appear as changes i n both the rate of appearance and disappearance of the 
manifest singlet oxygen phosphorescence signal (3 , 8). 

I n solid polymers, both the rate of singlet oxygen formation and the y ie ld 
of singlet oxygen i n a photosensitized reaction w i l l depend on, among other 
factors, (1) the diffusion coefficient for oxygen as determined, for example, by 
the sample rigidity, the extent of polymerization, and the presence of 
plasticizers; (2) the concentration of triplet oxygen i n the polymer sample; 
and (3) the sample temperature. T h e rate o f singlet oxygen decay (eq 5) w i l l 
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be determined by, among other factors, (1) the a tomic-molecular composi
t ion of the polymer matrix, (2) the sample temperature, and (3) the presence 
of quenchers either added as solutes to the host m e d i u m or that are an 
integral part of the macromolecule itself. 

Effect of Polymer Rigidity. Gas diffusion i n polymers is a ther
mally activated process that involves the movement of polymer segments. 
Macromolecular flexibihty is affected, i n part, by the strength of attractive 
interactions between adjacent polymer chains and the ease of rotation about 
bonds compris ing the chain. F o r example, introduction of a low molecular 
weight solute i n the polymer matrix can decrease attractive interactions 
between macromolecular chains, w h i c h decreases matrix rigidity and en
hances gas diffusion. Addit ional ly , alkyl group substitution along the macro
molecular chain results i n a sterically control led increase i n sample rigidity, w i t h a corresponding decrease i n gas diffusion. Thus, copolymerization of 
methyl methaerylate wi th increasing amounts of ethyl acrylate results i n 
samples that become successively less rigid, as determined by Rockwel l 
hardness tests and the glass-transition temperature (Figure 1). Similar data 
are observed w h e n the rigidity of poly (methyl methaerylate) is successively 
decreased by the addition of a plasticizer such as dimethyl adipate. 

T h e kinetics and yields of singlet oxygen, as monitored by singlet oxygen 
phosphorescence, reflect the trends obtained f rom the aforementioned more 

0.0 20.0 40.0 60.0 80.0 100.0 

Percent Ethyl Acrylate in 
PMMA-PEA Copolymer 

Figure 1. Glass-transition temperatures (T ) and Rockwell hardness data for 
copolymers of methyl methaerylate and ethyl acrylate. 
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22. O G I L B Y E T A L . Singlet Oxygen Phosphorescence 577 

traditional macroscopic methods of polymer characterization. Specifically, as 
the polymer sample becomes less r ig id and the oxygen diffusion coefficient 
increases, the frequency of encounters between triplet oxygen and triplet 
sensitizer increases, resulting i n an increased rate of singlet oxygen formation. 
W i t h i n the context o f the convolution integral previously discussed, and 
under conditions where kdecay is invariant (vide infra), these changes are 
reflected i n both the rising and fall ing portions of the manifest t ime-resolved 
singlet oxygen signal (Figure 2). These manifest signals can be quantified by 
determining the half-life for phosphorescence signal decay. A plot (F igure 3) 
of this half-life as a function of the percent of added plasticizer or copolymer 
(i.e., sample rigidity) reflects the trend shown i n F igure 1. 

F o r samples that cover the plast ic izer-copolymer range shown i n F i g u r e 
2, deconvolution of the triplet decay function f rom the corresponding mani
fest singlet oxygen phosphorescence data yields intrinsic singlet oxygen l i fe
times that are, to a first-order approximation, independent of sample rigidity. 
This result is also reflected i n data recorded f rom silicone and hydrocarbon 
oils of differing viscosity (Tables I and II, respectively). 

It is clear f rom the data i n Tables I and II that the molecular events that 
contribute to the solvent-induced deactivation of singlet oxygen (vide infra, the section entit led Effect of Polymer A t o m i c - M o l e c u l a r Composit ion) , that 
is, the intrinsic l i fetime, are largely independent of the macroscopic viscosity 
of the sample. 

Effect of Oxygen Concentration. T h e frequency of encounters 
between triplet oxygen and the triplet sensitizer can also be increased w i t h an 
increase i n the sample oxygen concentration. Changes i n oxygen concentra
t ion are most easily accomplished and measured by equil ibrating identical 
polymer samples w i t h an ambient atmosphere that has a varied oxygen partial 
pressure. W i t h i n the context of the foregoing model , the rate of singlet 
oxygen formation should be greater at higher oxygen concentrations. This 
condit ion should be manifested as an increase i n the rates o f phosphores
cence signal appearance and disappearance, w h i c h is indeed the case, as 
shown by the data i n F igure 4. ( F o r the t ime scale used i n this particular plot, changes i n the rate o f signal appearance are not especially pronounced.) 

Similarly, the absolute amount of singlet oxygen produced per incident 
photon absorbed by the sensitizer should increase w i t h an increase i n the 
ground state oxygen concentration. This situation is indeed reflected as an 
increase both i n the peak intensity and the integral o f the time-resolved 
phosphorescence signal (F igure 5). O f course, at the l imi t where al l o f the 
sensitizer triplet states produced are quenched b y oxygen, the phosphores
cence intensity w i l l no longer increase w i t h an increase i n the oxygen 
concentration. 
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0 200 400 600 BOO 1000 

TIME (microseconds) 

0 100 200 300 400 500 

TIME (microsQconds) 
Figure 2. Time-resolved singlet oxygen phosphorescence signals, scaled to make 
all amplitudes equivalent. (A) The data were recorded as a function of percent 
ethyl acrylate content in poly (methyl methaerylate)-poly (ethyl acrylate) 
copolymers. Data for PEA-PMMA ratios of 20:80 (most rigid), 30:70, 40:60, and 70:30 (least rigid) are shown. (Reproduced from reference 3. Copyright 
1989 American Chemical Society). (B) The data were recorded as a function of 
the percentage (by weight) of the plasticizer dimethyl adipate dissolved in 
poly (methyl methaerylate). Data for 5 (most rigid), 10, 15, 20, 25, and 30% 

(hast rigid) plasticizer are shown. 
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οι 
b 

•f-i 

-J 

0 
1 

1 . ι ι 1 1 . 1 

0 20 

% 

40 60 80 100 

E t h y l A c r y l a t e C o p o l y m e r 

b 

01 
<+. 

0 
1 

0 . 0 0 \± 

X D i m e t h y l A d i p a t e 
Figure 3. Half-lives for singlet oxygen phosphorescence decay (in microseconds) 
recorded as a function of percent ethyl acrylate in poly (methyl meth
aerylate)-poly (ethyl acrylate) copolymers (A) and percent dimethyl adipate 
dissolved in poly (methyl methaerylate) (B). In each case, the dashed line 
corresponds to data recorded from a liquid phase analog, methyl propionate. 

(Reproduced from reference 3. Copyright 1989 American Chemical Society.) 
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Table I. L A g 0 2 Lifetime ( τ Δ ) in Silicone Oils of Differing Viscosity" 

Phenazineb 2f-Acetonaphthonec 

Viscosity τΔ τΑ 

(cS) (με) (με) 

1 55.0 54.5 
10 52.4 51.6 
100 52.6 52.0 
1, 000 52.7 51.0 
10, 000 52.1 51.0 
100, 000 52.8 52.2 

a Singlet oxygen was produced in two independent photosensitized experiments using phenazine 
and 2'-aeetonaphthone as sensitizers, respectively. The laser energy was 1.2 m J/pulse at 355 nm. 
Errors on the lifetimes are approximately ±0.5 
b [Phenazine] = 1.1 X 10~ 4 M. 
c [2'-Acetonaphthone] = 1.2 Χ 10" 3 M. 

Table II. ^gOg Lifetime ( τ Δ ) in Hydrocarbon Oils of Differing Viscositya 

Viscosity 
(cS) 

Hydrocarbon 
Oil (ps) 

1 Cyclohexane 23.0 
3.3 Hexadecane 22.9 

26 Light mineral oil 21.8 
75 Heavy mineral oil 21.9 

a Phenazine (1 X 10 4 M) was used as a sensitizer. The laser energy was 1.6 mj/pulse at 355 
nm. 

F o r polymer samples that have been deoxygenated and then subse
quently exposed to an oxygen atmosphere, the aforementioned features of the 
time-resolved singlet oxygen phosphorescence signal (as w e l l as the t r i p l e t -
triplet flash absorption signal) can be monitored as a funct ion of elapsed 
exposure t ime to the oxygen environment. This experiment yields information 
on oxygen permeat ion-di f fus ion coefficients. A more accurate way to u l t i 
mately determine a permeation coefficient, however, is to monitor changes i n 
the singlet oxygen phosphorescence intensity i n a steady-state experiment. 
T h e results of one such experiment are shown i n F igure 6 i n w h i c h the 
phosphorescence intensity is seen to increase subsequent to the exposure o f a 
deoxygenated polymer film to an atmosphere of oxygen (9) . 

Similar data can also be recorded i n the absence of a photosensitizer 
by irradiating into the polymer-oxygen charge-transfer absorption band 
(vide infra, the section entit led Product ion of Singlet Oxygen upon Charge-
Transfer B a n d Photolysis). A desirable feature of the latter approach is that it 
is not necessary to incorporate sensitizer quenching kinetics into the analysis 
(9) . U s i n g well-established mathematical expressions (10), we have quanti-
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0 400 800 1200 1600 2000 

TIME ( m i c r o s e c o n d s ) 
Figure 4. Time-resolved singlet oxygen phosphorescence signals in poly (methyl 
methaerylate) recorded as a function of the oxygen partial pressure with which 
the sample had been equilibrated. The data correspond successively to 63-, 200-, 315-, and 567-torr oxygen. The signals have been rescaled to make all amplitudes 

equivalent. 

fied data, such as those i n F igure 6, to y ie ld oxygen diffusion coefficients (9) . 
Thus, by using singlet oxygen phosphorescence as a spectroscopic probe, oxygen diffusion coefficients can be obtained rapidly ( ~ less than one 
minute) f rom easily prepared polymer films of small area ( ~ 5 m m X 5 mm). 
Furthermore , because this is a technique that depends on oxygen sorption 
into the polymer and not o n detecting the amount of oxygen that permeates 
through the material, we are not susceptible to errors that can arise f rom 
"p in -ho les " i n the sample film. 

It has been determined i n l i q u i d phase experiments that the decay rate of 
singlet oxygen (eq 5) is independent of oxygen concentration (3); this is also 
true i n solid polymers. Deconvolut ion of the oxygen-concentration-dependent 
photosensitizer kinetics f rom manifest singlet oxygen phosphorescence signals 
yields intrinsic singlet oxygen lifetimes that are independent of the ambient 
oxygen partial pressure. This observation has also been conf irmed i n experi
ments where singlet oxygen was produced by an independent method (vide 
infra, Product ion of Singlet Oxygen upon Charge-Transfer B a n d Photolysis). 
These data are consistent w i t h a rate constant for singlet oxygen quenching by 
triplet oxygen that is relatively small (~ 1 Χ 1 0 3 s e c - 1 M " 1 i n l iquids) (3) . 
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0 400 800 1200 1600 2000 

T I M E ( m i c r o s e c o n d s ) 
Figure 5. Time-resolved singlet oxygen phosphorescence signals in poly (methyl 
methaerylate) recorded as a function of the oxygen partial pressure with which 
the sample had been equilibrated. The data correspond successively to 567-, 315-, 200-, and 63-torr oxygen. 

Effect of Sample Temperature. W e have already discussed sev
eral factors that can influence polymer rigidity. A n increase i n the polymer 
sample temperature also results i n a decrease of matrix rigidity, w h i c h i n turn 
can result i n a substantial increase i n gas diffusion rates. A t high tempera
tures, inherent barriers to the various kinds of microscopic segmental move
ments characteristic of a specific polymer are more easily surmounted. O f 
course, at a sufficiently high temperature, accessible motions of the macro-
molecule involve large segments of the polymer backbone, for example, that 
can ultimately result i n transforming an amorphous glass to a soft, rubbery 
solid. 

Because gas diffusion i n sol id polymers is dependent o n these micro
scopic, segmental movements, it follows that, over l imi ted temperature 
ranges, the diffusion coefficient can be expressed i n Arrhenius form (11, 12), and increases w i t h an increase i n temperature. W i t h an increase i n the oxygen 
diffusion coefficient, the sensit izer-oxygen encounter frequency likewise 
increases, resulting i n an increased rate of singlet oxygen formation. Once 
again, wi th in the context of the aforementioned convolution integral, the 
increased rate of singlet oxygen formation should appear as increases i n the 
rate of both signal appearance and disappearance i n the manifest t ime-
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0 β 16 24 32 40 

TIME (seconds) 
Figure 6. Steady-state singlet oxygen phosphorescence intensity as a function of 
elapsed exposure time to an oxygen atmosphere of 50 torr. The phosphorescence 
intensity increases immediately upon exposure of a degassed polystyrene film to 
oxygen (~ 44 μ τ η thick cast on a glass slide). meso-Tetraphenylporphine was 
the singlet oxygen sensitizer. (Reproduced from reference 9. Copyright 1992 

American Chemical Society.) 

resolved singlet oxygen data. T h e data shown i n F igure 7 confirm our 
expectation. 

T h e intrinsic l i fetime of singlet oxygen (1/k a e c a y ) decreases only slightly 
w i t h an increase i n temperature i n both l iquids and polymers (3). 

Effect of Polymer Atomic-Molecular Composition. I n l i q 
uids, the lifetime of singlet oxygen is determined pr imari ly by the ability of 
the surrounding m e d i u m (i.e., solvent) to accept the excitation energy of 
l&g02 (22.5 k c a l / m o l , 7880 c m - 1 ) i n a process of electronic-to-vibrational 
energy transfer (eq 2) (13-15). Solvent vibrational modes that are part icu
larly efficient include the C — Η and Ο — Η stretch. A decrease i n the 
concentration of C — Η and Ο — Η bonds and a corresponding increase i n the 
concentration of bonds w i t h a lower stretching frequency [e.g., C — D , Ο — D , or C — Χ ( X = halogen, oxygen)] results i n an increase i n the singlet 
oxygen l ifetime. This latter parameter is therefore a sensitive measure of the 
a tomic-molecular composit ion of the host m e d i u m . 
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D . 2 .4 . 6 . 8 1 

T I M E C m i 1 1 i s Q c o n d s ) 

Figure 7. Time-resolved singlet oxygen phosphorescence recorded as a function 
of polymer sample temperature. Data are shown for poly (methyl methaerylate) 
samples at 22, 42, 60, and 90 °C. Signals have been resettled to make all 
amplitudes equivalent. (Reproduced from reference 3. Copyright 1989 American 

Chemical Society.) 

I n polymers, we find that the singlet oxygen lifetime is similarly depen
dent on the composit ion of the host m e d i u m . This is dramatically shown i n 
the data of F igure 8, where the time-resolved singlet oxygen phosphores
cence was recorded f rom polystyrene and perdeuteriopolystyrene. I n this 
case, the rate of singlet oxygen formation is unaffected by matrix deuteration; 
the triplet sensitizer decay kinetics, as measured i n a flash absorption 
experiment, are identical for both samples. T h e large differences observed i n 
the manifest phosphorescence signals, therefore, reflect the effect of solvent 
deuteration on the intrinsic singlet oxygen l ifetime. Deconvolut ion of the 
precursor decay function yields singlet oxygen lifetimes that differ by a factor 
of ~ 12 (3). This n u m b e r is consistent wi th solvent deuterium isotope effects 
on the singlet oxygen l ifetime that have been recorded i n l i q u i d solutions (13) 
(also see data i n Table H I ) . 

B y deconvoluting the decay function of our singlet oxygen precursor 
f rom the manifest phosphorescence signal, we have determined intrinsic 
singlet oxygen lifetimes i n a variety of solid polymers (Table H I ) . Differences 
i n the polymer rigidity-oxygen diffusion coefficient are reflected i n the 
half-life values reported for both the manifest phosphorescence and triplet 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
02

2

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



22. O G I L B Y E T A L . Singlet Oxygen Phosphorescence 585 

o.oo t - ! ι , ι . r 
0 100 200 300 400 500 

TIME ( m i c r o s e c o n d s ) 
Figure 8. Time-resolved singlet oxygen phosphorescence recorded from 
polystyrene (A) and perdeuteriopolystyrene (È). (Reproduced from reference 3. 

Copyright 1989 American Chemical Society.) 

sensitizer decay functions. F o r r ig id polymers i n w h i c h the oxygen diffusion 
coefficient is small , a combination of large manifest phosphorescence and 
triplet sensitizer half-lives results. [It should be noted that, i n solid polymers, sensitizer triplet states rarely fol low first-order decay kinetics (3) . Al though 
thic does not pose a problem i n our deconvolution routine, it is easier to 
report a "s impl is t i c " half-life for the purpose of il lustrating our points]. As 
previously discussed, however, it is clear that, to a first-order approximation, the intrinsic singlet oxygen lifetime is independent of polymer rigidity [e.g., poly (methyl methaerylate) and poly (ethyl acrylate) data]. 

Also reported i n Table III are singlet oxygen lifetimes i n l i q u i d solvents 
chosen to represent discrete m o n o m e l i c units of the polymer. T h e data 
indicate that the intrinsic singlet oxygen lifetimes i n the polymer samples are 
slightly less than those i n the l i q u i d analogs. Al though sti l l under investiga
tion, we believe these data may reflect two phenomena: 

1. Impurities i n the polymers may quench singlet oxygen to y ie ld 
shorter lifetimes. Some of the polymers were used "as received" 
[e.g., Tef lon A F , polycarbonate, poly(4-methyl- l -pentene) , poly (α-methyl styrene)], and thus adventitious byproducts of 
the manufacturing process, for example, may quench singlet 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
02

2

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



586 S T R U C T U R E - P R O P E R T Y R E L A T I O N S IN P O L Y M E R S 

Table III. Singlet Oxygen Lifetimes in Solid Polymers and Corresponding 
Liquid Analogs0 

Triplet 
Sensitizer^!/2 Manifest T1/2 Intrinsic τ Liquid 

Polymer (με) (με)0 Analog (με) 

- f -CH 2 Ç-

.C.OCH3 

Poly(methyl methaerylate) 

- f - C H 2 — C -

C-OCH2CH3 

Poly(ethyl acrylate) 

CHgCHgCOCH, 39 ± 1 

Methyl 
propionate 

Η 
I 

•CH2—c 

Polystyrene 

4 - C P 2 — Ç 

Perdeuteriopolystyrene 

CH3 

•CH2 C 

Poly(α-methylstyrene) 

56 19 ±2 

22 ±2· 

270 250 ±15 

toluene 

CH2Crtj 

26 ±1 

ethyl benzene 

CPs 

^L_0 5 285 ±15 

Perdeuceriotoluene 

-tCFiCF*1r — CF—CF 

V 
F3C CF3 

DuPont Teflon® AF Type 1600 

BrCF 2CF 2Br 49700 ±2000 d 
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Table III. Continued 

587 

Polymer 

Triplet 
Sensitizer τ 

(ps) 
1/2 Manifest r1/2 

(ps) 
Intrinsic τ 

(ps)c 

Liquid 
Analog (ps) 

+ - C H 2 — C -

CHgCHtCHafc 

Poly (4-methyl-l-pentene) 

<CH3)aCHCH2CH2CH3 34 ±3 

2-methylpentane 

*0 

—O—{CH2)2—Ο ι—f—NH—(CH2)ç—NH-|-

Poly(urethane) 

Poly(urethane) 

Poly(urethane) 

J 
ND 3200(rigid) 

ND 1100(semi-rigid) 

ND 2300(rubbery) 

180 

156 

69 

175 

132 

91 

14 ±2 

16 ±2 

16 ±2 

Ο 

CHaCHjNHCOCHgCHj 2 3 ±1 

N -ethyl ethylcarbamate 

CHs—Si —O-j-Si—Of-J 

CH3 

—ο 
ι 

CH3 

CH3 

•SI-CH3 

CH3 

Low v i s c o s i t y 
S i l i c o n e oil» 

54.7± 0.3 

Poly(dimethyl siloxane) 
• S i l i c o n e rubber* 

a Unless otherwise indicated, these data were obtained using a photosensitizer. With the 
exception of the dibromotetrafluoroethane data, all liquid τ values were determined in our 
laboratories. 

These numbers depend on the sample oxygen concentration, method of preparation, tempera
ture, etc., and can vary over a wide range. Data reported are representative numbers for air 
saturated samples at ~ 20 °C. The numbers are presented principally to indicate whether the 
singlet oxygen precursor lifetime is much longer or shorter than that of singlet oxygen itself. 
c Obtained by deconvoluting the sensitizer decay function from the manifest singlet oxygen 
phosphorescence signal [3]. For polymers in which the triplet sensitizer half-life is much shorter 
than the manifest singlet oxygen half-life, the intrinsic singlet oxygen lifetime (τ) can be obtained 
directly from the phosphorescence decay without deconvolution (i.e., as in liquids). In this case, the manifest half-life = (1η2)τ. 

Reference 16. 
e Obtained subsequent to photolysis into the polymer-oxygen charge-transfer absorption band. 
Under these conditions, it is not necessary to deconvolute the singlet oxygen precursor decay 
kinetics [21]. 
f Poly(urethanes) were prepared by using material provided by Cal Polymers, Inc. and the ND 
nomenclature system reflects their product literature. Although exact structures are proprietary, the hydrocarbon portions are entirely aliphatic. 
g See Table I. 
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oxygen. F o r samples prepared by free-radical polymerizations 
[e.g., poly (methyl methaerylate)], residual monomer or local 
sites of unsaturation i n the macromolecule chain could likewise 
decrease the singlet oxygen lifetime. 

2. In the polymer, solvent cage effects may also increase the 
efficiency of events that result i n singlet oxygen deactivation. 
Specifically, the more r ig id solvent cage of the polymer may 
increase the number of "effective" deactivating collisions w i t h 
either a quencher or the host m e d i u m . 

F o r the optically transparent fluoropolymer (Teflon A F ; Dupont) , there 
is a m u c h larger discrepancy between the l i q u i d and polymer data. [Teflon 
A F is a copolymer of perfluoro-2, 2 - d i m e t h y l - l , 3-dioxole wi th , for example, tetrafluoroethylene ( U . S . Patent 4, 935, 477). Homopolymers of tetrafluo-
roethylene, Tef lon, cannot be readily studied because they contain microcrys-
talline regions that scatter light to y ie ld a nontransparent material.] W e 
believe this discrepancy is due i n part to quenching phenomena that become 
important w h e n singlet oxygen hfetimes exceed ~ 500 μ8. Specifically, i n 
this t ime domain, other transients generated i n low concentration by the 
photolysis pulse (e.g., 02 · ), adventitious impurit ies , or the sensitizer itself 
become important singlet oxygen quenchers and can cause marked changes 
i n observed hfetimes (13). T h e history of singlet oxygen l i fet ime measure
ments i n solvents such as C S 2 and halogenated hydrocarbons reflects these 
effects, and values for the lifetime currently accepted as accurate are m u c h 
longer than those determined earlier under conditions where unwanted 
quenchers were apparently more difficult to remove (13, 16). Indeed, the 
literature of organic photophysics is replete w i t h analogous examples of the 
effects of quenchers o n long-l ived transients i n l iquids. M o s t notable are the 
problems that arise i n determining accurate lifetimes for organic molecule 
triplet states. T h e singlet oxygen data for the bromofluorocarbon l i q u i d shown 
i n Table III were recorded under conditions that m i n i m i z e d these latter 
effects (e.g., low photolysis energy, ultrapure solvent) (16). Thus, although 
the singlet oxygen l ifetime measured i n the commercial ly available Tef lon A F 
(used "as received") is shorter than i n the l i q u i d analog, it is l ikely that a 
longer l i fet ime could be obtained subsequent to extensive purification of the 
polymer and the use of lower sensitizer concentrations. Nevertheless, the 
value we report for this fluoropolymer sample i n Table III is dramatically 
longer than hfetimes obtained f rom polymers w i t h a high concentration o f 
C — H bonds. Therefore, the data are consistent w i t h a mechanism for singlet 
oxygen deactivation that is dependent on the a tomic-molecular composit ion 
of the host m e d i u m (vide supra). 

A l t h o u g h the polycarbonate data reported i n Table III were obtained 
using an added solute (phenazine) as a singlet oxygen photosensitizer, we 
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22. O G I L B Y E T A L . Singlet Oxygen Phosphorescence 589 

were also able to record and quantify a t ime-resolved singlet oxygen phospho
rescence signal subsequent to photolysis of the neat polymer at 355 n m . T h e 
singlet oxygen hfetime obtained was identical to that recorded i n the 
phenazine-sensitized reaction. Thus, these data clearly indicate that chro
mophores that f o r m an integral part of the macromolecule can sensitize the 
product ion of singlet oxygen (also see discussion i n the section Product ion of 
Singlet Oxygen u p o n Charge-Transfer B a n d Photolysis). 

I n many molecular systems, the decay rate of singlet oxygen is indeed 
governed by the process of electronic-to-vibrational energy transfer, as dis
cussed before. I n some cases, however, particularly for molecules that 
deactivate singlet oxygen very efficiently, other mechanisms for this induced 
deactivation process become important. F o r example, w i t h amines, charge-
transfer interactions play a key role i n mixing the oxygen singlet and triplet 
states (7, 17, 18). O f course, singlet oxygen can also be deactivated by a 
chemical reaction (eq 3). T h e formation of (1) a hydroperoxide via the " e n e " 
reaction w i t h an olefin, (2) an endoperoxide i n a ^2 + π 4 cycloaddition 
reaction w i t h a polycyclic aromatic hydrocarbon, or (3) a dioxetane i n a 
^ 2 + ^ 4 cycloaddition reaction w i t h an olefin are wel l -known examples ( I , 2) . 
B y adding either physical or chemical singlet oxygen quenchers to a given 
polymer system, we are able to sufficiently perturb the kinetics of singlet 
oxygen i n a control led way and thus y ie ld more accurate information about 
the role of the polymer i n our photophysical system (19, 20). Furthermore , a 
complete understanding of these quenching processes can help us better 
determine the role played by singlet oxygen i n the photooxidative degradation 
o f the polymer (19, 20). 

Production of Singlet Oxygen upon Charge-Transfer 
Band Photolysis 

Singlet oxygen can be produced i n polymers that are free of solutes or 
macromolecular chromophores that can act as sensitizers b y photolysis into 
the oxygen-polymer charge-transfer ( C T ) absorption band (21). This feature 
i n the absorption spectrum usually appears as a red shift i n the absorption 
onset subsequent to dissolution of oxygen i n the material (21, 22). A s 
originally assigned b y Tsubomura and M u l l i k e n for organic l iquids (23), this 
increase i n optical density can be attributed to a transition f rom a ground-state 
oxygen-organic molecule ( M ) complex to a charge-transfer state ( M + · O ^ · ). 
D e p e n d i n g o n the organic triplet state energy level, the C T state may either 
dissociate directly to form singlet oxygen or relax to a lower lying complex 
state pr ior to dissociation to form singlet oxygen (7, 22) (F igure 9). 

T h e rate of singlet oxygen formation upo n C T state dissociation is 
substantially faster than that observed i n a photosensitized process where the 
sensitizer is dissolved at a low concentration i n the solid matrix. I n the 
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photosensitized process, the encounter frequency of oxygen and the triplet 
sensitizer determines the overall singlet oxygen formation rate that, due to 
small diffusion coefficients, can be quite slow i n r ig id polymers (vide supra). 
Because the singlet oxygen formation rate is fast subsequent to C T band 
photolysis, it is not necessary to deconvolute the singlet oxygen precursor 
kinetics f rom the manifest phosphorescence signal to obtain an intrinsic 
singlet oxygen l i fetime. Rather, a simple nonlinear least-squares first-order 
kinetic fit o f the fall ing port ion of the time-resolved signal is sufficient to 
quantify the data (21). Intrinsic hfetimes reported i n Table III were obtained 
i n this manner for two polymers [polystyrene and poly (dimethyl siloxane)]. I n 
polystyrene, the data agree quite w e l l w i t h those obtained independently 
f rom a photosensitized process b y using our deconvolution routine. 

T h e pronounced difference i n singlet oxygen formation rates for a 
Μ — Ο 2 C T versus sensitizer triplet state precursor can be a very sensitive 
probe of the puri ty of a polymer sample. F o r example, photolysis into the 
region where the polymer-oxygen C T b a n d absorbs may also excite an 
impuri ty that can sensitize singlet oxygen formation. As a consequence of the 
convolution integral previously discussed, the presence of this impuri ty w o u l d 
be reflected as slower rates of phosphorescence signal appearance and 
disappearance. Similarly, the extent of polymer thermal -photochemica l 
degradation to produce compounds that can sensitize singlet oxygen for
mation w i l l be reflected i n the time-resolved phosphorescence signal 
(Figure 10 ). 

Other Applications of This Spectroscopic Technique: 
Future Work 

Effects of Low Solute Concentration on Polymer Properties. 
W e recently discovered that polystyrene samples doped w i t h small amounts 
of either 9, 10-diphenylanthracene or the saturated hydrocarbon cholestane 
y i e l d singlet oxygen phosphorescence and triplet sensitizer flash absorption 
data that depend quite strongly o n the amount of additive present (20). 
Specifically, u p o n exposure of a degassed sample to an atmosphere of air, the 
rate at w h i c h equihbr ium w i t h the ambient environment is achieved, as 
reflected i n our spectroscopic data, is inversely proportional to the amount of 
additive present i n the sample. Similar "antiplasticization" effects have been 
observed and discussed b y others (24). Thus our spectroscopic probe is quite 
sensitive to what are apparently subtle solute-induced changes i n polymer 
properties. 

Distortion Polarizability of a Polymer. I n the absence of an 
added quencher, singlet oxygen w i l l return to the ground triplet state by one 
of two processes, both of w h i c h are dependent on the solvent (eqs 1-2) . I n 
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TIME ( m i c r o s e c o n d s ) 
Figure 10. Time-resolved singlet oxygen phosphorescence recorded from 
polystyrene glasses subsequent to photolysis into the polymer-oxygen CT band. 
Key: sample prepared by free-radical polymerization, solid line; sample prepared 
by pressing polystyrene powder at 180 °C, where some degradation occurred to 
produce compounds that could sensitize the production of singlet oxygen, dashed line. (Reproduced with permission from reference 21. Copyright 1990.) 

the first process, the surrounding m e d i u m w i l l act as an energy sink i n a 
nonradiative process of electronic-to-vibrational energy transfer (vide supra, the section entit led Effect o f Polymer A t o m i c - M o l e c u l a r Composit ion) (13, 14). This process is by far more efficient than the second process, the simple 
radiative decay o f singlet oxygen (eq 1), and thus defines the overall l i fet ime 
of singlet oxygen and gives rise to a small quantum yie ld of phosphorescence 
(i.e., the singlet oxygen phosphorescence intensity is very small) (15). Solvent 
features that influence the nonradiative decay rate constant (e.g., C — H b o n d 
concentration) do not affect the rate constant for radiative decay (kr). W e 
have shown, however, that kr correlates w e l l w i t h the solvent distortion 
polarizability, w h i c h i n turn is conveniently expressed as a function of the 
solvent refractive index (15). Thus, under conditions where either a relative 
or absolute quantum y ie ld of singlet oxygen product ion can be determined, changes i n the intensity of singlet oxygen phosphorescence as a function of 
the polymer can be ascribed to a change i n the polarizability of the host 
m e d i u m . W e thus have available a unique method of investigating electron 
distributions i n a polymer. 
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22. O G I L B Y E T A L . Singlet Oxygen Phosphorescence 593 

Experimental Details 

Instrumentation. D e t a i l e d descriptions of our time-resolved singlet 
oxygen detection system and flash absorption spectrometer are publ ished 
elsewhere (3 , 5, 6, 15, 22, 25). Briefly, photolysis o f either the sensitizer or 
the M — 0 2 C T band is accomplished w i t h a pulsed laser chosen for the 
desired excitation wavelength (Figures 11 and 12). Addi t iona l photolysis 
( "pump") wavelengths can be generated by stimulated Raman scattering 

TV 
MONITOR 

500 MHz 
WAVEFORM 
DIGITIZER H COMPUTER 

PRINTER 
PLOTTER 

MONOCHROMATOR 

cp 

cp 
— 0 ~ - Ξ Ξ Ξ Ξ Ξ 2 

MONOCHROMATOR SRS 
CELL 

CW PROBE 
Xe LAMP 

OR 
Ar+ LASER 

PULSED LASERS 
Nd: YAG/DYE LASER 

OR 
EXCIMER 

Figure 11. Block diagram indicating the key features of our time-resolved 
near-IR singlet oxygen detection system and UV-visible flash absorption 

spectrometer. 
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(SRS) (21, 22). T h e 1270-nm singlet oxygen phosphorescence is detected at 
right angles to the propagation direct ion of the p u m p laser. T h e optical signal 
is isolated b y using bandpass and interference filters and is focused onto a 
germanium p-n junct ion detector (25). A m p l i f i e d analog signals are digit ized 
by using a waveform digitizer (Tektronix 7912 A D ) , and the data are stored 
for subsequent analysis o n a personal computer ( I B M ) . F lash absorption 
experiments of the sensitizer triplet state are accomplished using a 150 W X e 
lamp as the probe source and a sil icon photodiode as the optical detector 
(Figures 11 and 12). 

A block diagram of our steady-state U V - v i s i b l e - n e a r - i n f r a r e d ( IR) l u m i 
nescence spectrometer is presented i n F igure 13. A 150 W X e lamp (Photon 
Technologies International, Inc.) is used as the excitation source. T h e output 
intensity of this lamp is monitored w i t h a si l icon photodiode and used i n a 
feedback loop to control the lamp current, thus insuring both long- and 
short-term stability. Monochromators (Or ie l M o d e l 77250) provide wave
length selection i n the U V - v i s i b l e spectral regions. A monochromator (Pho
ton Technologies International, Inc. M o d e l 0 1 - 0 0 1 F A S T ; grating blazed at 
1250 nm) is used to isolate the near-IR phosphorescence o f singlet oxygen, w h i c h is monitored w i t h a 77 Κ germanium detector ( N o r t h Coast M o d e l 
E O - 8 1 7 L ) . U V - v i s i b l e fluorescence is detected w i t h a photomult ipl ier tube 
(Hamamatsu M o d e l R758). Signals from the optical detectors are processed 
by using a lock- in amplifier (Stanford Research Systems M o d e l SR510) 
interfaced to a personal computer ( I B M ) . T h e reference frequency for the 
lock- in amplifier is obtained by mechanically chopping the X e exci
tation source. A second X e lamp is available to independently photolyze the 
sample and thus initiate photodegradation, for example, whi le fluorescence -
phosphorescence is be ing monitored. 

Materials. Poly(methyl methaerylate), poly(ethyl acrylate), polysty
rene, perdeuteriopolystyrene, and methyl methacrylate-ethyl acrylate copoly
mers were prepared by free-radical polymerizations. Radical inhibitors were 
removed f rom the monomers b y either distil lation or c o l u m n chromatogra
phy. Mixtures o f the monomer, radical initiator (typically 2, 2'-azobisisobu-
tyronitrile), and, i f desired, any solutes (e.g., sensitizer, plasticizer, etc.) were 
degassed and sealed into a cyl indrical ampule. T h e samples were heated 
under a variety of conditions (3). Resultant polymer rods were cut into disks 
w i t h a d iamond blade saw and pol ished w i t h d i a m o n d paste pol ishing wheels. 

Sol id samples of Tef lon A F ( D u Pont), polycarbonate (polysciences), poly(a-methylstyrene) (polysciences), and poly(4-methyl- l -pentene) (polysci
ences) were prepared by pressing the commercial ly suppl ied polymer powder 
or beads i n a heated m o l d under vacuum ( ~ 3500 lbs i n a Carver press at 
~ 180-200 °C). W h e n desired, solutes were mixed w i t h the powder or beads 

pr ior to pressing. 
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Urethanes (calthane N D ; C a l Polymers, Inc.) were prepared according to 
the prescribed manufacturer s procedure. T h e poly(dimethylsiloxane) rubber 
was prepared b y combining vinyl-terminated poly(dimethylsiloxane), an 
(Si — H)-bear ing dimethylsiloxane cross-linker, and a chloroplat inum catalyst 
(21). Silicone oils (Petrarch, Inc.) were washed several times w i t h methanol 
pr ior to use (21). 

Polymer films were prepared by casting a solution of the polymer-sens i -
tizer onto a quartz plate. 

Conclusions 

A variety of polymer properties can be investigated and characterized by 
using singlet oxygen phosphorescence as a spectroscopic probe. 
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Triplet Excimer-Monomer Equilibria 
as Structural Probes in Pure and 
Molecularly Doped Polymers 

Richard D. Burkhart and Nam-In Jhon 

Department of Chemistry, University of Nevada, Reno, NV 89557 

Solid films of vinyl aromatic polymers usually emit an excimeric type 
of phosphorescence at temperatures of 77 Κ or greater. At tempera
tures near 10 Κ these emission spectra are definitely nonexcimeric and 
at intermediate temperatures the two types of emission coexist. Using 
the assumption that triplet excimers are formed by trapping at an 
excimer-forming site, activation energies have been determined for 
both trapping and detrapping by measuring rates of decay of the 
excimeric and nonexcimeric emission. The activation energies for 
trapping of a given chromophore are independent of whether that 
chromophore is bonded to a chain backbone or present as a small 
molecule dopant in a polystyrene matrix. The activation energies for 
detrapping are potentially valuable as an indicator of microstructure 
for polymers containing a chromphoric group that is phosphorescent. 

INVESTIGATIONS OF TRIPLET STATE PHENOMENA are customarily carried out 
at 77 Κ because of the convenience of using l i q u i d nitrogen as a coolant. 
W h e n v inyl aromatic polymers, such as poly (IV-vinyl carbazole) ( P V C A ) or 
poly (vinyl naphthalene), are studied i n frozen glassy solvents at 77 K , the 
phosphorescence emission is usually very similar to that of the parent 
chromophore inc luding the vibronic structure ( I , 2) . In the solid film state, o n the other hand, phosphorescence spectra are broad, unstructured, and 
usually considerably red-shifted (3) . It is generally accepted that these solid 
state spectra are due to the presence o f triplet excimers (4). 

Recent investigations show that even solid films of these polymers w i l l 
emit a structured nonexcimeric type of spectrum i f cooled to sufficiently low 

0065-2393/93/0236-0599$06.00/0 
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temperatures (5) . A simple three-step mechanism that can account for these 
observations includes a reversible triplet exciton-trapping step, relaxation of 
the trapped (excimeric) species, and relaxation of the nonexcimeric triplet. 
The relevant equations are 

Tm+lE0*±*E*+lM0 (1) 

Tm -> lM0 + hvp a n d / o r heat (2) 

3 E * -» % + hve and/or heat (3) 

where T m is the nonexcimeric mobi le triplet exciton, 1 M 0 is an independent 
chromophore formed by energy transfer f rom Tm, lE0 is the excimer-forming 
site, 3 E * is a triplet excimer, and the two photons emitted are either due to 
normal phosphorescence, / iv p , or to excimeric phosphorescence, hve. T h e 
reversible process indicated i n e q 1 may compete w i t h the step i n eq 2 for the 
removal of mobile triplets f rom the system. Similarly, the reverse of e q 1 may 
compete w i t h the step i n e q 3 for the removal of 3 E * f rom the system. 
Nei ther step 2 nor 3 is expected to have an appreciable activation energy, but 
both the forward and reverse of e q 1 may have. 

T h e focus of attention i n this work is o n determing activation energies for 
the forward and reverse of step 1, and then relating these energies to the 
structural environment of the chromophores involved. Before we begin a 
description of the manner i n w h i c h temperature effects on reaction 1 may be 
isolated f rom those on other photophysical processes, it is wor th considering 
some of the motivations for conduct ing such an investigation. 

A number of years ago, Cozzens and Fox (6 ) showed conclusively that 
triplet excitons migrate f rom chromophore to chromophore i n polymeric 
systems and that certain aspects of the triplet photophysics i n solid polymers 
depend on the rates of this exciton migration. Once this was pointed out, it 
became clear that opportunities existed for the use of exciton migration i n 
energy or information transfer. However , the use of exciton migration i n 
various technologies w i l l be possible only i f diverse aspects of exciton flow, such as rate, direction, and sense, can be controlled. T h e existence of excimer 
traps i n polymer films is an obvious retarding influence for the rate of exciton 
flow. I n fact, it has been shown that triplet exciton migration is, indeed, very 
rapid i n an alternating copolymer of methyl methaerylate and 2-vinyl naph
thalene (7) , where the opportunity for excimer formation is m i n i m i z e d . It 
seems clear, therefore, that the rate of triplet exciton flow ought to be 
controllable by adjusting the effectiveness and density of excimer-forming 
sites. It is important, therefore, to inquire h o w these two aspects—effective
ness, o n the one hand, and density, o n the o t h e r — m a y be adjusted for v inyl 
aromatic polymers. It is especially important to determine h o w structural 
changes influence these properties. 
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23. B U R K H A R T A N D J H O N Triplet Excimer-Monomer Equilibria 601 

In principle , the density of excimer-forming sites should be easy to 
adjust. In fact, good evidence for the control o f this aspect of triplet excimer 
character has recently been presented i n a study of copolymers of methyl 
methaerylate and carbazolyl ethyl methaerylate (8). T h e formation of triplet 
excimers i n these copolymers was found clearly to be inf luenced by the 
density of carbazolyl groups i n the system. 

W e have used the term "effectiveness" to describe the ability of an 
excimer-forming site to form and to retain an exciton w i t h no detrapping unt i l 
relaxation to the ground state occurs. T h e physical quantities of interest, therefore, are the activation energy for excimer formation (trapping) and the 
activation energy for excimer dissociation (detrapping). Presumably, the 
chemical makeup of a chromophorie group w i l l influence these activation 
energies for the corresponding triplet excimer. Thus, synthetic work to 
modify chromophores and the accompanying physical measurements of the 
trapping and detrapping processes w i l l , ideally, work hand-in-hand to achieve 
some measure of control . Before the synthetic work can be effective, how
ever, reliable means to determine these activation energies must be at hand. 
Thus, the point of these investigations is to measure the activation energies 
for several different v inyl aromatic polymers and then to begin the construc
t ion of relationships between the thermal and the structural properties of the 
chromophore system. 

Experimental Measurement of Triplet Excimer Trap Depth 

A method for carrying out triplet excimer trap-depth measurements was 
suggested by notic ing that the character of phosphorescence spectra f rom 
solid films of poly(AT-vinyl carbazole) ( P V C A ) as w e l l as other vinyl aromatic 
polymers is temperature-dependent. T h e basic observation was that at 77 Κ a 
definitely excimeric type of phosphorescence spectrum was found whereas at 
m u c h lower temperatures near 15 Κ the spectrum is nonexcimeric i n charac
ter. A n example of this type of spectral transformation is shown i n F igure 1. 
It was clear that triplet excimer formation required an activation energy that 
was evidently rather small judging by the low temperatures needed to achieve 
the exc imer-nonexcimer transformation. A temperature dependence of this 
sort could be rationalized by at least two different mechanisms. If, for 
example, the migration of triplet excitons is a phonon-assisted process, then 
raising the temperature w o u l d be expected to increase the rate of triplet 
exciton migration and thereby increase the rate of trapping at excimer-for
m i n g sites. This mechanism assumes that the rate of the trapping process is 
control led by the rate of exciton migration. I n spite of the attractiveness of 
this mechanism, it does not satisfy all o f the experimental observations as w i l l 
be pointed out later. A more successful explanantion of this temperature 
dependence is based on the assumption that a finite activation energy exists 
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for the formation o f triplet excimers b y trapping. Thus, be low the transition 
temperature Tm disappears pr imari ly by reaction 2. As the temperature is 
raised, eventually a point is reached such that reaction 1 can compete 
effectively w i t h 2, and at that point the emission of excimeric phosphores
cence begins. 

This mechanistic sequence is supported by the behavior of Arrhenius 
graphs measured for the rate constant o f reaction 2. These rate constants are 
relatively easy to measure because they are just the reciprocal o f the 
phosphorescence hfetime. A typical example of the resulting Arrhenius 
graphs is presented i n F igure 2, w h i c h traces the behavior of the rate 

m c 

300.00 400.00 500.00 
Wavelength (nm) 

167 Κ 

c 
4) 

300.00 400.00 
Wavelength (nm) 

Figure 1. Phosphorescence spectra of N-(carboethoxy)carbazole in a polystyrene 
matrix at various temperatures. 
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Figure 1. Continued 
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Figure 2. Arrhenius graph of the rate constant for phosphorescence decay of 5% 
triphenyl amine in a polystyrene matrix. 

constant for phosphorescence decay of tr iphenyl amine ( T P A ) present as a 
dopant i n a polystyrene matrix. In this particular experiment the phosphores
cence intensity was monitored at the origin of the phosphorescence band and 
so it is definitely a nonexcimeric emission. T h e important point to note is that 
there is an extended temperature range over w h i c h the rate constant changes 
very little. F o l l o w i n g this stable area, an abrupt increase i n rate constant 
occurs over a small range of temperatures, and after this discontinuity 
the rate constants change m u c h more rapidly wi th temperature. W e have 
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examined many different systems, either pure polymer films or molecularly 
d o p e d polystyrene, and i n each instance Arrhenius graphs of the type shown 
i n F igure 2 are found. Also , for every system studied so far, the temperature 
range corresponding to the abrupt change i n slope coincides w i t h the 
temperature range where excimeric phosphorescence starts to replace nonex
cimeric phosphorescence. I n view of these facts, it seems clear that competi 
tive processes are responsible for the disappearance of triplet states and that 
the process that has the higher activation energy is associated w i t h the 
formation of excimers. F o r these reasons it is bel ieved that the activation 
energy calculated f rom the steep slope of Arrhenius graphs such as F igure 2 
w i l l y ie ld the activation energy for the forward process represented i n 
reaction 1. 

A t temperatures large enough so that a distinct excimeric b a n d is 
observed, one may also fol low the rate of decay of excimeric phosphorescence 
w i t h temperature. Arrhenius graphs for these experiments are quite similar to 
that displayed i n F igure 2. That is, a discontinuity i n slope occurs that 
separates a rather temperature-insensitive region f rom a region i n w h i c h the 
rate of phosphorescence decay changes more rapidly w i t h temperature. T h e 
interpretation here is exactly the same as before except now the competitive 
processes are e q 3 for the relaxation of excimeric triplets to the ground state 
versus the reverse of step 1, the detrapping of triplet excimers. Thus , the 
component of the Arrhenius graph that displays the larger slope w i l l y ie ld the 
activation energy for the reverse of reaction 1. G i v e n i n Table I is a collection 
of activation energies for trapping and detrapping for a number of different 
pure polymers and molecularly doped polystyrene (PS). H a v i n g obtained 
these data, the next major step is to provide a rational interpretation for 
them. Interpretation has to be done at several different levels of specificity, and we w i l l start w i t h a discussion of the trapping process. 

Rate-Controlling Process in Triplet Trapping 

L e t us now consider i n detail whether the rate of trapping is control led by the 
rate of exciton diffusion or by processes associated w i t h b o n d formation i n 
the resulting excimer. I n crystalline solids it is sometimes found that exciton 
migration is assisted by phonons associated w i t h the vibrational mot ion of the 
lattice (9) . I n amorphous polymers there is no organized lattice structure, but 
low-frequency acoustic vibrations o f the polymer chains w i l l produce a 
quasiphonon behavior. T h e question is whether or not these quasiphonons 
can assist mobi le triplet excitons i n their migration f rom one chromophore 
to the next. A n estimate of the energy of these quasiphonons was carried 
out b y F r a n k and H a r r a h ( JO) for poly(2-vinyl naphthalene) ( P 2 V N ) and 
polystyrene. U n l i k e the present case, Frank and H a r r a h concluded that the 
rate-controlling step for singlet excimer formation was singlet exciton migra-
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Table I. Activation Energies for Trapping and Detrapping of Triplet Excimers 

Eact> Trapping E a c f , Detrapping 
Sample (kj/mol) (kj/mol) Reference 

PVCA a(shallowtrap) 2.0 2.5 5 
P V C A (deep trap) 
PFCZb 

2.0 12.1 5 P V C A (deep trap) 
PFCZb 1.1 1.4 11 
P A C Z C 2.6 6.0 11 
P D A P M ^ 5.1 4.6 12 
N E C * in PS 1.7 7.4 11 
M F C Z ^ in PS 1.7 7.4 11 
D A P M g 12% in PS 5.0 3.6 13 
D A P M 5 % in PS 6.4 2.1 13 
D A P M 1% in PS 6.9 1.3 13 
ΤΡΑΛ 12% in PS 4.6 5.8 13 
T P A 5 % in PS 4.8 7.9 13 
T P A 1% in PS 7.6 9.2 13 

a Poly(N-vinylcarbazole). 
Poly [ 2V-(vinyloxy) (carbonyl)carbazole]. 

c Poly [ N-((allyloxy)carbonyl)earbazole]. 
Poly [[4-N, N-aHphenylamino)phenyl]methylmethacrylate]. 

e Ν- Ε thylcarb azole. 
f N-((vinyloxy)carbonyl)earbazole. 
g [4-( N, N-Diphenylamino)phenyl]methylisobutyrate. 

Triphenylamine. 

t ion. In the case of singlet excitons, therefore, the activation energy for 
trapping w i l l be the same as the activation energy for exciton migration. T h e 
rate of exciton migration is inversely proport ional to the sixth power of the 
interchromophore separation distance, and it was suggested by F r a n k and 
H a r r a h (10) that low-frequency acoustic vibrations of the polymer chains 
w o u l d be effective i n modulat ing these interchromophore distances. F r o m 
measured values of the activation energies for trapping, the frequency of 
these effective acoustical modes could be determined. Values of 84 c m " - 1 (1.0 
k j / m o l ) for P 2 V N and 157 c m - 1 (1.9 k j / m o l ) for polystyrene were found. 
A c c o r d i n g to the analysis o f Frank and H a r r a h (10) these vibration energies 
should equal one-half the activation energy for excimer formation. W e notice 
i n Table I that activation energies for small molecules doped into polystyrene 
vary considerably w i t h the percentage of doping and also w i t h the type of 
chromophore. F o r D A P M ( [4- (N, IV-diphenylamino)phenyl] methyl isobu-
tyrate), w h i c h is essentially a tr iphenylamino group w i t h a carboxylate residue 
attached to one of the phenyl rings, and for tr iphenyl amine itself, activation 
energies f rom 5.0 to 7.6 k j / m o l are found, w h i c h i m p l y quasiphonon 
energies between 2.5 and 3.8 k j / m o l . O n the other hand, for the carbazole 
chromophores, such as N E C ( N - e t h y l carbazole) and M F C Z [N-
((vinyloxy)carbonyl)carbazole], m u c h smaller activation energies on the order 
of 1.7 k j / m o l are found, w h i c h imply quasiphonon energies of 0.8 k j / m o l . 
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Thus, experiments w i t h neither o f these chromophores correctly reproduced 
the expected vibrational energies. Furthermore , i f a l l o f these activation 
energies were, i n fact, associated w i t h assistance by low-frequency acoustic 
modes of the polystyrene matrix, one w o u l d expect them to be similar. 
Instead one finds activation energies that vary considerably w i t h the type o f 
chromophore. O n e concludes, therefore, that it is the type o f chromophore 
involved and not the matrix that determines activation energies for triplet 
trapping at excimer-forming sites. W e hasten to note that this conclusion does 
not contradict that of F r a n k and H a r r a h (10) about the rate-controlling 
process for singlet trapping at excimer-forming sites. 

It might be argued that this is an inappropriate comparison because the 
molecules involved i n excimer formation are not covalently bonded to the 
polystyrene chain. It is found, however, that for polystyrene doped heavily 
enough so that the chromophore density is similar to the corresponding 
homopolymer, activation energies for trapping are essentially the same 
whether the chromophore is covalently b o n d e d to a chain backbone or not. 
T h e implicat ion again is that these activation energies are chromophore-
dependent. That is, vibrations or rotations associated w i t h the backbone 
structure or the pendant bonds are not relevant i n determining the activation 
energies. As a result o f the preceding considerations, we conclude that b o n d 
formation of the excimeric species is the rate-controlling process for reaction 
1 and that the corresponding activation energy is associated w i t h the rear
rangement of electrons and atoms needed to accomplish this b o n d formation. 

M a n y studies i n the literature relate the intensity of phosphorescence 
f rom small molecule dopants present i n polymer matrices to the temperature 
of the host polymer (11-14). I n most of this work the augmentation of the 
diffusion rate of a quencher (usually oxygen) was related to the onset of a 
second-order transition of the polymer host. These studies l e d us to consider 
the possibility that the same mechanism might be responsible for transitions 
f rom nonexcimeric to excimeric phosphorescence. O u r eventual conclusion 
was that the idea is untenable because the exc imer-nonexc imer transition 
temperatures are a function of the dopant concentration and occur at similar 
temperatures i n different polymer hosts. In addition, it was found that 
activation energies for triplet excimer formation are the same i n polystyrene 
and i n poly (methyl methaerylate). 

Activation Energies for Detrapping and Their Relation 
to Polymer Structure 

L e t us first consider the data i n Table I associated w i t h the carbazole group: 
P V C A , P F C Z (poly [ N-((vinyloxy)carbonyl)carbazole]), P A C Z (poly[N-( (a l -
lyloxy)carbonyl)carbazole]), M F C Z , and N E C . A striking feature of the data 
i n Table I is the very close similarity of the activation energies for excimer 
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formation varying between 1.1 and 2.6 k j / m o l . This is particularly interesting 
because three of these samples are homopolymers and two are molecularly 
doped polystyrene. Apparent ly the activation energy values, E a c t , for trapping 
are independent o f whether the chromophores are polymer-bound or inde
pendent molecules. O n the other hand, studies of the activation energies for 
detrapping i n these carbazole systems clearly indicate that some important 
distinctions are present. T h e deep trap of P V C A must be excluded f rom these 
comparisons because it is the only system for w h i c h evidence of dual excimer 
behavior is found. T h e detrapping activation energy of the shallow trap P V C A 
and of P F C Z are similar and not too different f rom the trapping activation 
energy. The activation energies for detrapping i n P A C Z and polystyrene films 
doped w i t h N E C and M F C Z are m u c h larger than the other samples. 

T h e chromophore groups o f the three homopolymers P V C A , P F C Z , and 
P A C Z are attached differently to the backbone carbon atoms. In P V C A , of 
course, the carbazole nitrogen is only one b o n d removed f rom the backbone. 
T h e polymer that we call P F C Z is derived f rom poly (vinyl chloroformate) 
w i t h the carbazole group replacing the chlorine atom. Thus , the carbazole 
nitrogen is removed f rom the backbone carbon b y three bonds. I n P A C Z the 
allyl group replaces the vinyl group w h i c h results i n four intervening bonds 
between the backbone carbon and the carbazole nitrogen. T h e nonexcimeric 
phosphorescence spectra of these three polymers are essentially the same, and we conclude that the different bonding modes do not appreciably affect 
the energetics of their respective triplet states. T h e differences i n excimer 
detrapping behavior are therefore assignable to differences i n the steric 
freedom of the carbazole groups. It appears that the commonali ty between 
P A C Z and the two small molecule samples is steric freedom of the carbazole 
chromophore. Thus we conclude that for homopolymers and doped films 
containing the carbazole group, the activation energies for trapping are 
essentially the same, but the activation energies for detrapping depend on the 
presence or absence of steric crowding associated w i t h the chromophore pair. 
I n Table I there are additional results obtained w i t h the tr iphenyl amino 
chromophore. I n this case different levels of doping of the polystyrene matrix 
were used, w h i c h l e d to additional information about the interaction of 
excimer formation and structural properties. 

Detrapping in Strained versus Nonstrained Excimers 

T h e essential chromophore i n D A P M is the tr iphenyl amino group, but it 
differs f rom tr iphenyl amine itself i n that one of the phenyl rings is attached 
via a methylene group to a carboxylate center. Thus the nonexcimeric 
phosphorescence spectra of D A P M and T P A are essentially identical ; the 
only difference between the two chromophores is the bulky group attached to 
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one of the phenyl rings i n D A P M . P D A P M is, o f course, the homopolymer, corresponding to the m o n o m e l i c model D A P M . 

W e notice that the activation energy for trapping i n D A P M decreases 
w i t h increasing dopant concentration. I n the l imit of 1 2 % doping the 
activation energy for trapping is very similar to that of the homopolymer 
itself. W e also notice, that the sums of the activation energies for trapping 
and detrapping i n D A P M are nearly the same for each level of doping. T h e 
actual values are 8.6, 8.5, and 8.2 k j / m o l . T h e data suggest that whatever is 
causing the increase i n activation energy as dopant level decreases may also 
be responsible for the corresponding decrease i n activation energy of detrap
ping. As the dopant level increases, an increasing fraction of chromophore 
pairs, suitably oriented for excimer formation, is expected. Thus it is proposed 
that a relatively large fraction o f excimer f o r m e d at h igh dopant concentra
tions are i n a ful ly relaxed configuration. O n the other hand, as the dopant 
level decreases, fewer chromophore pairs possess the o p t i m u m configuration 
for excimer formation and an increasing fraction of the resulting excimers are 
formed i n an unrelaxed or strained configuration. T h e activation energy for 
detrapping these strained excimeric species w i l l be less than that for the ful ly 
relaxed species and this corresponds to the decreasing activation energy for 
detrapping as dopant concentration goes down. A n interesting corollary to 
this hypothesis is that the excimer l i fetime must be less than the t ime 
required for a strained excimer to relax. L e t us n o w apply this m o d e l to T P A 
to see i f a similar hypothesis can rationalize those results. 

T h e activation energies for trapping i n PS films doped w i t h T P A decrease 
w i t h increasing dopant concentration, w h i c h is the same as the trend found 
for D A P M . However , the activation energies for detrapping also decrease 
w i t h increasing dopant concentration; this is the reverse of the t rend found 
for D A P M . As before, let us assume that excimers formed i n more concen
trated matrices tend to be less strained than those formed i n dilute matrices. 
Because microscopic reversibility requires that the path fol lowed for the 
trapping process be the same as that for detrapping, the data suggest that 
both strained and unstrained excimers have sufficient t ime to relax before a 
detrapping event can take place. Thus , the difference between T P A and 
D A P M is that i n the T P A essentially all excimers detrap starting f rom the 
same or similar energy level, whereas in the D A P M strained excimers detrap 
starting f rom a higher energy level than unstrained excimers. 

Summary 

T h e early observations of phosphorescence spectra appl ied to polymeric 
systems have shown that nonexcimeric spectra f rom polymer-bound chro
mophores are very similar to spectra f rom chromophores that are unbound. 
Starting f rom this rather unremarkable observation, subsequent work demon-
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strated that the triplet states i n polymeric systems are actually rather mobile 
and that excimeric triplets are commonly found i n spectra of solid polymer 
films. These key observations have l e d to the unfolding of a rich tapestry of 
photophysical activity i n the triplet manifo ld of polymeric systems. T h e work 
described here shows how these early seminal ideas can be extended further 
by investigating effects of changing temperature on rates of triplet state decay 
and on spectral band shapes. It is hoped that these results may eventually be 
useful i n deducing structural aspects of polymers conducive to the formation 
of triplet excimers and, perhaps, lead to information about the structure of 
the excimers themselves. T h e results seem to suggest that there is a close 
relationship between the thermal properties of triplet excimers and the 
structure of the chromophores involved i n excimer formation. It now seems 
l ikely that studies of the reversible exc imer-nonexcimer equi l ibr ium w i l l 
provide valuable information about polymer microstructure. T h e use of 
temperature extremes to derive this information is highly recommended. 
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Relations between Luminescence 
Emission and Physical Properties 
of γ-Irradiated Polypropylene 

G. David Mendenhall 1, Ning Xu1, and Stephen E . Amos2 

1Department of Chemistry, Michigan Technological University, 
Houghton, MI 49931 

2Himont Research and Development Center, 800 Greenbank Road, 
Wilmington, DE 19808 

Eight formulated samples of isotactic poly(propylene) were γ-irradia-
ted with 60Co to 3 and 5 MR, and subsequent changes in the samples 
were followed during the next 14 days by spontaneous luminescence 
emission, color development, and then by tensile measurements. The 
spontaneous luminescence decayed rapidly at first, and was still 
measurable in most irradiated samples 5-10 days later. Subsequent 
heating of irradiated samples to 100 °C led to large increases in 
luminescence that slowly decreased at this temperature. The elonga
tion at break of irradiated samples, with one exception, dropped after 
irradiation. The yellowness index of samples after irradiation re
mained about the same or increased, with one exception. General 
correlations between luminescence or color on one hand, and elonga
tion at break on the other, could not be found. However, within a 
given formulation, the easily measured luminescence emission intensity 
at any time within 4 h after the end of the irradiation was monotoni-
cally related to the total radiation dose to the sample. 

CfHEMILUMINESCENCE F R O M POLYMERS was first described b y Ashby (J) i n 
a publ ished report on the diminished fight emission f rom polypropylene (PP) 
at 150 °C w h e n it was formulated wi th stabilizers. Ashby also observed 
synergistic effects of combinations of stabilizers w i t h the same technique. 
Polypropylene has been a favored substrate for a number of subsequent 

0065-2393/93/0236-0611$06.00/0 
© 1993 American Chemical Society 
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investigations of chemiluminescence emission ( 2 - 6 ) , i n part because of the 
commercia l importance of this polymer and i n part because o f its relatively 
strong chemiluminescence emission. 

Recent interest i n the subject has been connected w i t h a concern for the 
stability of polypropylene after sterilization w i t h ioniz ing radiation. I n p r o p r i 
etary work, one o f us (Mendenhal l ) correctly ranked eight formulated 
polypropylene samples toward their ultimate thermal stability at 150 °C by 
comparing their relative chemiluminescence emission at 150 °C for t ime 
durations of up to one week. This result inspired application of the technique 
to the measurement of damage caused by ionizing radiation. Ideally, the 
technique w i l l provide an early indication of failure because it instantaneously 
measures the rate of a dynamic process associated w i t h oxidative degradation. 

T h e application o f chemiluminescence is rather empirical , and there are 
a very large number of choices of pretreatment and examination conditions. 
O u r approaches thus far are summarized i n the fol lowing text. 

W h e n polypropylene is heated i n the absence of oxygen, chemilumines
cence is emit ted f rom the thermal decomposit ion of accumulated peroxides 
and hydroperoxides i n the samples (7) . W e heated 1-mg samples of f o r m u 
lated, ^-irradiated polypropylene i n an evacuated capillary w i t h an infrared 
laser (10.6 μ ιη) and measured the visible light emitted f rom the samples w i t h 
fiber-optic techniques (7) . L inear correlations were found between total light 
emission measured i n this way and the conventional peroxide value of the 
samples. T h e proportionality constants, however, were quite dependent o n 
the formulation, a feature w h i c h l imi ted the value of this approach. 

Chemiluminescence emission f rom polypropylene is usually negligible 
f rom samples at ambient temperature, even f r o m samples d o p e d w i t h free-
radical initiators. Af ter exposure to ioniz ing radiation, however, an easily 
measured luminescence is observed. E a r l y studies by our group showed a 
qualitative correlation between the loss of impact strength and the very weak, residual fight emission f rom formulated polypropylene samples a week after 
exposure to 7-irradiation (all at 25 °C) (8). 

W e also found that the rate of loss of impact strength of the samples at 
60 °C c o u l d be correlated qualitatively w i t h their chemiluminescence emis
sion i n air at 150 °C. T h e loss of impact strengths of samples stored at 25 °C 
was different than those stored at 60 °C, but the ranking according to their 
chemiluminescence emission at 25 °C was again i n qualitative agreement. 

These results were encouraging although the number of samples was 
l imited, and the examination of the samples for fight emission at 25 °C was 
only begun a week after the irradiation. Subsequently we studied the more 
intense fight emitted wi th in minutes after the exposure of polypropylene (and 
other hydrocarbons) to X-rays, and discovered that the color o f the fight was 
different than that of fight f rom oxidation reactions carried out at elevated 
temperatures (9) . This surprising fact, along w i t h (1) the observation that the 
fight emission d i d not depend on the presence of oxygen, and (2) its decay 
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fol lowed a power function (I = At~n; I = intensity, t = t ime, and a, η — 
constants) made a convincing case that the luminescence was due to charge-
recombination processes w i t h the same characteristics observed earlier f rom a 
variety of polymeric substrates [10, 11]: 

polymer e~ + [ p o l y m e r ] + [po lymer] * -—> hv' 

where e~ = electron and hv = photon. 
I n the present study we have measured the light emission f rom formu

lated polypropylene plaques that were irradiated i n a conventional 6 0 C o 
source. Intermittent measurements of the luminescence (presumably f rom 
charge recombination) were made at ambient temperatures for several days 
after irradiation unt i l it was too weak to measure. W e then measured 
luminescence (presumably free-radical- induced oxyluminescence) f rom these 
same samples heated i n air to 100 °C. Tests for impact strength and color 
development w i t h irradiated sheets of P P were carr ied out for comparison. 

Experimental Details 

Isotactic polypropylene ( H i m o n t Pro-fax 6801) w i t h a fractional (0.4) melt 
flow rate, containing approximately 0 .01% of a phenolic processing stabilizer, was combined w i t h calc ium stéarate and stabilizers by powder blending and 
extrusion. Extrusion compounding was carried out w i t h a Brabender 3/4- in . , single screw, 25:1 length:diameter, laboratory extruder w i t h a 3:1 compres
sion ratio mixing screw and a 3- in . final mixing zone comprised of pins. T h e 
extruder was r u n i n air at a flat 230 °C temperature profile. Sample 
compositions are shown i n Table I. 

C o m p o u n d e d polymer was inject ion-molded into 3x3x0.041-in. plaques 
o n a 1.5-oz Battenfeld injection molder i n air. T h e injection molder tempera
ture profile was 2 1 5 - 2 2 0 - 2 2 0 - 2 3 5 °C. The m o l d temperature was 110 °C. 

Elongat ion at break was measured o n die-cut tensile bars conforming to 
A S T M method D 6 3 8 type IV . T h e tensile bars were p u l l e d at a rate of 
2 i n . / m i n . 

T h e inject ion-molded plaques were irradiated i n a 3- in. diameter pipe at 
the Phoenix Laboratory (University of M i c h i g a n , A n n Arbo r ) w i t h an under
water 6 0 C o source w i t h a dose rate of 1.108 M R / h . T h e plaques were 
separated f rom each other by strips of paper and stacked vertically i n the pipe 
that was placed i n the reactor for sufficient times to give doses of 3 and 
5 M R . 

T h e yellowness index was measured w i t h a colorimeter (Colorquest) 
according to A S T M method D1925 . 
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Table I. Compositions of Formula ted P o l y p r o p y l e n e 0 

Sample No. 

Component A B C D E F G H 

Pro-fax 6801 (PP) 100 100 100 100 100 100 100 100 
Irganox 1010^ 0.03 0.03 
Irganoxl68 c 0.10 0.10 0.10 
Tinuvin 770 J 0.10 0.10 0.10 
Tinuvin 765 e 0.10 
Tinuvin 770~bisNO / 0.095 
Calcium stéarate 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

a Numbers in table refer to relative weight of ingredient in formulated mixture, and are 
approximately weight percent. 

TetraMs-[methylene (3, 5-di-ieri-butyl)-4-hydroxyhydrocinnamate]methane. 
c Tri-(2, 4-di-£er£-butyl) phenyl phosphite. 

Bis-(2, 2, 6, 6-tetramethyl-4-piperidinyl) sebacate. 
e Bis-(l, 2, 2, 6, 6^entamethyl-4-piperidinyl) sebacate. 
f Bis-(l-oxy-2, 2, 6, 6-tetramethyl-4-piperidinyl) sebacate. 

Measurement of Light Emission. Luminescence f rom disks of 
1.0-in. diameter, cut f rom some of the plaques w i t h a cork borer immediately 
after they were removed f rom the reactor, was measured wi th in 5 m i n and 
again at increasing t ime intervals thereafter. It was of course not possible to 
examine all of the irradiated plaques immediately after irradiation. A few 
disks cut f rom different plaques w i t h the same formulation, irradiated at the 
same t ime showed luminescence intensities that dif fered b y amounts larger 
than the experimental error. This result suggested that samples may have 
been subjected to temperature inhomogeneities or difference i n oxygen 
concentrations, although w e d i d not have t ime to investigate this point 
further. 

T h e light f rom the disks was measured after placing them i n the sample 
w e l l of a luminometer (Turner Designs, Inc., model TD-20e) . T h e disks 
themselves were handled gently w i t h cloth gloves and tweezers and placed i n 
contact only w i t h clean surfaces. D u r i n g the fast, ini t ia l decay after irradia
t ion, the luminescence was measured for 20 s after a 10-s delay. Subsequently 
the emission was measured w i t h longer integration times, and the luminome
ter was thermostatted w i t h circulating water at 25.0 °C. 

T h e luminescence f rom the disks at 100 °C was measured by placing 
them into a small a luminum cylinder that was threaded to admit one e n d of a 
fiber-optic cable. T h e other e n d of the cable was inserted into the w e l l of the 
luminometer . Af ter measurement of (negligible) light f rom the samples at 
ambient temperature, the a l u m i n u m container, wrapped i n a single sheet of 
polyethylene film, was placed i n boi l ing water. T h e fight emission was 
measured as consecutive 20-s readings, interrupted by 10-s delay, for the next 
20 m i n . 
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T h e sensitivity of the luminometer was checked periodically w i t h a 
2 3 4 T } l _ 2 3 4 p a _ u o + 2 H q u i d s c i n t i u a t i o n standard (12). 

Results 

Values o f elongation at break and yellowness index for irradiated and nonirra-
diated tensile bars are given i n Table I L 

T h e unstabil ized samples ( A and H ) showed very large drops i n strength 
w i t h irradiation, whereas the other samples showed considerable retention of 
strength after 3 but not 5 M R . Interestingly the bis-nitroxide, w h i c h to our 
knowledge had not been tested previously, showed considerable protective 
ability at 3 M R . T h e yellowness index of the samples changed w i t h irradia
tion, and showed the greatest increase w i t h samples w i t h phenolic stabilizer. 
T h e sample w i t h the orange bis-nitroxide ( G ) showed m u c h greater color 
initially, and it was the only sample whose index decreased wi th irradiation. 

T h e init ial luminescence readings f rom irradiated plaques are shown i n 
Figure 1. T h e light emission decayed rapidly i n the init ial stages according to 
a power law, and was analyzed by least squares fit to a l o g - l o g plot. Because 
it is difficult to compare the samples i n the ini t ia l stages w h e n the emission is 
changing rapidly, we used the fitted parameters to calculate the emission 
intensity 1 h after the e n d of the irradiation of each sample for the purposes 
of comparisons. 

Luminescence values at extended times appear i n Table III . F o r the 
most part, the luminescence decays i n this table are monotonie. Because the 
samples had been transported b y plane and car, and were subsequently 
stored under ambient conditions, a more exact analysis of the decay curves is 
not warranted. Sample G (bis-nitroxide) shows irregular luminescence values, 

Table II. Tensile and Color Measurements on Irradiated P P a 

Sample 

Dose (MR) A Β C D Ε F G H 

Elongation at break (%) 
0 1359 1260 1596 1244 1372 1399 1228 1881 
3 8 955 1250 1380 1184 1262 995 12 
5 6 20 6 13 373 9 108 0 

Yellow Index** 
0 4.0 4.7 5.1 4.0 4.2 4.0 8.7 4.2 
3 4.6 6.5 7.7 4.7 4.0 4.0 6.9 4.2 
5 4.5 7.7 9.4 5.4 4.3 4.0 6.5 4.3 

a Average of three bars, 13 days after irradiation. Samples were die-cut so that the long axis was 
in the flow direction of the polymer. 
b ASTM D1925, 14 days after irradiation. 
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w h i c h were later traced to stimulation of delayed luminescence b y fluorescent 
room lights. 

F o r all samples, the recombination luminescence dur ing the first 4 h 
after irradiation was higher for a 5- than for a 3 - M R dose. 

Except for samples Β and H , the luminescence one day after irradiation 
was m u c h higher for a dose of 5 than 3 M R . F o r later times the pattern was 
less distinct. 

T e n days after the irradiation, the luminescence of nearly al l samples had 
decl ined to very low levels, and additional information was then obtained by 
heating the samples to 100 °C. Plots of the resulting emission, ascribed to 
chemiluminescence, versus t ime were similar i n shape for all irradiated 
samples. Representative plots are given i n F igure 2. A plot of the maximum 
chemiluminescence versus dose is given i n F igure 3 and shows a monotonie 
increase for all samples. 
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IU 800 
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Φ 600 
> 
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200 
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Figure 1. Initial luminescence decay curves from irradiated polypropylene 
samples, (a) 3 MR: open square, C; filled square, A; cross, F; inverted triangle, Η; X , E; triangle, B; open circle, D; closed circle, G. (b). 5 MR: filled square, A; open square, Β; X , E; open circle C; inverted triante, G; filled circle, D; 

cross, F; triangle, H. 
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Figure 1. Continued 

E m p i r i c a l plots o f calculated light emission 1 h after irradiation, the value 
of η i n the power function, the maximum light emission at 100 °C, or 
yellowness versus percent of original elongation d i d not reveal any correla
tions, even w h e n we restricted the data to samples w i t h the lower radiation 
dose. 

Discussion 

T h e current study bears out some of the conclusions of our earlier stud
ies w i t h fewer samples. W e expect, to a first approximation, that greater 
light emission f rom a sample w i l l correspond to lesser stability. T h e charge-
recombination luminescence that can be measured immediately after radia
t ion treatment (F igure 1) or several day later (Table III), however, does not 
correlate w i t h the relative loss of tensile properties. This result is i n contrast 
to our earlier observations, w h i c h were made after irradiation of samples w i t h 
different formulations (8). Fluorescence measurements might be a way to 
normalize the emission, but prel iminary attempts to do this have not been 
promising. 
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Table III. Luminescence from Irradiated Polypropylene at Extended Times 0 

Timeb Sample 
(h) A Β C D Ε F G H 

3 M R Irradiation 
21-26 20 31 53 47 33 34 72 34 
47-49 24 20 79 21 
55 16 14 
72-78 13 14 22 25 15 20 54 15 
90-92 26 25 26 24 72 17 
220-40 2 - 1 - 2 1 - 2 - 2 4 2 

5 M R Irradiation 
21-24 33 30 71 101 61 63 177 31 
41-49 61 76 39 22 101 20 
53-55 12 17 
72-78 22 35 43 61 17 16 55 6 
90-97 36 44 18 16 49 2 
220-240 4 3 4 12 5 0 11 6 

a Mean of three measurements with Turner luminometer. Values are last three digits on most 
sensitive setting. Average percent error is 3 units. 

Time or range of times of measurements from end of irradiation period. 

C o l o r development i n irradiated samples is an undesirable feature f rom a 
practical standpoint. The irradiation of unstabil ized sample A resulted i n a 
small change o f color index, w h i c h was completely suppressed by addition of 
ca lc ium stéarate (sample H ) . T h e larger changes of color index i n some of the 
other samples after irradiation must involve reactions of additives. T h e large 
yellowness n u m b e r of sample G and its large drop after irradiation is 
undoubtedly associated w i t h disappearance o f the orange bis-nitroxide. A l 
though the luminescence f rom the irradiated sample w i t h bis-nitroxide was 
higher because of the effect of room lights, the effect was too small to 
account for the mysteriously elevated levels of luminescence compared w i t h 
the other samples. 

Correlations aside, the bis-nitroxide was an effective stabilizer, second 
only to the parent amine (sample E ) at the 5 - M R dose (Table II). W e should 
point out, however, that the formulated samples do not contain the same 
mola l concentrations of stabilizers. 

T h e only positive result of the study is the monotonie relationship 
between luminescence and radiation doses (Figures 1 and 3). Similar rela
tionships were found w i t h other samples of formulated polypropylene that 
were irradiated to very low levels and then made to emit light by laser heating 
(7) . F o r most samples it appears that chemiluminescence under the condi
tions for the data i n F igure 3 w i l l distinguish between dose levels dif fering 
b y more than about 0.4 M R . Moreover , the reprodueability o f the chemi-
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24. M E N D E N H A L L E T A L . y-Irradiated Polypropylene 619 

0.3H 

Ο 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 
Time (Min.) 

Figure 2. Curves of luminescence (CL) VS. time from polypropylene samples at 
100 °C. Top, sample A; bottom, sample C. The intensities increase in each case 

in the order 0 (rectangh), 3 (cross), and 5 MR (asterisk). 
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cu 

Qi , ; , 1 
0 3 5 

MR 
Figure 3. Maximum chemiluminescence at 100 °C vs. dose. Filled squares, A; 
open squares, D; filled triangles, G; open circles, H; asterisk, C; cross, Β; X , F. 

luminescence measurements and their dependence on formulation are 
advantageous for quality control . 
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Investigation of Polycarbonate 
Degradation by Fluorescence 
Spectroscopy and Its Impact 
on Final Performance 

Makarand H. Chipalkatti and Joseph J. Laski 

G T E Laboratories Incorporated, 40 Sylvan Road, Waltham, M A 02254 

A novel use of fluorescence spectroscopy as a sensitive, rapid, and 
nondestructive technique for the study of degradation in solid-state 
polycarbonate is described. The technique is especially suited for the 
study of degradation in aromatic polymers such as polycarbonate, but 
in principle it should have wider application. A comparison is made of 
emission and excitation spectra of bisphenol A polycarbonate with 
spectra of model compounds selected to represent previously estab
lished degradation products. The reported thermal and UV degrada
tion products for polycarbonate in the presence and absence of air, 
respectively, are verified by a comparison of the emission and excita
tion peaks of the model compounds and the degraded polymer. The 
progress of thermal degradation as a function of processing tempera
ture has been tracked by measuring the emission peak intensities of 
the degradation products and then correlating them with bulk perfor
mance measures of the polymer. The technique described is intended 
to serve as a rapid method of identifying the presence of known or 
proposed degradative pathways rather than as a substitute for more 
rigorous techniques of chemical and physical analysis. Potential appli
cations of this technique as an aid in polymer processing as well as its 
extension to UV degradation studies and relationship with optical 
performance are also discussed. 

T H E INTERACTION O F T H E STRUCTURE, MORPHOLOGY, A N D PROCESSING 

conditions o n the final properties of polymers is very crit ical i n determining 

0065-2393/93/0236-0623$06.00/0 
© 1993 American Chemical Society 
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624 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

the performance and reliability of plastic parts over extended periods of t ime. 
This interaction is especially important i n products for high-precision applica
tions where very narrow performance tolerances are specified. F o r instance, because of their unique status as transparent engineering plastics, polycar
bonates, especially polycarbonate of bisphenol A , are i n great demand as 
w i n d o w or lens materials. I n such applications, even small amounts of 
degradation induced dur ing processing affect the mechanical performance of 
thin-walled m o l d e d parts as w e l l as clarity and visual appeal. 

In this chapter, the use of fluorescence spectroscopy to study the extent 
of U V and thermal degradation of polycarbonate is discussed. L i k e many 
other aromatic polymers, polycarbonate and its major degradation products 
have chromophores that absorb and emit electromagnetic radiation i n a range 
conveniently addressed by commercia l spectrophotometers. O u r approach 
relies on the vast body of pr ior work that elucidates the degradation pathways 
and products of bisphenol A polycarbonate ( 1 - 3 ) by independent means. 
T h e emission and excitation spectra due to model compounds of k n o w n 
polycarbonate degradation products have been used as "signatures" of the 
emission spectra of key degradation products i n the solid-state polymer. T h e 
intensity of emission is recorded as a function of exposure and is correlated 
w i t h other macroscopic s tructure-property attributes, such as the dynamic 
modulus and viscosity and molecular weight distributions. O w i n g to its 
remarkable sensitivity to small traces of compounds and the influence of the 
molecular environment, U V fluorescence spectroscopy is ideal for monitor ing 
subtle degradation reactions. A l t h o u g h aromatic polymers are most suitable 
for this analytical approach, other polymers w i t h degradation products dis
playing significant fluorescence could also be investigated by similar means. 

T h e value of the technique described here lies i n its ability to monitor 
k n o w n degradation products. L i k e other methods of spectroscopy that deal 
w i t h electronic transitions of a material, it is not as w e l l suited to the 
elucidation of unknown chemical reactions as is vibrational spectroscopy. 
However , i f the key degradation products are k n o w n and can be represented 
by m o d e l compounds, our technique can be a rapid and sensitive method of 
tracking the degradation. F o r example, i n situations where a material has 
been exposed to undef ined U V - t h e r m a l conditions, the technique can be 
used to determine i f degradation is the result of U V or thermal degradation, or i f both conditions are somewhat responsible. Similar resolution is not 
feasible i n such a straightforward manner w i t h traditional optical transmission 
measurements or mechanical analyses. Furthermore , the sensitivity of this 
technique and its ability to detect trace materials have a significant advantage 
over conventional methods. I n a process control loop, the response t ime for 
corrective action to min imize degradation is dramatically reduced. 

A br ie f review of the approach and experimental techniques of previous 
workers and representative examples are c i ted here to differentiate our 
approach. T h e study of degradation products and pathways for organic 
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25. CHIPALKATTI AND LASKI Fluorescence Spectroscopy Degradation 625 

molecules i n general and polymers i n particular is often based on the use of 
infrared spectroscopy of samples exposed to U V radiation or thermal degrada
t ion. T h e classical approach relies o n the complete alkaline hydrolysis o f the 
degraded polymer and the chromatographic separation of the various p r o d 
ucts, fol lowed by infrared spectroscopy (4, 5). Other techniques that involve 
luminescence phenomena i n polymers for the purpose of analysis or monitor
ing chemical change (e.g., chemiluminescence due to photooxidation) have 
also been discussed i n the literature (6) . M o r e recently, solution electronic 
spectra of polycarbonate before and after U V degradation were reported i n 
an effort to elucidate the mechanisms and products of degradation (7) . In 
this article G u p t a et al . used gel permeation chromatography to fol low 
chain-scission reactions, and exposure to U V was monitored via actinometric 
measurements of o-nitrobenzaldehyde rearrangement. Fluorescence data of 
various concentrations of polycarbonate solution as w e l l as th in films were 
reported to demonstrate the effect of quenching by degradation products. 

M o d e l compounds have been used previously for comparison of solution 
U V absorption spectra w i t h those of the degradation products (8) of flash 
photolysis of polycarbonate solution i n 1, 2-dichloroethane. Molecular weight 
distributions were monitored by gel permeation chromatography and intrinsic 
viscosity measurements. Thus , the ratio of rearrangement reactions to chain 
scission were compared. I n yet another study (9) , light-scattering of solutions 
of polycarbonate i n chloroform was per formed before and after thermal 
degradation to determine the weight average molecular weight. Photodecom-
position was both induced and studied by irradiation of h igh- and low-density 
polyethylenes, polyvinyl chloride, polypropylene, and polycarbonate, w i t h a 
351.3-nm excimer laser (10) . Laser- induced emission spectra as w e l l as 
t ime-dependent quenching were used to assess the progress o f degradation i n 
the materials just named. 

Al though a variety of techniques, inc luding U V absorption of polymers, have been appl ied to the study of degradation of polymers i n general and 
polycarbonates i n specific, our approach is relatively novel i n that it is based 
on the measurement of U V fluorescence of the degradation products. V e r y 
little pr ior work presents (as we do) polycarbonate emission spectra and the 
evolution of its fluorescence spectra as a funct ion o f thermal and U V 
degradation. O u r approach, therefore, provides a novel and sensitive method 
for the analysis of solid-state samples where a rapid nondestructive approach 
is desirable. This technique is particularly useful because it involves the 
analysis of degradation products that remain embedded i n the matrix polymer 
without any need for the separation techniques discussed earlier. Further
more, emission spectroscopy is conducted off the surface of the sample 
(hence m i n i m a l sample preparation is required) and is essentially nondestruc
tive. Convenient correlation w i t h the effect of processing history and final 
performance allows this approach to be used as a process control tool . 
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626 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Processing of polymers often results i n some amount of thermal- or 
shear-induced degradation (11). Such degradation may occur i n the c o m 
pounding stage or i n injection molding, where the action o f the extruder 
screw or the effect of pressure may result i n mechanochemistry- or pressure-
induced "depolymerizat ion" . T h e processing temperature significantly affects 
both the properties and structure of the polymers (12, 13) and results i n 
thermal degradation via random chain scission, cross-finking, or oxidative 
degradation. Opt ica l methods of processing, such as U V cure of adhesives 
and lithography, increasingly are be ing used. These treatments may also 
result i n exposure of the substrate resin to U V and heat simultaneously or 
separately, and consequently, may affect both performance and reliability of 
polymer parts. T h e degree of degradation often may be too subtle to detect 
by conventional means such as infrared spectroscopy and yet be sufficient to 
affect long-term properties. I n such cases fluorescence spectroscopy is ideally 
a rapid and extremely sensitive alternative once a thorough audit and labeling 
of spectral features of the polymer and its degradation products has been 
made. 

Experimental Notes 
A l l the instrumentation and compounds used are of the standard commercia l 
variety, so only a few br ie f comments are made here about the experimental 
aspects of this work. 

F o r the yellowness index measurements, the samples were injection-
m o l d e d plaques of B P A - P C ( M o b a y M a k r o l o n 2600-1000). W i t h the excep
t ion o f d iphenyl carbonate of bisphenol A , w h i c h was synthesized and 
puri f ied at G T E Laboratories as described b y Pochan et al . (14), al l the 
mode l compounds and the polymers were used as received f rom A l d r i c h , wi th no further purification. 

A l l reported solution spectra were generated f rom as-prepared solutions 
without any attempt to exclude oxygen, and al l solvents are o f spectrophoto-
metric grade used as received f rom A l d r i c h . Because our objective was not 
the identification of unknown compounds, but rather the tracking of emis
sions f r o m k n o w n compounds, de-air ing was not deemed essential. 

A l l the reported spectra were corrected for instrument response (e.g., fight-source intensity, grating characteristics, etc.) so that signal intensities at 
different wavelengths could be compared relative to each other. A l t h o u g h 
this renders the data suitable for quantitative measurements, no quantifica
t ion was attempted here. Sol id samples used for spectroscopic analysis were 
generally w i p e d w i t h isopropyl alcohol once pr ior to analysis. 

T h e emission and excitation spectroscopy were per formed on a spec-
trofluorometer ( S L M 8000C) w i t h a 450 -W xenon light source (wavelength 
range 200-900 nm) and a computer controller ( I B M P C X T ) . 
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25. CHIPALKATTI AND LASKI Fluorescence Spectroscopy Degradation 627 

T h e gel permeation chromatography was carried out o n a chromatogra
phy instrument ( M i l l i p o r e M a x i m a 820) w i t h T H F as the carrier solvent. T h e 
creep and complex viscosity measurements were made on a dynamic mechan
ical analyzer ( D M A ; D u p o n t 983). 

Yellowness index calculations were based on visible transmission spec
troscopy carried out on a spectrophotometer (Cary 17D). T h e transmission 
data were then converted to yellowness index values i n accordance wi th 
A S T M D 1925-70. 

Results and Discussion 

Effect of Processing History. O u r study is based on comparisons 
of the emission and excitation spectra of pristine and degraded polymer wi th 
the spectra of suitable m o d e l compounds. A model c o m p o u n d is considered 
suitable i f its emission and excitation spectra differ only shghtly f rom what 
w o u l d be expected i f it were incorporated into the polymer. This condit ion 
occurs i f the only additional bonds required for incorporation into the 
polymer main chain are σ bonds, w h i c h only shghtly perturb the I T electron 
configuration i n the relevant chromophoric species. I n such a case, the 
spectra of the m o d e l c o m p o u n d are quahtatively identical to those of the 
degradation products embedded i n the polymer, w i t h peaks sometimes 
shifted by a few nanometers. 

I n the case of bisphenol A polycarbonate ( B P A - P C ) , the mode l com
p o u n d , diphenyl carbonate o f B P A ( D P C ) , was found to be a suitable mode l 
of B P A - P C electronic and molecular structure. The D P C as synthesized had 
to be substantially puri f ied b y several washings pr ior to preparation of a 
solution w i t h no trace impurit ies that w o u l d be evident i n the absorption or 
emission spectra. T h e validity of this mode l selection is clearly demonstrated 
i n the solution emission and absorption spectra of F igure 1. T h e spectra for 
the polymer and model c o m p o u n d are very similar and they both share the 
same degree of symmetry between their respective emission and absorption 
spectra, w h i c h demonstrates a h igh degree o f correspondence. 

T h e identical pr inciple also has been appl ied i n the selection of model 
compounds for the various thermal and U V degradation by-products that are 
specifically discussed w h e n appropriate dur ing the course of this report. 

In the transition f rom a solution sample to the solid state, a comparison is 
made between the mode l c o m p o u n d and the commercia l B P A - P C sample. 
T h e two emission spectra (excitation at 280 nm) are compared i n F igure 2. 
T h e similarities of the spectra o f F igure 2 are quite remarkable; specifically, the match between the main "basel ine" emission spectra of the polymer and 
the mode l compound. T h e additional peaks superimposed o n the polymer 
emission at 330, 347, and 365 n m , respectively, are also notable. 
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(b) 
• Excitation^' 

Emission 

<ô>-o-c-o-<^ç-<ô>-o--c-o--^ 

<200 3 0 0 4 0 0 
W a v e l e n g t h ( n m ) 

5 0 0 > 

Figure 1. (a) The emission and excitation spectra of a dilute solution of BPA-PC 
in methylene chloride, (b) The emission and excitation spectra of the model 
compound diphenyl carbonate of BP A solution in methylene chloride. The 
molecular structure of the polymer repeat unit and the model compound are 

shown for convenient comparison of their active chromophoric groups. 
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25. CHIPALKATTI AND LASKI Fluorescence Spectroscopy Degradation 629 

<300 350 400> 
Wavelength (nm) 

Figure 2. Comparison of the emission spectra of the degradation products of the 
as-molded BPA polycarbonate sample and the corresponding model compound, diphenyl carbonate of bisphenol A. 

T o identify the source of the "extra" emission peaks seen i n the as-
prepared sample of B P A - P C A , a careful review of the sample preparation 
procedure was made. Compar ison of the emission spectra at each stage of the 
procedure and attempts to establish the point at w h i c h the fluorescent 
by-products were generated y ie lded the conclusion that the "extra" emission 
peaks were due to trace thermal degradation products present i n the as-
received samples. 

W i t h a v iew to further clarification of the nature of the emission peaks at 
300, 347, and 365 n m , a series o f samples was prepared by a process o f 
vacuum-heating for 30 m i n fol lowed by compression mold ing for 15 m i n at 
200, 240, 260, 280, and 300 °C. The emission spectra of the five samples 
exposed to the thermal treatments and probed at an excitation wavelength of 
314 n m are shown i n F igure 3. A l l the samples were exposed to identical 
spectroscopic parameters and were superimposed on the same axes so that 
spectral intensities c o u l d be compared. A direct correlation is observed 
between the processing temperatures and the intensity o f the emissions, w h i c h reinforces the view that the thermal degradation products are the 
source of the emissions and that fluorescence spectroscopy is a viable means 
of monitor ing the extent o f degradation once the "signature" emissions are 
clearly identif ied. It is interesting to note that commensurate increases i n the 
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I ι ι ι i ι ι ι ι I 
<314 350 400> 

W a v e l e n g t h ( n m ) 

Figure 3. Emission spectra of as-molded BP A polycarbonate as a function of the 
processing temperature. Excitation wavelength used was 314 nm. 

intensity of the peaks were observed whether the samples were heated i n air 
or vacuum. 

T h e relationship between the emission intensities and the progress o f 
degradation is further underscored by examination of the molecular weight 
distribution of the m o l d e d samples l isted earlier. T h e gel permeation chro
matography data i n F igure 4 demonstrate a progressive reduction i n the 
average molecular weight of the polycarbonate samples as a function of 
processing temperature. I n fact, the data l e n d credence to the mechanism of 
thermal degradation that proceeds through a process of random chain scission 
that leads to the formation of a phenyl o-phenoxybenzoate product. This 
mechanism is substantiated i n the next section. 

Thermal Degradation Schemes. T h e generally accepted thermal 
degradation pathways for bisphenol A polycarbonate have been discussed i n 
the literature i n some detail (15, 16). A number of alternative mechanisms 
that may dominate or be absent, dependent on the specific thermal and 
environmental conditions (e.g., i n air or nitrogen, presence of moisture), have 
been suggested. T h e thermal degradation of bisphenol A ( B P A polycarbonate 
as proposed b y Davis and G o l d e n (15) occurs v ia a rearrangement of the 
B P A carbonate at the ester linkage to form an ο-phenoxybenzoic acid. I n a 
modification proposed by Bai l ly et al . (16), the possible involvement of a 
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40, 000 

10, 0001 1 1 1 ' 1 ' ' ' 1 1 1 1 1 ' 1 

150 200 250 300 
Temperature (°C) 

A ZAvg. 
ο Weight Avg. 
ο Number Avg. 

Figure 4. Molecular weight distribution of BPA polycarbonate samples as a 
function of temperature as seen by gel permeation chromatography. The z , weight, and number averages of molecular weight are shown as they influence 

different bulk properties of the polymer. 

phenyl salicylate as an intermediate product was described. T h e final product, v ia a relatively rapid cross-linking mechanism, was shown to be phenyl 
o-phenoxybenzoate. This reaction occurs both i n air and i n vacuum. I n 
addition, extensive chain scission was reported w h e n volatile products w i t h 
hydroxyl groups (such as low molecular weight phenols and water) are 
al lowed to remain i n the system (17) . T h e generally accepted degradation 
sequences reported i n the literature referred to earlier are summarized i n 
Scheme I. 

A n inspection of the emission and excitation spectra of the degradation 
products fisted i n Scheme I suggests that the emission peaks o f the degrada
t ion products are attributable mainly to phenyl o-phenoxybenzoate. I n fact, a 
comparison of the excitation and emission spectra of the degradation p r o d 
ucts and 0-phenoxybenzoic acid (model compound) shows extreme similarity 
(Figures 5 and 6). As stated earlier, small differences i n the main spectral 
peak locations are bel ieved to result f rom the attachment of the molecule to 
the polymer chain. A d d i t i o n a l peaks at 347 and 365 n m are not identi f ied yet 
(18). Based on the spectra of Figures 5 and 6, o-phenoxybenzoic acid is 
considered sufficiently similar to represent the benzoate product and is 
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υ 

Davis and Golde, 
BPA carbonate ester (I) 

lolderj 

°*F /=<_« η 

o-phenoxybenzoic acid (Π) 

La, 

high 
temperatures 

phenyl o-phenoxybenzoate ( T V ) 
(branching) 

II 

xanthone ( V ) 

(I) + H2Oor-(OH) 

random 
chain scission 

O H 

(VI) also 
phenol and 
diphenyl carbonate 

Scheme I. Review of reported BPA polycarbonate thermal degradation product 
sequences. Based on spectroscopic comparisons of reported and degradation products 
and thermally degraded polycarbonates, the phenyl o-phenoxybenzoate group was 
found to be reponsible for the "extra" emissions observed in thermally degraded 

BPA-PC. 

treated as the model c o m p o u n d for the main thermal degradation product . 
Other potential degradation products, such as phenyl salicylate and xanthone, were also sought, but no spectral match was found i n the degraded polymer. 

Clearly , once the key degradation product of the polymer is identif ied 
and related to the corresponding mode l compound, the progress of degrada
t ion can be monitored quite conveniently. As shown i n F igure 3, the emission 
intensity of the degradation product , i n this case represented by the emission 
at 347 n m , is commensurate w i t h the extent of degradation. Specifically, the 
concentration o f phenyl o-phenoxybenzoate via the degradation pathway 
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<280 300 350 400 450> 
W a v e l e n g t h ( n m ) 

Figure 5. Comparison of the emission spectra of the degradation products of the 
as-molded BPA polycarbonate sample and the corresponding model compound, o-phenoxybenzoic acid. 

(Davis and G o l d e n mechanism or via phenyl salicylate route) increases w i t h 
processing temperature. T h e intensity of emission is then correlated w i t h 
significant bulk properties of interest as w i l l be shown i n a later section. 

UV Degradation Schemes. T h e degradation mechanism of poly
carbonate due to U V irradiation at wavelengths greater than 250 n m also 
involves a rearrangement of the ester linkage, but results i n a different 
product. Once again, our approach relies on the preceding literature for an 
enunciation of potential degradation products. The mechanism of U V degra
dation of polycarbonates i n an inert atmosphere is quite w e l l accepted i n the 
literature. In the absence of oxygen, the reaction proceeds by the wel l -known 
Fries photorearrangement reaction ( I , 2). T h e e n d product is 2, 2'-dihydroxy-
benzophenone via a phenyl salicylate intermediate (47 7, 8). In fact, the 
dihydroxybenzophenone product produces the yel low coloration of U V - d e -
graded polycarbonate. T h e U V degradation steps for polycarbonate are 
summarized i n Scheme II . I n the case o f U V exposure i n the presence of air, the reactions are a complex series of oxidative reactions, w h i c h are discussed 
i n some detail i n the pr ior literature (19). Reportedly, U V exposure i n air 
involves a greater loss of carbonate groups than exposure i n inert atmosphere 
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<225 250 300 340> 
Wavelength (nm) 

Figure 6, Comparison of the excitation spectra of the degradation products of 
the as-molded BPA polycarbonate sample and the corresponding model 

compound, o-phenoxybenzoic acid. 

(and vacuum). Factor and C h u (19) also reported a surface layer that is a 
highly cross-l inked dark layer w i t h concentrations of hydroxyl, aromatic acid, and aromatic ketone groups higher than i n the bulk. 

Polycarbonates are extensively used as lens materials and as optical 
components because of their high transparency and good thermal properties. 
I n such applications, the optical characteristics, rather than the mechanical 
properties, are measures of performance. Specifically, the visible transmission 
spectrum of lens or w i n d o w materials and the yellowness due to degradation 
products is represented by a single weighted parameter (the yellowness 
index). This performance measure and some representative data are dis
cussed briefly i n the final section of this chapter. 

F o r the study of U V degradation of polycarbonates, the 2, 2'-dihydroxy-
benzophenone group was found to be representative of the main degradation 
product o f the polymer, as is expected by examination of Scheme II . Once 
again, i n the m o d e l c o m p o u n d selected (2, 2'-dihydroxybenzophenone), the 
electronic configuration of the chromophoric species differs only shghtly f rom 
that i n the polymer. Spectra of other reported degradation products were also 
compared, but no spectral match was made. I n F igure 7, the as-received 
B P A - P C emission spectra are compared w i t h the spectra of the same sample 
after 16-h exposure to high-intensity U V radiation (X == 254 nm) i n nitrogen 
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CH3 Ο CH3 Ο 

CH3 C » 3 
BPA polycarbonate 

t 
hv, absence of O2 
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» Λ Λ Λ Λ — Ο 
N = / JL x = \ ο CH3 ο 
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I 
CH3 

2, 2' dihydroxybenzophenone group 

Scheme II. Schematic representation of UV degradation pathway for polycarbonate in 
the absence of 02 or in an inert atmosphere. 

at room temperature. A new emission is seen i n the photolyzed sample at 
390 n m that is directly attributable to the U V degradation product . 

T h e emission and excitation spectra of dihydroxybenzophenone are c o m 
pared w i t h the corresponding spectra of the photolyzed samples and found to 
match quite precisely (390 n m emission) as shown i n F igure 8. In the 
emission spectrum of the photolyzed sample, the emission for B P A - P C was 
not readily observed. T h e scattering signal of the excitation light, observed o n 
the left side of the spectrum, is quite broad because of the very wide 
bandpass required to observe the weak emission of the degradation products. 
This scattering signal may have completely masked any emission i n the 
left-hand region. In F igure 8 the complete absence of any inflection i n the 
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<280 300 350 400 450> 
W a v e l e n g t h ( n m ) 

Figure 7. Comparison of the emission spectra of the as-recewed BPA-PC 
(Aldrich) with that of the same sample after 16 h of intense UV radiation 

(λ — 254 nm) in a nitrogen atmosphere. 

scattering peak i n the region where B P A - P C has its emission maximum is 
not shown. This absence of inflection may be evidence of an energy-transfer 
mechanism. 

T h e emission spectra o f sol id 2, 2 '-dihydroxybenzophenone was obtained 
by using 290- or 297-nm wavelengths of excitation. T h e signal is relatively 
weak and requires precise control of the excitation wavelength. Also note that 
although the literature c i ted earlier (19) reports that the Fries photorear-
rangement reaction is quite l im i t e d i n the presence of oxygen, we found 
traces of the 2, 2 , -dihydroxybenzophenone as evidenced by faint emissions 
that correspond to this product even for exposure i n air (for 100-h exposure 
at 254 n m ; data not shown). This observation has not been investigated i n 
detail. I n the study o f the U V degradation o f polycarbonate, 2, 2'-dihydroxy-
benzophenone was the most appropriate m o d e l c o m p o u n d for the degrada
t ion product and its emission spectra were adopted as the spectral signature 
of the most significant fluorescent degradation product. 

Applications to Processing and Final Performance. O n c e an 
aromatic polymer such as polycarbonate has been characterized i n detail and 
its degradation products identif ied, U V fluorescence spectroscopy can be 
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(a) 

I 1 1 1 1 1 1 I I I I I I I t I 
<300 350 400 450> 

W a v e l e n g t h ( n m ) 

(b) 

UV degradation product 1 
(emission 390 nm) j 

\ / 
/ 

\ Model compound 1J 
I \ 2, 2' Dihydroxybenzophenone \ j 

\ (Aldrich) 1 1 

1 » « « * I » • ^ 
<225 250 300 350 390 

Wavelength (nm) 
Figure 8. (a) Comparison of the emission spectra of solid-state samples of 
2, 2'-dihydroxybenzophenone and BPA-PC that demonstrates congruence in 
emission peaks, (b) Comparison of the excitation spectra of the polymer and 

model compound. 
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used as a very rapid diagnostic technique for evaluating the extent of 
degradation. T h e intensity o f the emission peaks of degradation products 
provides a qualitative means of establishing the level of change to the 
polymer. This method is particularly useful i n cases where the actual expo
sure temperature cannot be measured directly, but can be inferred b y the 
emission of degradation products. In such cases, the U V spectroscopy of sol id 
polymer samples can be used as an a id i n process control . This relationship is 
amply demonstrated by the emission spectra i n F igure 3, where intensity is 
found to be roughly proport ional to the processing temperature. The effect of 
U V and thermal aging or degradation and its impact on some final properties 
has been discussed previously (20). 

T h e effect of thermal degradation dur ing processing has been found to 
affect the rheological and bulk properties of polymers. Al though for relatively 
small extents of thermal degradation, the effect on instantaneous or equi l ib
r i u m properties (e.g., elastic modulus) may be small , thermal degradation can 
have quite a significant effect o n nonequi l ibr ium and molecular-weight-sensi
tive properties. T h e samples processed by vacuum-heating and compression 
m o l d i n g (described previously) undergo the progressive degradation seen i n 
F igure 3 and the reductions i n molecular weight shown i n F igure 4. E v e n i n 
the case where the shear stresses were negligible (as i n the preceding 
procedures) the changes i n dynamic viscosity are very discernible as seen i n 
F igure 9. T h e data show a progression of decreasing viscosity w i t h increasing 
m o l d i n g temperature. T h e variation of viscosity w i t h testing temperature is 
the normally expected trend for glassy amorphous polymers. 

T h e r m a l degradation also influences the final performance of the mate
rial , particularly over longer times. Al though the smaller extents o f degrada
t ion induced dur ing processing may not affect equi l ibr ium properties such as 
the elastic modulus, long-term properties are indeed modif ied. F o r instance, dimensional stability under stress or creep for extended periods of t ime is an 
especially crit ical requirement for h igh precision parts. T h e impact of thermal 
degradation on creep compliance as a function o f t ime is shown i n F igure 10. 
T h e creep compliance of the polymer at a given t ime is seen to increase w i t h 
higher molding temperatures and has the potential to result i n a progressively 
less dimensionally stable material. 

T h e role of U V and thermal degradation i n the optical performance o f 
polycarbonate was briefly al luded to earlier. Discussion of this topic i n any 
detail is beyond the scope of this chapter, but it is referred to here for the 
sake of completeness. I n applications such as lenses for automotive head
lamps, one industrial measure of optical performance is based o n a weighted 
parameter defined as the yellowness index and defined b y a A S T M standard 
D 1925-70: 

1 0 0 Γ 1 . 2 8 Χ - 1 . 0 6 Z ] 
Y I = — ~ (1) 
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Figure 9. Effect of molding temperature on the complex viscosity of BPA 
polycarbonate as a result of thermal degradation. Complex viscosity data were 
generated on a dynamic mechanical analyzer (DuPont Instruments model 982). 

where Y I is the yellowness index, and X , Y , and Ζ are the C I E (Commiss ion 
International de l 'Eclairage) tristimulus values. S imply put, i n clear polymers 
the yellowness index is a numerica l representation of the visual perception of 
yellowness and is a function of the transmission intensities o f red, blue, and 
green spectral bands. In general, the yellowness index increases w i t h increas
ing U V degradation of polycarbonate. This effect is clearly shown for the case 
of commercia l B P A - P C ( M o b a y M a k r o l o n 2600-1000) i n F igure 11. T h e 
polymer was exposed to the emission of a 4 5 0 - W medium-pressure mercury 
lamp (Hanovia) . T h e increasing yellowness has a detrimental effect o n the 
optical performance of the polycarbonate both i n terms of discoloration and 
loss of luminous transmittance of the polymer. Measurement of yellowness 
index of a material is perhaps the best way to gauge the overall discoloration 
of a material due to degradation, but it does not distinguish w h i c h degrada-
tive pathways are responsible. Clearly, our technique is more suited to 
making such distinctions. 

Summary and Conclusions 

T h e use of fluorescence spectroscopy as a rapid nondestructive technique 
for monitor ing thermal degradation i n polymers has been proposed and 
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Log Time (hour) 
Figure 10. Impact of thermal degradation on the long term mechanical properties 
of BPA polycarbonate as seen on a plot of creep compliance versus time as a 
function of molding temperature. Creep compliance data were generated on a 

dynamic mechanical analyzer (DuPont Instruments model 983). 

demonstrated. This approach avoids the repetitious use of wet chemistry as 
wel l as the separation techniques and analyses that have been used tradition
ally. However , it requires a knowledge of the main degradation products or 
pathways. A n init ial characterization of the emission and excitation spectra 
of the key degradation product is required. In this work, phenyl o-phenoxy
benzoate was found to be the dominant fluorescing product of thermal 
degradation, whereas 2, 2 '-dihydroxybenzophenone was found to be the key 
by-product of U V degradation i n the absence of oxygen. I n the case of 
phenyl-o-phenoxybenzoate, the progress of thermal degradation was m o n i 
tored by measuring intensities of the emission peaks of the as-molded 
polycarbonate. These intensities were found to increase w i t h molding tem
perature and extent of thermal degradation. T h e thermal degradation also 
affected the bulk properties of the polymer, such as the complex viscosity and 
the creep compliance. In the case of U V degradation, the emission peak at 
390 n m was found to be the signature of the main fluorescent photodegrada-
t ion product. T h e detrimental effect of U V degradation on optical perfor
mance, as exemplif ied by an increasing yellowness index, was also demon
strated. 

T h e approach presented here has been found to be a successful method 
applicable to process control and predict ion of long-term and molecular-

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
02

5

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



25. CHIPALKATTI AND LASKI Fluorescence Spectroscopy Degradation 641 
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Figure 11. Yellowness index versus exposure time of commercial polycarbonate 
(Mobay Makrolon 2600-1000) to a 450-W medium-pressure mercury discharge 
lamp. Samples were kept at room temperature during exposure. Increasing 

yellowness is observable as a function of irradiation time. 

weight-sensitive properties. However , because this technique relies on the 
clear identification of a key degradation product, the presence of impurit ies, additives, and fillers may complicate the issue by inducing unpredictable side 
reactions as w e l l as possible energy transfers between excitable species. 

T h e tracking of fluorescence spectra o f degradation products as repre
sented by m o d e l compounds and as demonstrated here is a comparatively 
novel approach to the study of polymer degradation. T h e reported spectra are 
also mostly solid-state spectra that have been successful i n tracking degrada
t ion products, w h i c h are often present i n such trace quantities as to be 
undetectable b y traditional methods. Indeed, w h e n U V exposures are per
formed i n the solid state, the detection of degradation products by absorption 
spectroscopy and ( in our experience) by attenuated total reflectance spec
troscopy of sol id samples is quite unsuccessful i n all but the thinnest films. 
T h e success of solid-state U V emission spectroscopy is attributable to 
the localization of the degradation products i n the surface layers of the poly
mer, w h i c h results i n a higher concentration of chromophores at the solid 
surface and consequent higher intensity emissions. It is worth noting that 
this work also presents the fluorescence spectra of B P A - P C , a relatively 
unexplored aspect i n the otherwise vast literature on the polymer. Final ly, the technique demonstrated here for polycarbonate is broad i n scope and can 
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be appl ied to aromatic polymers, i n general, because their emission and 
absorption characteristics are generally accessible by means of conventional 
spectrophotometers. 
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Photoacoustic Fourier Transform 
Infrared Response to Thermal and 
Interfacial Changes in Polymers 

Marek W. Urban 

Department of Polymers and Coatings, North Dakota State University, 
Fargo, N D 58105 

Although photoacoustic Fourier transform infrared (PA FTIR) spec
troscopy was initially developed as a surface technique, recent studies 
show that it can be used in the analyses of bulk polymer properties. 
This chapter highlights the recent advances in characterization of 
polymeric materials using PA FTIR spectroscopy. A particular empha
sis is given to the molecular-level processes that occur during cross
-linking of thermosetting polymers, thermal property changes during 
cross-linking, adhesion failure, and interfacial interactions. The results 
with the recently developed rheophotoacoustic FTIR (RPA FTIR) 
spectroscopy are presented and discussed in a view of polymer-poly
mer interactions. 

T H E PHOTOACOUSTIC P H E N O M E N O N was observed for the first t ime i n the 
1880s, w h e n Alexander G r a h a m B e l l noted that an audible sound was 
produced w h e n sunlight modulated b y a rotating whee l i m p i n g e d o n a sample 
placed i n a closed brass cavity (I, 2 ) . B e l l was converting the electromagnetic 
energy of the sun to acoustic waves. This same conversion is the basis for 
photoacoustic spectroscopy; the basic principles are schematically depicted i n 
F igure 1. T h e sample is placed i n an acoustically sealed cavity and i l l u m i 
nated w i t h IR modulated fight. As a result of absorption of fight fol lowed by 
its reabsorption, a periodic heat is released to the sample surface, generating 
pressure changes and causing acoustic waves to occur i n the surrounding gas. 
These periodic acoustic waves are detected b y a sensitive microphone, 
converted to digital signals, and F o u r i e r transformed. 

0065-2393/93/0236-0645$06.00/0 
© 1993 American Chemical Society 
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Figure 1. Schematic diagram of photoacoustic signal production. 

This phenomenon was neglected for almost 90 years after Bell 's discovery 
unt i l the early 1970s, w h e n Rosencwaig (3) along wi th others realized that it 
could be a useful source of molecular-level information, as the vibrating 
atoms forming a molecule or crystal absorb I R light that corresponds to the 
bonding energies between the atoms. Several experiments demonstrated the 
potential of the technique, but poor sensitivity, particularly w h e n trying to 
measure the response of a condensed-phase surface, was a major drawback. 

Today the vibrations can be heard w i t h a combination of better equip
ment and F o u r i e r transform techniques. T h e sensitive microphones needed 
for photoacoustic spectroscopy usually respond to pressure fluctuations that 
range i n length f rom 5 to 5 X 1 0 ~ 4 . T h e signal f rom the microphone is 
converted into an electrical signal, and wi th F o u r i e r transform techniques, a 
photoacoustic I R spectrum is produced. 

The currently accepted photoacoustic theory (3) relates the amount of 
electromagnetic radiation absorbed by a sample to the amount of heat 
produced at the sample surface i n the fol lowing manner. T h e intensity (7) o f 
the incident beam is defined as 

I = l / 2 / / 0 ( l + cos ω ί ) 
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26. URBAN Thermal and Interfacial Changes in Polymers 647 

where IQ is the init ial intensity, ω is the interferometer modulat ion fre
quency, and t is t ime. W h e n incident modulated light impinges upon the 
sample surface, the light intensity w i l l be attenuated at the depth x. I(x), the 
intensity at depth x, w i l l reach a value 

I(x) = I 0 ( 1 - η ) β χ ρ ( - β χ ) 

where η is the refractive index, β is the absorption coefficient, and the 
amount of light absorbed w i t h i n the thickness x, E(x), w i l l be 

E(x) = β ί ( χ ) = βί 0 (1 - η ) β χ ρ ( - β χ ) 

T h e depth of optical penetration, μ ο ρ 1 , w i l l be given by 

μ ο ρ ί = 1 / β ( ν ) 

where β ( ν ) is the absorption coefficient, whereas the efficiency of heat 
transfer w i l l be determined by the thermal diffusion coefficient of the sample 
and the modulat ion frequency of the incident radiation related to each other 
by the fol lowing relationship: 

as = [ ω / 2 α ] 1 / 2 

where as is the thermal diffusion coefficient o f the sample and α is the 
diffusivity defined as k ( thermal conductivity)/[p (density) X C (specific 
heat)]. The thermal diffusion length ( μ ^ ) , that is, the distance f rom the 
surface from w h i c h heat can reach the surface, is related to α through 

M̂ th = lAs = [ 2 α / ω ] 1 / 2 

Thus, the amount of periodic heat transferred to the surface, i f ( x ) , is given 
b y 

H(x) = E(x)exp(-asx) = β/ 0(1 - η ) / β χ ρ [ ( β + as)x] 

Because the intensity of the photoacoustic signal is a function of optical and 
thermal properties, inherent difficulties i n sorting out the two processes exist. 
T h e quantities involved i n the generation of photoacoustic F o u r i e r transform 
I R ( P A F T I R ) signals are presented i n F igure 2 and include two primary 
components: optical absorption length ( μ ο ρ ί ) and thermal diffusion length 
( μ Λ ) . 

In a broader sense, photoacoustics is the generation of acoustic waves or 
other thermoelastic effects by almost any type of energetic radiation, f rom 
radiofrequency to X-rays, electrons, protons, ions, and other particles. As a 

American Chemical 
Society Library 
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648 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

H(x) - E(x) exp (μ„, χ) 

I = 1/2 1.(1 + cos a>t) 

I(x) = I, (1 - n) exp(-px) 

μ * = [ω/2α]"*. 

μορ, = 1/β(ν)'·;': ;·Ε(χ) = βΙ(χ) 

Figure 2. Generation of photoacoustic signal. Key: I, intensity of the incident 
beam; Η (χ), heat intensity at depth x; E(x), light intensity at depth x; p>OJ)t, optical absorption length; p, t h , thermal diffusion length; n , refractive index; 
β(ν), absorption coefficient; a , thermal diffuswity; and ω, interferometer 
modulation frequency [for Michelson interferometer ω = 2JJVv where V is 

mirror velocity (cm/s) and ν is wavenumber (cm'1)]. 

consequence, quite a substantial amount of the reported experimental work 
shows the use o f P A i n diverse applications, not only i n chemistry and 
physics, but also i n biology, medicine, and other disciplines. M a n y natural 
and synthetic materials, such as gels, oils and suspensions, fibers, textiles, and 
coatings, cannot be studied by conventional spectroscopic techniques i n a 
nondestructive manner. Photoacoustic spectroscopy can be used to study 
molecular-level processes, inc luding polymer network formation, adhesion, degradation, and interdiffusion. T h e molecular-level processes that govern 
the formation of materials are responsible for durability and performance. 
T h e advances i n the analysis o f polymeric surfaces and theoretical founda
tions i n the field of P A F T I R were reviewed (4) elsewhere. This chapter 
focuses only on n e w concepts that P A F T I R spectroscopy can offer i n 
polymer analysis, inc luding polymer network formation, polymer interfacial 
interactions, and adhesion. 

Polymer Network Formation 
Substantial mass flow occurs i n a developing network system, especially 
dur ing the early stages of reactions responsible for network formation. I f 
dispersed inorganic particles are present i n a network that is stil l not 
cross-linked, the distribution of these particles may change as a result of the 
mass flow. In studies of alkyds containing inorganic particles (5, 6), we 
showed that the diminishing intensities of the bands attributable to the 
inorganic phase occur as a result o f the particle stratification process at the 
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CURING TIME (hrs) 

Figure 3. In situ studies of pigmented alkyd cunng: integrated intensity of free 
C=0 (A), hydrogen-bonded (B), and Si=0 (C) bands plotted as a function of 
time. (Reproduced with permission from reference 5. Copyright 1990 Wiley and 

Sons.) 

early stages of network formation, and the extent of stratification depends o n 
the degree of hydrogen bonding between the organic b inder and the inor
ganic particles. Integrated intensities of the hydrogen-bonded carbonyl bands 
at 1721 c m - 1 increase as a funct ion of cure t ime, whereas the b a n d at 1026 
c m - 1 due to the S i - O vibrations o f the inorganic phase ( in this case, talc) 
decreases at the same rate. This effect is i l lustrated i n F igure 3, w h i c h depicts 
the intensity changes o f the S i - O , hydrogen-bonded, and free C = 0 bands as 
a function of t ime. T h e S i - O and the hydrogen-bonded C = 0 bands level off 
after about 25 H. This t ime coincides w i t h the t ime required for a complete 
cure of the system. 

This apparent relationship between the intensities changes w i t h t ime for 
the hydrogen-bonded carbonyl and S i - O stretching vibrations. T h e inorganic 
particles are covered w i t h hydroxyl groups, w h i c h possess an affinity for 
hydrogen bonding w i t h carbonyl groups. As a result, a fraction o f the 
hydrogen-bonded inorganic particles are h e l d by the binder, whi le the 
unbonded ones can slowly migrate w i t h i n the forming polymer network unt i l 
a h igh enough density exists to prevent further motion. 

I n an effort to determine the driving force responsible for this behavior, a coating was deposited o n a substrate and al lowed to cross-link i n an 
upside-down position. Al though the intensity of the hydrogen-bonded car
bonyl band i n our P A F T I R spectrum fol lowed the same trend as before, the 
b a n d due to S i - O stretching vibrations increased, a result indicating that the 
inorganic-phase particles were now moving toward the surface of the coating. 
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650 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

This behavior is bel ieved to be due to the stratification o f inorganic particles 
i n the organic phase and may be primari ly governed by gravitational forces 
that compete w i t h the hydrogen bonding. This stratification is schematically 
depicted i n F igure 4. 

D u r i n g the cross-linking reactions that occur i n amorphous network 
formation, usually low-molecular-weight cross-linker molecules react w i t h 
oligomers. Al though transmission F T I R spectroscopy can be used to monitor 
b o n d formation, low concentrations of the bonds that are actually reacting 
make such measurements difficult and, i n many cases, impossible. I n addi
t ion, the simultaneous making and breaking of energetically similar bonds 
may result i n heavy spectral overlap of the bands i n transmission spectra. Yet, these often difficult-to-detect chemical changes result i n surprisingly drastic 
physical property changes. Af ter al l , a l i q u i d mixture becomes a solid 
polymer. 

Ear l ier , we demonstrated the sensitivity of P A F T I R spectroscopy to 
monitor cross-finking reactions (7, 8). F igure 5 illustrates the spectroscopic 
results o f the study dealing w i t h the cross-linking of O H - t e r m i n a t e d po ly (d i -
methylsiloxane) ( P D M S ) and triethoxysilane ( T E S ) and monitoring the cross-
l inking reactions using photoacoustic and transmission measurements. 

H-bonded 
v pigment 

particles 

& & * ? ̂  
Coating -fr κ - •£· # Η. (a) 

# # £ 
^ ο 0 θ ο £ σ ο · ξ θ ο ° ο € 

Substrate 

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ 
# υ- # 

Coating ·& j t f " φ 

Ο Q O ° 0 Ο ΟΎχ>° Ο 

(b) 

Figure 4. Schematic representation of pigment stratification in the alkyd coating: 
in nght-side-up position (a) and in the upside-down position (b). (Reproduced 

with permission from reference 5. Copyright 1990 Wiley and Sons.) 
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0.60 

0.55 
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Τ 
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Figure 5. Log intensity ratio plotted as a function of log viscosity during the 
cross-linking process of the PDMS-TES system: A , PA FTIR detection; and B, transmission FTIR detection. (Reproduced from reference 7. Copyright 1989 

American Chemical Society.) 

Although the intensities of I R bands recorded as a funct ion of viscosity (or 
time) i n the transmission measurements do not change, the photoacoustically 
detected bands diminish as the reaction progresses. 

T h e observed sensitivity enhancement of P A F T I R spectroscopy can be 
attributed to two factors: First , ethanol is produced as a result o f the 
O H - P D M S and T E S reaction, w h i c h significantly contributes to the gas-phase 
photoacoustic effect, and second, the photoacoustic effect is functioning as a 
calorimetric method that measures the amount of electromagnetic radiation 
converted to heat and therefore w i l l be sensitive to the thermal property 
changes. 

D u r i n g the network formation, as mobile cross-linker molecules are 
be ing " f r o z e n " by their reaction w i t h ohgomer molecules, the entropy of the 
cross-finking system decreases. This decreased entropy results i n the heat 
capacity and thermal conductivity changes. O n e can draw an analogy to freely 
moving gas molecules that have translational, rotational, and vibrational 
degrees of freedom, but w h e n frozen, only vibrational degrees of freedom are 
left. I f this was an ideal gas, the reduction of heat capacity w o u l d go f rom 
fur (\RT for each degree; where R is the gas constant and Τ is tempera
ture) to \RT; \RT accounting for vibrational degrees o f freedom that w i l l 
contribute to the overall gas heat capacity. Similarly, cross-linker and oligomer 
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652 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

molecules become i m m o b i l i z e d dur ing cross-linking and lose partially their 
translational and rotational degrees of freedom. These losses w i l l affect the 
thermal diffusivity o f the newly formed network. In addition, substantial 
density changes w i l l further affect photoacoustic intensity because the 
molecules go f rom nonbonding to bonding distances. N o v e l theoretical and 
experimental approaches that deal w i t h these issues are being investigated 
(9 , 10). 

A l t h o u g h elevated temperature P A F T I R measurements were developed 
i n the mid-1980s, l imi ted sensitivity o f the existing instrumentation d i d not 
allow simple temperature measurements unless a specially designed ce l l was 
bui l t for that purpose. I f the thermal property changes indeed affect photoa
coustic intensity, then P A F T I R spectroscopy should be sensitive to heat 
capacity changes as a polymer is heated above its glass-transition tempera
ture. Above that temperature, heat flow diminishes as a result o f the 
increased free volume that causes lower heat conductivity. I n an effort to 
demonstrate that P A F T I R spectroscopy is also sensitive to thermal property 
changes, F igure 6 illustrates P A F T I R intensity changes due to carbonyl 
stretching vibrations i n polybutyl methaerylate plotted as a function o f 
temperature. T h e parallel differential scanning calorimetry ( D C S ) curve 
shows a striking similarity. I n D S C measurements a drop of the heat flow is 

38 

36 

£ 34 
< 
£L 
>» 
« 32 
c 
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28 
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-2.16 
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Figure 6. A comparison of FA FTIR intensity changes (A) and differential 
scanning calorimetry (B) for polybutyl methaerylate (M.W. 100, 000) heated 

above the glass-transition temperature (Ύ = 47 °C). 
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attributed to the fact that the sample was heated above its glass-transition 
temperature. The PA FTIR curve shows the same drop as that detected in 
the D C S experiment. The apparent similarity of the curves illustrates the fact 
that the heat capacity changes with temperature can also be monitored in 
temperature PA FTIR experiments, (Huang, J.-B.; Urban, M. W., unpub
lished results). 

In some PA FTIR studies (11) the analysis of adsorbed gases on solid 
surfaces was the primary objective. In the majority of those experiments, apparently no distinction was made between photoacoustic spectra of 
physi-chemisorbed species and the gas-phase molecules. The main problem 
encountered with those measurements was that the IR light "saw" both 
species and, unless there was a frequency difference between gas and 
absorbed molecules, could not distinguish among them (11). To overcome 
this problem, a "photoacoustic umbrella" was developed to cover a solid 
sample in such a way that IR light could "see" the gas phase only. This 
approach was used in the recent quantitative studies of diffusion of small 
molecules from such polymers as poly(vinylidene fluoride) (PVDF) (12, 13). 

Interfacial Stresses and Adhesion 
Rheophotoacoustic (RPA) FTIR spectroscopy is another technique that has 
been explored (14, 15). The cell depicted in Figure 7 is a miniature 
stress-strain device built into the photoacoustic FTIR cell. Such cell config
uration allows monitoring molecular-level events in materials as stress is 
applied. Although rheooptical FTIR spectroscopy has been around for awhile 
(16), rheophotoacoustics is distinctly different and more sensitive to pro
cesses other than bond cleavage or bond formation. If stress is induced in a 
material, in addition to the "normal" photoacoustic spectrum, additional 
acoustic signals will be produced owing to the energy release due to physical 
changes like cracking, phase changes, or deformations. An analogous process 
is the cracking of ice on a pond, also generating audio signals. 

One of the interesting applications of RPA FTIR spectroscopy is in the 
field of adhesion. A common problem in the thin-film technology and 
coatings industry is adhesion to polymeric substrates. To illustrate the feasibil
ity of using RPA FTIR spectroscopy to monitor or measure adhesion on a 
molecular level, polyethylene films were coated with a siloxane coating, and a 
series of RPA FTIR spectra were recorded at various degrees of elongation 
caused by applying forces to the substrate only. This process is illustrated by a 
sample configuration in Figure 8. The spectral changes are illustrated in 
Figure 9. As the substrate is stretched 8.4%, an increase in the intensity of 
the band at 2965 c m " 1 is observed. This behavior is attributed to the 
thinning of the siloxane coating as it conforms to the substrate. As the 
substrate is stretched further to 16.8% elongation (Figure 9C), a strong 
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Figure 8. Schematic representation of the elongational process of the polymeric 
substrate-coating double layer. 
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Figure 9. Rheo-PA FTIR spectra in the 3050-2800-cm~1 region of the 
siloxane-coated PE at various stages of elongation: A, 0.09c; B, 8.4%; and C, 

16.8%. 

increase i n the polyethylene bands at 2935 and 2850 c m - 1 is detected. 
Because conforming of the siloxane coating cannot be responsible for such 
drastic intensity changes, interfacial shear forces cause a separation of the two 
phases, resulting i n an interfacial failure. T h e heat generated at the 
coating-substrate interface can escape directly through the interfacial voids, generating acoustic waves at the interface without passing through the 
coating. Parallel scanning electron microscopy experiments conf i rmed the 
formation of interfacial microvoids (15), whereas X-ray analysis indicated that 
no crystallinity changes are responsible for the R P A F T I R spectral changes. 

Polymers exposed to elongational or other external stresses may experi
ence crystallization or crystallinity changes (17, 18). T h e extent of these 
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changes depends upon ini t ia l crystallinity, polymer glass-transition tempera
ture, melt ing point, and the extent of elongation resulting f rom the appl ied 
external stresses. I n an effort to establish the effect o f pending C H 3 groups 
o n P D M S adhesion, the same experimental procedures were employed o n 
polypropylene (PP) (19). This substrate exhibits relatively high melt ing point 
and usually stress-induced crystalhzation occurs at elongations exceeding 
4 0 - 5 0 % (20). U s i n g the rheophotoacoustic F T I R approach, we monitored 
the interfacial changes o n P D M S - P P . T h e presence o f polypropylene, how
ever, may affect not only adhesion and physical interactions, but also molecu
lar-level compatibil i ty w i t h P D M S . Stretching P P u p to 2 0 % alone i n the 
rheophotoacoustic ce l l does not affect intensities of the R P A F T I R spectra, but the results of the same experiments o n P P coated w i t h P D M S are quite 
different and are shown i n F igure 10. T h e band intensities throughout the 
entire elongational experiment increase unt i l about 1 0 % elongation is reached. 
Above this elongation, the bands level off, indicating again the v o i d formation 
at the interface. Al though the crystalhnity changes i n P P itself dur ing 0 - 2 0 % 
elongation are possible, X-ray diffractograms shown i n F igure 11 indicate no 

Figure 10. Rheo-PA FTIR spectra in the 3000-2760-cm~1 region of the 
siloxane-coated PP at various stages of elongation: A , 0.0%; B, 0.83%; C, 1.67%; 
Ό, 2.5%; £, 4.17%; F, 5.0%; G , 5.83%; H, 6.66%; I, 8.33%; J, 9.16%; and K, 

11.67%. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
02

6

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



26. URBAN Thermal and Interfacial Changes in Polymers 657 
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Figure 11. X-ray diffractograms of polypropylene, 0% elongation (A); 
polypropylene, 20% elongation (B); polypropylene-PDMS double layer, 0% 
elongation (C); polypropylene-PDMS double layer, 20% elongation (D); PDMS 

only, 0% elongation (E); and Al backing (F). 

detectable changes. However , the situation changes drastically w h e n the 
P D M S - P P double layer is exposed to the same experimental conditions. T h e 
analysis o f X-ray diffractograms shown i n F igure 11 indicates that i n addit ion 
to the peaks characteristic of isotactic P P , two additional X- ray peaks corre
sponding to 5.6 and 4.2 Â d-spacings are due to crystalline syndiotactic P P . 
Based on R P A F T I R and X-ray measurements, the fol lowing scenario may 
occur at the P D M S / P P interface: W h e n init ial ly l i q u i d P D M S is deposited 
on P P surface, non-cross-l inked at this stage P D M S components (oligomer, M W = 3400; and tetrafunctional cross-hnker) penetrate the P P surface. As a 
result, the surface may swell and become partially solubil ized. However , i f 
the hypothesis that the syndiotactic stereoisomer recrystalizes is correct, then 
the amorphous stereoisomer w o u l d be preferentially solvated by the oligomer 
and cross-hnker. Analysis of the literature data indicates that, indeed the total 
solubility parameters for P P and P D M S are δ = 9.3 and 9.5 ( c a l / c m 3 ) 1 / 2 

(21). T h e solubility parameters are similar, and hence l i q u i d P D M S is 
capable o f solvating P P surface, giving P P molecules segmental mobil i ty. This 
segmental mobi l i ty allows the solubil ized phase to mix w i t h the l i q u i d P D M S 
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and diffuse to the interfacial regions. U p o n cross-linking, P D M S molecules 
immobi l ize the entire interfacial region and cause amorphous syndiotactic P P 
to recrystallize. T h e argument of preferential solubilization of the syndiotactic 
regions is also supported by the enhanced solubilization of syndiotactic 
isomer; namely, the syndiotactic form is soluble below 40 °C, whereas other 
forms require higher temperatures (22). 

Potential of Photoacoustics 
T h e progress made i n listening to atomic vibrations over the past 15 years has 
been impressive. E v e n B e l l h imsel f should be pleased w i t h the current 
developments. Today the spectra of any material i n its native state can be 
obtained, regardless of shape, color, or morphology. A l t h o u g h photoacoustic 
spectroscopy can be carried across the entire electromagnetic spectrum, I R 
appears to be quite a useful region. P A F T I R spectra can be used to study 
the surface protection of polymeric materials, wood, paper, fibers, compos
ites, and other materials. Degradat ion processes that occur i n polymeric 
materials as a result o f exposure to environmental conditions l ike ultraviolet 
radiation or acid rain may be fol lowed. Surface-depth prof i l ing applications 
(23, 24) along w i t h studies o f the surface orientation effect (25-27) and 
enhancement of the photoacoustic signal due to interstitial gas expansion i n 
zeolite channels (28) were reported. 

T h e versatility of photoacoustics i n answering a broad spectrum of 
fundamental questions such as thin- f i lm composit ion at various depths or 
surface functionality o f substrates has shown encouraging data and future 
potential . This technique, originally developed for the surface analysis, now 
emerges into a new era of research, revealing the coating-substrate b o n d i n g 
mechanisms and factors affecting adhesion or cross-finking. Because photoa
coustics i n such mode is a nonequif ibr ium process, it w i l l allow future 
experimentalists to attack thermodynamic processes that are not i n equihb
rium. This work is i n progress. N e w cel l designs ( M - T e c h , Dig i lab , and 
others) w i t h improved microphones, high-power sources, and more sensitive 
electronics w i l l make photoacoustics faster and give an enhanced signal-to-
noise ratio. This enhancement i n sensitivity, along w i t h the developments o f 
new experimental approaches, should open new avenues to further under
stand molecular-level processes responsible for physical changes i n materials. 
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A Combined Differential Scanning 
Calorimetry-Fourier Transform 
Infrared Approach for the Study 
of Polymeric Materials 

David A. C. Compton, David J. Johnson, and Jay R. Powell 

Digilab Division, Bio-Rad, 237 Putnam Avenue, Cambridge, MA 02139 

A combination of the standard laboratory techniques differential 
scanning calorimetry (DSC) and reflectance Fourier transform in
frared (FTIR) microspectroscopy is described. Both the FTIR and 
DSC analyses were under the direct control of one computer, and the 
overall operation of the instrument is described. This simultaneous 
DSC—FTIR technique gives spectroscopic and thermodynamic infor
mation about a solid or liquid sample undergoing thermal modifica
tion. DSC measures the exothermic and endothermic responses of the 
samples, whereas the FTIR analysis observes changes in chemical and 
physical composition. The curing reaction of epoxy samples and the 
phase transitions of poly(ethylene terephthalate) (PET) are used to 
illustrate the potential of the combined DSC-FTIR method for the 
determination of polymer structure and properties. In the PET exam
ple, changes in the infrared spectrum were used to deduce that 
recrystallization in one sample of PET occurred even though the DSC 
curve showed no strong inflection at that temperature. 

ΊΓΗΕ STUDY OF POLYMERIC MATERIALS BY THERMAL ANALYSIS has become 
increasingly popular i n modern analytical laboratories. Di f ferent ia l scanning 
calorimetry ( D S C ) directly measures endothermic or exothermic behavior of 
a material as a funct ion of temperature and provides valuable information 
about the thermal properties and composit ion of a sample under investiga-

0065-2393/93/0236-0661$06.00/0 
© 1993 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
02

7

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



662 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

t ion. Properties such as heat of cure, glass-transition temperature, percent 
crystalhnity, melt ing point, and degree of cure may all be calculated w i t h the 
D S C technique (1). 

Concurrently , many laboratories study the same types of materials by 
infrared spectroscopy (2) that they examined by thermal analysis. In part icu
lar, F o u r i e r transform infrared ( F T I R ) spectroscopy is a powerful tool for 
analysis of polymeric materials. T h e currently available F T I R spectrometers 
can provide a wealth of information about the composit ion, structure, crys
talhnity, and other properties of samples that have sizes ranging f rom a few 
centimeters d o w n to a few micrometers ( in conjunction w i t h an infrared-
transmitting microscope) (3) . 

B o t h D S C and F T I R analyses are w e l l suited to the study of the thermal 
behavior of materials. The D S C instrument monitors changes i n heat flow as 
a function of temperature, but is unable to identify the chemical nature of 
observed transitions and occasionally even may fail to observe a transition. 
T h e F T I R spectrometer is w e l l suited to obtain information about the 
chemical properties of a sample. T h e availability of special accessories for 
F T I R allows the study o f samples at nonambient temperatures (2) , but these 
accessories generally do not allow for any thermal information (such as heat 
flow) to be recorded about the sample, except for its temperature. Thus, dur ing a variable-temperature infrared spectroscopy study, any physical 
changes that take place must be inferred f rom changes observed i n the 
infrared spectrum. Such spectral changes may be very subtle, i n w h i c h case 
the physical interpretation of the changes can be ambiguous. 

Per forming simultaneous F T I R and D S C analysis offers great promise to 
overcome the hmitations of the individual techniques for the study of the 
thermal properties of materials. T h e combination of D S C and F T I R allows 
the analyst to monitor structural changes i n the material as the sample passes 
through various thermal transition states and, potentially, to obtain sufficient 
information by spectroscopic means to assign the different states to physical 
or chemical phenomena. 

In 1986, two groups of workers reported studies that combined FTJR 
and D S C (4-6), but such work was l imi ted by the equipment available at 
that t ime. T o obtain the infrared spectral data, both groups used transmission 
spectroscopy, w h i c h placed severe restrictions o n the types of samples that 
could be studied. Improvements to F T I R instruments, i n both software and 
hardware terms, enable us to report experiments that show great promise for 
routine operation. Reflectance infrared spectroscopy allows examination of a 
broader variety o f samples and makes more experimental information obtain
able. 

In al l o f the D S C - F T I R experiments reported, inc luding those i n this 
report, the D S C was a hot-stage microscopy cel l (Mett ler FP84) . This 
particular D S C was used because it is very small, is designed to fit under a 
microscope objective, and has a sample cup accessible to incoming infrared 
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radiation. T h e various reported D S C - F T I R studies differed significantly i n 
the manner i n w h i c h the microscopy cel l was mounted i n the F T I R spec
trometer. 

Koberstein and co-workers (6 ) reported an experiment where the D S C 
was simply placed directly i n the main infrared beam of the spectrometer 
sample compartment. T o accomplish this direct sample placement, the D S C 
sample cup was removed and a th in sample of polyurethane film (mounted on 
a K B r window) was placed over the hole. T h e simultaneous D S C data were 
recorded on a thicker sample of polyurethane placed i n the D S C reference 
cup. This approach, unfortunately, means that the D S C and the F T I R 
experiments examined specimens i n different environments, and, as is w e l l 
known, the thermal properties of a sample are often dependent on the 
sample morphology. 

T o obtain a better signal-to-noise ratio o n the F T I R data, M i r a b e l l a used 
an infrared transmitting microscope accessory (4) to condense the beam into 
the small opening of the D S C sample cup, w h i c h y ie lded m u c h higher optical 
throughput. T h e infrared beam was transmitted through the sample and the 
D S C cup, facilitated by special cups fashioned f rom sodium chloride or 
potassium chloride crystals. Again , it was necessary to examine a th in film of 
each sample to avoid excessive infrared absorbances. This approach made it 
possible to monitor the structural changes i n polypropylene (4) and poly
ethylene (5 ) dur ing melt and recrystallization, and to study the degradation of 
poly (ethylene v inyl alcohol) (5) . 

D u r i n g measurement of a transmission infrared spectrum, the ab
sorbance of the strongest bands of interest should not exceed about 0.8 
absorbante units. T o maintain acceptable absorbance levels, a typical polymer 
sample must be ~ 10 μ ιη or less i n thickness. Samples this th in generally 
have insufficient mass to generate an adequate D S C curve. Consequently, both of the groups that previously reported D S C - F T I R work (4-6) placed a 
m u c h thicker sample of the same material i n the cup that is normally the 
reference cup. This procedure resulted i n a D S C trace w i t h the y axis 
reversed f rom the normal convention. 

O u r present research was per formed i n a significantly different manner. 
T h e same D S C (Mett ler F P 8 4 ) was employed, but we obtained the spectral 
data using an infrared microscope operating i n the reflectance mode. T h e 
infrared beam was directed d o w n f rom the microscope objective onto the 
sample i n the D S C cup. T h e n the reflected energy was collected by the same 
microscope objective and focused onto the infrared detector. Infrared spectra 
were recorded continuously dur ing a standard D S C experiment. I n addition, software was wri t ten to operate both the D S C and F T I R simultaneously f rom 
one data station and to combine the experimental data i n one set of data files. 

There are several advantages to this experimental arrangement. It was 
not necessary to fashion D S C sample cups f rom a material (like potassium 
bromide) that transmits infrared radiation; instead, standard a luminum cups 
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were employed. I n many cases, it was possible to study samples that had the 
normal thickness for the D S C experiment, and the design of modern i n 
frared-transmitting microscope accessories al lowed spectra to be collected i n 
the reflectance mode w i t h excellent signal-to-noise ratio. F inal ly , the use of a 
single data station for the data collection f rom both D S C and F T I R signifi
cantly improves the ability to correlate the results f rom both instruments. 
Because only one sample is studied by both techniques simultaneously, the 
D S C curve can be compared directly to various spectroscopic parameters, such as peak frequency, peak ratios, band w i d t h , etc., a l l as a funct ion of 
temperature. 

Experimental 
A l l spectroscopic data were collected using an F T I R spectrometer ( B i o - R a d 
F T S 40) equipped w i t h a K B r beam splitter, high-temperature ceramic 
source, and infrared transmitting microscope accessory ( U M A 300A). T o give 
sufficient work ing depth w i t h the D S C ce l l i n place on the microscope stage, a 15 X Cassegrain objective was ut i l ized for both infrared analysis and 
viewing w i t h visible fight. Spectra were collected continuously at 8 - c m - 1 

resolution dur ing the D S C experiment. 

A microscopy cel l (Met t ler F P 8 4 T A ) was used to heat the samples and 
to obtain the D S C data. T h e temperature was programmed to ramp f rom 25 
to 280 °C at 10 °C per minute. Operat ion of the microscopy cel l was 
control led b y the data station ( B i o - R a d 3200) w h i c h passed instructions to a 
central processor (Met t ler FP80) . T h e central processor per formed direct 
control o f the D S C ce l l and fed data f rom the D S C experiment back to the 
data station. Thus, the data station was collecting data f rom both the F T I R 
optical bench and the D S C microscopy cel l simultaneously, w h i c h al lowed for 
the direct comparison of the optical and thermal results o n the same t ime or 
temperature basis. 

T o allow for the infrared beam to reach the sample i n the D S C cup, the 
glass cover slip that is normally posit ioned above the cel l was removed. I f 
necessary, this cover could be replaced w i t h a th in w i n d o w fashioned f rom an 
infrared transmitting material, but that was not done for this work. 

Results and Discussion 
D u r i n g collection of a reflected infrared beam, a variety of phenomena that 
depend o n the surface, geometry, and phase o f the material under investiga
t ion may occur. T w o interactions between the infrared beam and sample 
were observed i n this research. I n some cases, the sample is relatively 
transmissive to infrared radiation, and the beam transmits down through the 
sample, reflects off the a l u m i n u m cup, and passes back through the material. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
02

7

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



27. COMPTON ET AL. Combined DSC-FTIR Approach 665 

This type of analysis is cal led ref lect ion-absorption spectroscopy, and it can 
only be applied to a th in film of material i n the sample pan. As previous 
workers (4-6) have done, the bulk of the sample must be placed i n the 
reference side of the sample cup. Ref lect ion-absorpt ion behavior was exhib
i ted by the samples of epoxy resin that we examined. T w o advantages are 
gained by use of the reflectance mode of collection instead of the transmis
sion mode (4-6) for this class of sample: (1) a special sample cup (which may 
require disposal after a single cur ing experiment) need not be fashioned 
and (2) formulations w i t h varying amounts of filler al l can be studied i n 
reflectance. 

A different behavior—specular reflectance of the l ight—was noted w i t h 
a sample of poly (ethylene terephthalate) ( P E T ) that was optically opaque. In 
that case, because the bulk o f the energy was reflected from the top surface 
of the sample, the whole sample was placed i n the sample cup. The 
advantage of this procedure is that both the infrared spectrum and D S C trace 
can be obtained f rom the same sample. In addition, experiments can be 
per formed o n samples that cannot be physically examined as a th in film, such 
as samples that are heavily filled. However , the infrared spectrum that is 
obtained by specular reflectance exhibits distorted or derivatized band shapes 
and requires a software correction to produce a normal absorbance spectrum. 
This correction, the K r a m e r s - K r o n i g transformation (3) , w i l l be described i n 
more detail later dur ing the discussion of the results obtained for P E T . 

Epoxy Study. T h i n films of uncured amine-activated epoxy formula
tions were placed i n the sample pan of the microscopy cel l and heated f rom 
25 to 280 °C at 10 °C per minute. Changes i n the structure of the epoxy as a 
function of temperature were simultaneously recorded b y infrared spec
troscopy. T h e reaction mechanism of cure initially involves the reaction of a 
cyelo aliphatic pr imary amine activator (4-amino-4-methyl-eyclohexene-
methaneamine) w i t h the epoxide group of the resin [2-di-[4-(2, 3-epoxy- l -pro-
poxy)- l -phenyl] propane] to produce a secondary amine. T h e secondary 
amine further reacts w i t h an additional epoxide group to form a tertiary 
amine. Fur ther reaction, catalyzed by water, hydroxyl, and tertiary amine 
concentration, continues the cross-finking activity. This same system has been 
studied extensively by combined thermogravimetric analysis ( T G A ) and F T I R 
(7) , as w e l l as by D S C - F T I R (8). T h e research using T G A - F T I R demon
strated util ity to quantitate the a m i n e - r e s i n ratio and to determine qualita
tively the thermal history o f the polymer after cure. 

T h e cur ing of an epoxy is an exothermic reaction. Research (8) shows 
that the shape of the D S C exothermic peak changes considerably w h e n the 
a m i n e - r e s i n ratio is varied. T h e D S C trace observed w h e n a mixture of 35 
parts per h u n d r e d parts resin (phr) amine ( 4 1 % over the stoichiometric 
pr imary and secondary amine concentration) is heated shows a single-peak 
exotherm at about 140 °C. W h e n the same epoxy is prepared w i t h 17 phr 
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amine ( 3 1 % under the stoichiometric level of pr imary and secondary amines) 
and is heated, a double-peak exotherm that has a second, broader peak 
centered at about 200 °C is generated. T h e extra peak i n the D S C trace 
for the second sample indicates a significant change i n the reaction mecha
nism. B y coupl ing the F T I R to the D S C , these changes were studied and 
differentiated. 

D u r i n g each run, 128 scans were coadded per spectrum and 30 spectra 
were collected. F o u r spectra generated at various temperatures dur ing a 
typical experiment are shown i n F igure 1. Compar i son of the spectra shows a 
number of regions where differences are observed as a function of tempera
ture. These differences can be studied easily as either peak intensities or 
frequencies. 

As examples of typical results, the relative intensities of a pair of bands at 
3030 and 3048 c m - 1 change significantly dur ing the reaction and, hence, can 
be used to monitor the degree of cross-linking. It is not an easy task to assign 
these bands to particular components of the reaction mixture, but they are 
almost certainly due to epoxy (3050-3030 c m - 1 ) and aromatic C — H stretch
ing (3080-3010 c m " 1 ) (9) . T h e 3 0 4 8 - c m - 1 band decreases i n intensity as 
the reaction proceeds, so it probably arises f rom the epoxy that is be ing 
consumed. A plot of this peak ratio as a function of temperature for both 
mixtures shows that the rate of reaction is slightly faster w i t h the over-
stoichiometric mix. B a n d shifts i n the infrared spectra may also be used to 
monitor the progress of the reaction. F o r example, F igure 2 shows a plot of 
the frequency of the absorbance band near 1295 c m - 1 . This band shifts 
steadily to lower frequencies as a function of cure. However , it is interesting 
that both sets of infrared data (peak ratios and peak frequencies) show a 
steady change throughout the reaction, whereas the D S C curve indicates a 
strong reaction at certain temperatures. 

N o t only does the rate of reaction vary, but the reaction mechanism itself 
changes as a function of act ivator-resin ratio. F igure 3 shows a series of three 
spectra generated w h e n the over-stoichiometric mix system was heated. E v e n 
though this band sits on the normal broad, featureless band due to hydroxyl, we have assigned the band at 3350 c m - 1 i n the spectra to the Ν — H stretch 
of a secondary amine (3500-3300 c m " 1 ; reference 9). T h e presence of this 
band at 139 and 210 °C indicates that even at elevated temperatures, the 
dominant reaction is pr imary amine to epoxy-producing secondary amine. 
F igure 4 shows that w h e n less activator is used i n the mix, as w i t h the 17 p h r 
activator system, the 3 3 5 0 - c m - 1 b a n d is noticeably absent at elevated tem
peratures. W e interpret this to indicate that the reaction between secondary 
amine and remaining epoxide groups becomes significant due to the lack of 
pr imary amine. 

The preceding interpretation explains the differences between the D S C 
data obtained for the two samples. T h e single-peak character of the sample 
that contains the over-stoichiometric mix is almost completely due to an 
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Figure 2. A plot of the absorbance maximum of the infrared band near 1290 
cm-1 as a function of temperature for epoxy samples containing 35 phr amine 

curing agent (+) and 17 phr actio ator (®). 

absence of any other reaction except that o f the pr imary amine, w h i c h adds to 
epoxide and generates a secondary amine group. T h e D S C trace for the other 
sample, however, has a double-peak nature where the first peak is due to 
consumption of pr imary amine. Because excess epoxide groups remain after 
the majority of the pr imary amine has been consumed, the less reactive 
secondary amine is able to react and give rise to the second D S C peak. 
Similar preference for the pr imary amine reaction w i t h the use of aromatic 
cur ing agents is w e l l documented (JO). It has been shown that i n aromatic 
amine cur ing agents, the secondary amine reaction w i t h epoxide has approxi
mately one-tenth the reaction rate constant o f that for a pr imary amine 
reacting w i t h epoxide. I n our work, it is apparent that the cycloaliphatic 
amine shows the same preference for pr imary amine reaction. 

Results f rom this study indicate that the simultaneous D S C - F T I R 
technique may be used to successfully monitor changes i n reaction mecha
nisms d u r i n g the cure o f epoxy systems as a funct ion of act ivator-resin ratio. 
Relative changes i n the rates o f reaction may also be monitored. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
02

7

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



27. COMPTON ET AL. Combined DSC-FTIR Approach 669 
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Figure 3. Expanded portion of the IR spectra generated during the cure of 35 
phr amine curing agent mixture at 53, J39, and 210 °C. 

3600 3400 3200 3000 2800 2600 
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Figure 4. Expanded portions of the IR spectra generated during the cure of the 
17 phr amine curing agent mixture at 53, 139, and 210 °C. 

PET Research. T w o samples of P E T were analyzed by D S C - F T I R 
to monitor the structural changes of the material as it was heated and cooled 
through glass-transition temperature and mult iple melt ing endotherm. These 
samples contained different types of nucleating agent, w h i c h was bel ieved 
to lead to different thermal properties. T h e samples were heated i n the 
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microscopy cel l f rom about 40 to 280 °C at 10 °C per minute. Infrared 
spectra (256 scans coadded per spectrum) were simultaneously collected by 
the specular reflectance mode of analysis. As mentioned earlier, due to the 
reflective surface of the P E T , the generated I R spectra exhibited distorted or 
derivit ized band shapes. This phenomenon occurs w h e n a material undergoes 
a significant change i n refractive index i n frequency regions of strong I R 
absorbances. T h e lower port ion of F igure 5 shows an observed spectrum ( in 
units of percent reflectance). T h e upper port ion of F igure 5 shows the 
observed spectrum after a K r a m e r s - K r o n i g correction was applied. T h e 
K r a m e r s - K r o n i g correction separated the index-of-refraction component f rom 
the extinction coefficient component to produce a " K " spectrum, w h i c h has 
the appearance of a normal absorbance spectrum. 

D S C curves for P E T normally show a glass-transition temperature near 
80 °C (11) and a mult iple melt ing endotherm near 255 °C. O n e sample 
showed these two transitions as w e l l as a sharp exotherm at 115 °C, due to 
recrystalfization. T h e D S C curve for this sample, labeled sample X , is shown 
as the top plot i n F igure 6. T h e D S C curve o f sample Y showed the normal 
melt, but no other inflections due to either the glass transition or recrystal
fization (see top of F igure 7). 

Significant changes i n the spectra were observed w h e n the two samples 
were heated. As an example, the temperature behavior for the 1100-cm"" 1 

region of the spectrum of sample X is shown i n F igure 8, where the bands at 
1118 and 1098 c m - 1 are plotted i n ascending order w i t h temperature 
increase. T h e 1 1 1 8 - c m - 1 shoulder increases rapidly i n intensity dur ing 

~I ! 1 1 1 
3000 2500 2000 1500 1000 

Wavenumber 

Figure 5. Observed reflectance IR spectrum of PET at 234 °C prior to 
Kramers-Kronig correction (bottom) and absorbance spectrum obtained after 

the correction (top). 
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— I 1 , , , , , j 1 j j j 1— 

40 60 80 100 120 140 160 180 200 220 240 260 280 
TEMPERATURE C 

Figure 6. DSC curve for PET sample X heated at 10 °C per minute (top) and the 
ratio of the infrared peaks at 1118 and 1098 cm"1 as a function of temperature 

(bottom). 

recrystallization at about 120 °C. F igure 9 shows the effect o f further heating, but now the peaks are plotted i n descending order w i t h increase i n tempera
ture for convenience, because the shoulder at 1118 c m - 1 was observed to 
decrease dur ing the melt. T o show the temperature behavior of this spectral 
region more clearly, the 1118-1098 intensity ratios for both samples are 
plotted as a funct ion of temperature i n the lower curves i n Figures 6 and 7 
(below the corresponding D S C curve). 

T h e 1118-1098 intensity ratio is very revealing. It shows that both 
samples do indeed go through a recrystalhzation near 120 °C. I n the case of 
sample X , this transition is fast and is accompanied b y an exotherm. I n the 
case of sample Y , however, the transition is slower and less w e l l defined, and 
the D S C curve shows no evidence of an exotherm. 

Original ly these changes i n relative intensity o f the b a n d pair at 1100 
c m - 1 were bel ieved to be related to rotational isomerism of the ethylene 
glycol segments i n P E T (12). T h e two bands at 1118 and 1100 c m - 1 were 
assigned to the trans and gauche conformers of the glycol segment, respec
tively. Al though the posit ion is not conclusive, normal coordinate calculations 
indicate that the observed changes i n relative intensity are due to symmetry 
and resonance characteristics o f the aromatic ring framework instead (12). 
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Figure 8. Corrected infrared spectra for PET sample X at 85, 95, 105, 115, 125, 135, and 145 °C (bottom to top) as the sample was heated. 
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27. COMPTON ET AL. Combined DSC-FTIR Approach 673 

T h e calculations indicate that the P E T framework is relatively r igid, even i n 
the melt. O u r observation that the 1 1 0 0 - c m - 1 band increases i n intensity 
dur ing the recrystalhzation and then decreases to its original level on melt ing 
upholds the argument that these bands are not due to different conforma
tions, but that their intensities arise f rom a more complex molecular mecha
nism. T h e classical way that conformational energy differences are calculated 
shows that the change i n relative intensity of a conformer pair should be a 
smooth function of Γ - 1 (temperature). In any case, whatever causes these 
changes, examination of spectra dur ing the recrystalhzation f rom the melt 
show that these changes are reversible. 

Summary and Conclusions 
It is apparent f rom this research and earlier work per formed by Koberste in 
and Mirabe l la (4-6) that the D S C - F T I R technique provides a powerful tool 
for the characterization of polymeric materials. B y coupl ing an F T I R spec
trometer to the D S C , structural information about the sample as it passes 
through thermal transitions may be gained i n the same way that T G A - F T I R 
gives information about evolved gases. These types of information should 
provide additional insight into polymer behavior i n various thermal environ
ments. I n this work all of the spectra were collected by use of the reflectance 
mode of infrared microspectroscopy instead of the transmission mode used 
previously (4-6). There are several advantages to the reflectance experimen-
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tal arrangement. It was not necessary to fashion D S C sample cups f rom a 
material (like potassium bromide) that transmits infrared radiation; instead, standard a luminum cups were employed. I n many cases it is possible to study 
samples that have the normal thickness for the D S C experiment, even w h e n 
they are opaque to the infrared beam. Final ly , the design of modern infrared 
transmitting microscope accessories allows for spectra to be collected i n the 
reflectance mode w i t h excellent signal-to-noise ratio. A further advance was 
gained b y performing both D S C and F T I R experiments under the control o f 
a single computer, w h i c h enabled easy direct comparison of the types 
of experimental data. As demonstrated here, spectroscopic data, such as 
peak ratios and peak frequencies, can be directly compared to the D S C 
curve, w h i c h avoids any ambiguity about the correlation of the various plot 
abscissae. 

B y coupl ing the F T I R to a D S C we were able to gain some insight into 
the final molecular structure and cur ing steps of cycloaliphatic polyamine 
cross-linked D G E B A (diglycidyl ether of bisphenol A ) polymers. O u r results 
suggest that the system under study reacts i n steps, m u c h the same way as for 
most epoxy-aromatic amine polymers. In such systems, it is thought that 
steric hindrance effects, due to an aromatic substituent adjacent to the amine 
nitrogen, makes the secondary and pr imary amines react at different rates. 
M o s t systems using aliphatic pr imary and secondary amines seem to have 
reaction rates that are indistinguishable (9) . In no way do w e dispute that 
most aromatic and aliphatic amine-cured epoxies show these differences. 
However , by theorizing a distinct two-step reaction (8) i n our study, we 
suggest that steric hindrance factors influence epoxy-cycloaliphatic poly-
amines i n m u c h the same manner as epoxy-aromatic polyamine reactions. 
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Thermogravimetric Analysis-Infrared 
Spectroscopy 
A Technique To Probe the Thermal 
Degradation of Polymers 

Charles A. Wilkie1 and Martin L. Mittleman2 

1Department of Chemistry, Marquette University, 
Milwaukee, WI 53233 

2BP American Research, 4440Warrensville Center Road, 
Cleveland, OH 44128 

The coupling of an infrared spectrometer to equipment for thermo
gravimetric analysis can help to develop a mechanistic understanding 
of the degradation mechanism of a polymer in the presence or absence 
of an additive. Because the additive can have an important effect upon 
the applications of the polymer, this technique permits correlation of 
its end uses with structural changes that may occur as a result of 
polymer-additive interaction. In this paper, we examine the effect of 
two additives, perfluorinated ionomer (Nafion-H) and manganese(II) 
chloride, on the thermal degradation of poly(methyl methacrylate) and 
propose mechanisms to account for the volatile products that evolve 

from these systems during thermal degradation. 

JALDDITIVES C A N H A V E A N I M P O R T A N T E F F E C T O N T H E P R O P E R T I E S of poly
mers; they may be used as plasticizers, antioxidants, light stabilizers, and 
flame retardants. E a c h of these additives has some important effect on the 
potential end uses of the polymer. Because these additives can markedly 
affect the properties of the polymer, they must also affect its structure i n 
some way. The particular additives of interest here are flame retardants. 
F l a m e retardant additives may function i n the vapor phase or i n the con
densed phase. Vapor phase retardants generally are bel ieved to generate 

0065-2393/93/0236-0677$06.00/0 
© 1993 American Chemical Society 
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678 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

radicals that combine w i t h the radicals of the flame, thus removing them 
from the combustion zone; any chemical reactions occur only after thermal 
degradation and hence do not effect the structure of the polymer. In the 
condensed phase, some chemical reactions do occur between the additive and 
the polymeric substrate. These reactions can alter the structure, and hence 
the properties, of the substrate (J) . 

T h e thermal degradation o f poly (methyl methaerylate) ( P M M A ) has 
been studied by a great many workers. T w o recent series of papers have 
focused new attention on this process. Kashiwagi and co-workers ( 2 - 5 ) 
implicated weak links i n the polymer as the pr inc ipal sites f rom w h i c h 
degradation may occur. This research group showed that P M M A prepared by 
a radical process degrades i n three distinct steps, whereas anionically poly
mer ized material degrades i n only a single step. This single step for the 
anionically prepared polymer is an end-chain scission process, w h i c h is typical 
of many polymers. T h e highest temperature degradation step for the radically 
prepared polymer occurs at the same temperature as that observed for the 
anionically prepared polymer and is ascribed to the same process. T h e other 
two steps are bel ieved to be the result of the cleavage of weak links i n the 
polymer chain; these are specifically described as head-to-head linkages and 
unsaturated end groups (5) . 

M a n r i n g ( 6 - 9 ) has postulated that the weak links are less important than 
previously thought and that degradation is begun by the cleavage of the 
carbomethoxy group f rom the main chain of the P M M A . M o n o m e r is the 
pr inc ipal product that is observed w h e n P M M A is thermally degraded. Trace 
quantities of other products, notably C 0 2 , C O , C H 4 , and C H 3 O H , are also 
observed, but these products are truly present i n very small amounts and are 
not easily seen. T h e ini t ia l step i n the M a n r i n g degradation pathway is always 
the cleavage of the carbomethoxy group f rom the polymer chain w i t h the 
formation of a carbomethoxy radical and a radical along the main chain. T h e 
carbomethoxy radical may degrade to produce C 0 2 and a methyl radical or 
C O and a methoxy radical. T h e methyl and methoxy radicals can abstract 
hydrogens f rom the polymer and y ie ld methane and methanol, respectively. 
T h e main chain radical w i l l degrade to give monomer. 

T h e thermal degradation of P M M A i n the presence of additives has been 
extensively studied recently b y the M c N e i l l group i n Scotland and our group 
at Marquette University. T h e M c N e i l l group has examined the reaction of 
P M M A w i t h silver acetate, a m m o n i u m polyphosphate, and zinc and cobalt 
bromides. The group at Marquette University has examined reactions of 
P M M A w i t h red phosphorus and Wilkinson's catalyst. 

M c N e i l l and co-workers have examined the effect of silver acetate (JO), a m m o n i u m polyphosphate ( J J ) , and zinc bromide ( J2 , 13) on P M M A 
degradation by the use of thermal volatilization analysis ( T V A ) . W h e n silver 
acetate is used as an additive w i t h P M M A , significant destabifization of the 
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polymer is seen, presumably caused by the diffusion of acetoxy radicals into 
the P M M A chain, w h i c h initiates chain scission. A similar process is observed 
i n a study of the degradation of P M M A i n the presence of P V C . It is 
postulated that the chlorine atoms produced by P V C degradation initiate 
rapid degradation of the P M M A chain (14). It may be concluded that the 
presence of radicals is deleterious to polymer stability because they can 
initiate chain scission. 

In a b l e n d of P M M A and a m m o n i u m polyphosphate ( I I ) , the major 
product of thermal degradation is monomer, but significant amounts of other 
products, notably methanol, C O , C 0 2 , d imethyl ether, and char are also 
produced. It was suggested that the degradation of a m m o n i u m polyphosphate 
produces the strong acid, polyphosphoric acid, and that this catalyzes the 
hydrolysis o f ester groups on the P M M A to give some charring. 

The combination of zinc bromide and P M M A (12, 13) seems to signifi
cantly retard depolymerization of the polymer. T h e init ia l step appears to be 
the coordination of zinc to the carbonyl carbon of the P M M A . This zinc 
complex can lose methyl halide and ultimately form a zinc salt. 

In this laboratory we have been concerned w i t h developing a mechanistic 
understanding of the reactions of P M M A w i t h various additives. T h e bel ief is 
that i f one can predict , i n detail , how a polymer and a variety of additives w i l l 
chemically interact, then an additive to per form a specific function can be 
designed. Initially we investigated the reaction of P M M A and red phospho
rus. This investigation was motivated b y reports that indicated some efficacy 
for red phosphorus as a flame retardant for oxygenated polymers (15). 
However , there were no reports that delineated the course of the reaction. 
O u r investigation showed that red phosphorus attacks the carbonyl moiety of 
the P M M A w i t h the formation of methyl methoxy phosphonium ions and an 
intramolecular anhydride (16, 17). Because attack occurs at a carbonyl site, an additive k n o w n to interact w i t h a carbonyl may prove to be an effective 
retardant. As such, we chose to use Wilkinson's catalyst, C l R h ( P P h 3 ) 3 . 
Reaction proceeds between P M M A and Wilkinson's catalyst by an oxidative 
insertion of the rhodium species into a carbon-oxygen b o n d of the polymer; 
both intra- and intermolecular anhydrides are formed and extensive char 
formation occurs. It is significant that the l imi t ing oxygen index ( L O I ) 
increases by 6 points w h e n the rhodium c o m p o u n d is physically combined 
w i t h P M M A (18, 19). 

There is a significant difference between degradation carried out i n a 
static system, such as a sealed tube, and a dynamic system, such as thermo-
gravimetric analysis. In a sealed tube reaction, the degradation products are 
contained and may undergo further reaction, whereas i n a dynamic system 
the products are swept out of the system as quickly as they are formed so that 
further reaction is prevented. T h e degradation of P M M A i n a sealed tube 
leads to significant quantities of volatile products. W h e n monomer alone is 
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heated under identical conditions, smaller quantities of these volatile p r o d 
ucts are obtained, w h i c h indicates that these products arise not only f rom 
degradation of polymer, but also f rom some degradation of monomer. 

In this chapter we w i l l summarize our recent studies on the interaction of 
Nafions and manganese(II) chloride w i t h P M M A and offer a new interpreta
t ion of the manganese(II) chloride reaction. Al though these studies have 
ut i l ized both sealed tube reactions and thermogravimetric analysis ( T G A ) 
coupled to infrared ( IR) spectroscopy, the focus of this paper is on the 
development of a mechanistic understanding of the reaction by T G A - I R . 
Because the sealed tube reaction is a static system and the T G A - I R experi
ment is a dynamic system, it is not too surprising that the results are 
somewhat different i n the details; however, they still provide the same overall 
conclusion. T G A - I R is a valuable technique for investigating the mechanistic 
aspects of the reaction between a polymer and its additives because it 
provides both temporal and temperature resolution of the thermal degrada
t ion processes. 

Experimental Oetails 

T G A - I R was per formed using a thermogravimetric analyzer (supplied by 
O m n i t h e r m Corporation) coupled to a F o u r i e r transform infrared spectrome
ter (Digi lab FTS-60) . Specific details of this integrated system have been 
provided elsewhere (20, 21). O f significance is the fact that the T G A 
interface and slave processor are both controled by a single data station, w h i c h also simultaneously controls infrared data collection. T h e complete 
system runs under the direct ion of a single macro. 

T G A sample sizes for this study ranged f rom 20 to 25 m g and the 
samples were heated at 20 °C/min under an inert gas purge of 50 c m 3 / m i n . 
Gases evolved f rom the heated sample were transferred to an I R gas ce l l via a 
glass transfer l ine heated to 210 °C. This l ine had an overall length of 47 c m 
and an inner diameter of 0.2 c m . T h e stainless steel gas ce l l had a 10-cm path 
length and 0.6-cm inner diameter; its temperature was maintained at 235 °C. 

Spectroscopic data were collected using the F o u r i e r transform infrared 
spectrometer equipped w i t h a K B r beam splitter and a wide-band l i q u i d 
nitrogen-cooled m e r c u r y - c a d m i u m telluride ( M C T ) detector. Spectra were 
collected at 8 - c m - 1 resolution, coadding 16 scans per spectrum. This re
sulted i n a temporal resolution of 4 s, more than sufficient for the gradual gas 
evolution rates characteristic of most T G A profiles. T h e problems and 
possibilities for quantification of evolved gases using the spectral information 
f rom T G A - I R have been reported (22). T h e present work is concerned only 
w i t h qualitative identification. 
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Results and Discussion 

Degradation of Perfluorinated Ionomer (Naflon-H). T h e 
structure of N a f i o n - H consists of a poly(tetrafluoroethylene) ( P T F E ) back
bone w i t h pendant sulfonic acid groups. Before the thermal degradation of 
Nafions can be understood, it is important to have some insight into the 
thermal degradation process for P T F E . P T F E is one of the most thermally 
stable l inear polymers. Its thermal stability is attributed to the high C ~ F 
b o n d strength and the shielding effect of the very electronegative fluorines. 
T h e thermal degradation of P T F E commences at about 450 °C and is 
bel ieved to proceed by random chain scission w i t h the formation of dif luoro-
carbene. This reactive carbene leads to the observed m o n o m e l i c tetrafluo-
roethylene ( T F E ) and oligomeric products (23-25). 

There is little degradation of N a f i o n - H i n a T G A experiment (26) be low 
280 °C i n an inert atmosphere (Figure la ) . A small 5 % weight loss occurs 
below this temperature and the only gases that are detected are H 2 0 , S 0 2 , and C 0 2 . In an analogous experiment, Ehlers et al . (27) subjected 
poly(arylene sulfonate) to thermal degradation i n vacuum and observed that 
S 0 2 was evolved by cleavage of the C —S bond; the maximum evolution 
occurred between 250 and 350 °C. 

A T G A weight loss of 7 % occurs between 280 and 335 °C. T h e evolution 
of S 0 2 and C 0 2 increases throughout this region whereas that of water 
decreases. S i F 4 (1026 c m - 1 ) , C O , H F , substituted carbonyl fluorides (1957 
and 1928 c m - 1 ) , and absorbances i n the C — F stretching region also appear 
over this temperature range. A n I R spectrum of the gases evolved at 367 °C is 
shown i n F igure 2. O f particular note are the bands just be low 2000 c m - 1 

attributable to carbonyl fluorides. S i F 4 is not a pr imary product of the 
reaction, but rather it arises f r o m the attack of evolved H F o n glass. Thus 
w h e n S i F 4 is observed, the formation of H F is indicated and the actual 
product w i l l be identif ied as H F . A t the highest temperatures, 355-560 °C, 8 8 % of the sample volatilizes. The amounts of S 0 2 and C O decrease 
dramatically at 365 °C and are no longer of consequence. T h e major 
absorbances i n this temperature region are due to H F , carbonyl fluorides, and C ~ F - c o n t a i n i n g species. A mechanism that accounts for these observa
t ion is presented i n Scheme I. 

T h e C —S b o n d is initially broken, w h i c h produces a C F 2 radical, S 0 2 

and a hydroxyl radical (eq 1). A n alternative explanation is that this occurs i n 
two steps: the init ial formation of an S O s H radical, fo l lowed by cleavage to 
form S 0 2 and the O H r a d i c a l I n either case, the fluorocarbon radical can 
then lose two difluorocarbenes (eqs 2 and 3), w h i c h produces an oxygen-based 
radical. This radical can subsequendy lose a substituted carbonyl fluoride (eq 
4) and carbonyl fluoride (eq 5). T h e remaining P T F E - l i k e backbone w i l l then 
degrade to tetrafluoroethylene monomer and oligomers. 
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Figure 1. TGA curve for Nafion-H (a), PMMA (b), and a blend of the two (c). 
These curves were obtained under an inert atmosphere at a scan rate of 20 °C. 
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(c) 
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Figure 1. Continued 

Verif icat ion of this mechanism comes f rom an examination of the degra
dation of the potassium salt o f the sulfonic acid, N a f i o n - K , prepared by 
soaking a sample of N a f i o n - H i n aqueous K O H . Because the thermal stability 
of amine arenesulfonates is greater than that of the corresponding sulfonic 
acids (28), cleaving the C —S b o n d should be more difficult for N a f i o n - K 
than it is for N a f i o n - H . This hypothesis is supported by the fact that w h e n 
N a f i o n - K is subjected to T G A - I R investigation, there is no weight loss unt i l 
390 °C, some 100 °C higher than that observed for N a f i o n - H . S 0 2 is not 
observed; the only products are H F and fluorocarbon oligomers that w o u l d 
be expected f rom P T F E . 

Interaction of Nafion-H and P M M A . T G A - I R studies of a b l e n d 
prepared by casting a P M M A film onto a N a f i o n - H film reveal a significant 
difference between the individual components and the b l e n d (26). T h e T G A 
of N a f i o n - H is shown as F igure l a , P M M A is shown i n F igure l b , and the 
b l e n d is shown i n F igure l c . B o t h P M M A and N a f i o n - H have completely 
volati l ized at 500 °C, whereas the b l e n d has about 1 0 % residue remaining at 
600 °C. The T G A curve of the b lend indicates that degradation occurs i n 
three stages. I n the first stage, f rom 120 to 265 °C, 1 1 % of the sample is 
volatil ized. T h e gases evolved dur ing this stage are water, w h i c h is retained by 
the Naf ion, and chloroform, the solvent f rom w h i c h the P M M A is cast onto 
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Figure 2. Infrared spectrum of the gases evolved from Nafion-H at 367 °C. 

550 

the Naf ion. T h e evolution o f the gases is merely the result of a physical 
thermal desorption. 

T h e actual onset of chemical degradation of this b l e n d begins i n the 
second stage of degradation, between 265 and 430 °C dur ing w h i c h 5 2 % of 
the sample is volati l ized. This onset is some 80 °C higher than is seen for 
P M M A alone, w h i c h indicates a significant interaction between P M M A and 
N a f i o n - H . The first gas observed at 265 °C is S 0 2 ; its evolution begins to 
decrease near the end of the region. M o n o m e l i c methyl methaerylate is first 
observed at 270 °C, grows i n intensity unt i l 415 °C, and then significantly 
decreases. M o n o m e r evolution is monitored by the carbonyl absorption at 
1750 c m - 1 . M e t h y l methaerylate appears to be the major product evolved i n 
this region. Evolutions of H F , C O , and C 0 2 are also apparent throughout 
this temperature range. T h e spectrum at 367 °C is shown i n F igure 3. T h e 
lack of absorbances i n the 1900-2000 c m - 1 region indicates that carbonyl 
fluorides are not produced f rom the b l e n d although they are formed w h e n 
N a f i o n - H is pyrolyzed alone. 

T h e gases evolved over the th i rd region, 430-575 °C, are the same as 
those observed i n the degradation of N a f i o n - H alone. However , the carbonyl 
fluorides that are observed i n N a f i o n - H by itself at 280 °C are not seen i n the 
b l e n d unt i l 450 °C and then only i n very small amounts. W h e n the residue 
produced at 400 °C is examined by IR, anhydride absorbances are observed. 
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( - C F 2 - C F 2 - ) - ( - C F o - C F - ) -

0 - C F 2 - C F - 0 - C F 2 - C F 2 - S 0 3 H 

CF^ 

( - C F 2 - C F 2 - ) - ( - C F 2 - C F - ) : 

0 - C F 2 - C F - 0 - C F 2 - CF 2 - + S 0 2 + - O H 

C F q 

(1) 

( - C F 2 - C F 2 - ) — ( - C F 2 - C F - ) 7 

O - C F o " 

(2) 

- C F - O -
I 

C F 3 

- ( - C F o - C F o - ) - ( - C F . - C F - ) - - (3) 

0 - C F 2 - C F - O- + : C F 2 

CFo 

- ( - C F 2 ™ C F 2 - ) T ( - C F 2 - C F - ) y + CF=C) (4) 

( - C F 2 - C F 2 - ) — ( - C F o - C F - ) — + 0 = C F 2 (5) 

Scheme I 

A possible mechanism to account for these results is presented i n Scheme II. 
Because S 0 2 is the first product observed, the init ial step i n the 

degradation of the blend must be the same as that for N a f i o n - H : cleavage of 
the C — S b o n d to generate a fluorocarbon radical, S 0 2 , and hydroxyl radical. 
If radical propagation cont inued along the chain as it does for N a f i o n - H 
alone, the formation of T F E and carbonyl fluorides w o u l d be expected. 
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Figure 3. Infrared spectrum of the gases evolved from a blend of Nafion-H and 

PMMA at 367 °C. 

Although some T F E is evolved, it does so at higher temperatures and i n 
smaller amounts than seen for the degradation of the Naf ion alone. This 
decrease i n the amount of T F E and the absence of carbonyl fluorides 
suggests that radical propagation is halted and that instead these radicals 
react rather than undergoing further degradation. It is l ikely that both the 
C F 2 radical and the oxygen-based radical react w i t h P M M A , although 
Scheme II shows only reaction w i t h fluorocarbon radical. T h e fact that a large 
amount of C 0 2 is produced indicates that some radical sites are generated o n 
the polymer backbone by loss o f carbomethoxy groups. These radicals w o u l d 
be expected to degrade i n a manner similar to P M M A . T h e formation o f 
anhydrides must be attributed to reactions of the hydroxyl radical. These may 
interact w i t h the ester functionality and form methanol and anhydride. 

Verif icat ion again comes f rom the examination of the b l e n d of P M M A 
w i t h N a f i o n - K . T h e T G A - I R investigation of this b lend shows that the only 
gases produced are those expected for the individual components. N o gases 
evolved that are formed by any chemical reactions between the components. 

Degradation of a P M M A - M n C l 2 Blend. T h e work of M c N e i l l 
et al . on Z n B r 2 and C o B r 2 (12, 13) suggested that simple species such as 
these may coordinate to P M M A and rearrange to give a salt w i t h the 
evolution of methyl halide. T h e formation of methyl halide is a disadvantage 
for a flame retardant because methyl halide w i l l act as fuel , but salt formation 
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- ( - C F 2 - C F 2 - ) — ( - C F 2 - C F ) -
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0 - C F 2 - C F - 0 - C F 2 - CF 2 - + S 0 2 + - O H 

C F 3 

CH3 ÇH3 

~ ~ C H 2 ~ C - C H 2 - 0 ~ 
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O C H 3 O C H 3 

- ( - C F 2 - C F 2 - ) — ( - C F 2 - C F - ) 7 ÇH 3 ÇH 3 

0 - C F 2 - C F - 0 - C F 2 - C F 2 - C H 2 - C - C H 2 - C — 
CFo C = 0 C = 0 

3 I I 
O C H 3 OCH 3 

Scheme II 

seems to be a desirable goal. Learn ing h o w to form a salt without the 
concomitant evolution of volatiles may prove advantageous as a flame retar
dant. Accordingly we commenced a systematic investigation of the reaction of 
a variety of simple transition metal salts w i t h P M M A , beginning w i t h the 
reaction of P M M A and M n C l 2 (29) . 

There are five distinct regions of thermal degradation i n the T G A curve 
of a b l e n d of M n C l 2 - P M M A (Figure 4). B e l o w 145 °C the only product 
observed is water — the result of physical desorption f rom manganese chlo
ride. E v e n though anhydrous material was used to prepare this b lend, M n C l 2 

is sufficiently hygroscopic that water is retained. Init ial thermal degradation 
of the b lend occurs between 145 and 215 °C w i t h the evolution of 9 .5% of 
the sample as monomer. F o l l o w i n g the work of Kashiwagi ( 2 - 5 ) , the 
degradation i n this region might be ascribed to the presence of weak links i n 
the polymer, whereas the work of M a n r i n g ( 6 - 9 ) ascribes this degradation to 
the presence of radicals that may initiate degradation. Because the P M M A 
itself does not degrade at this temperature, the observed degradation must be 
ascribed to the presence o f M n C l 2 . 

T h e second region of degradation, 215 -345 °C, is characterized b y the 
evolution of methyl chloride and methanol as w e l l as the cont inued formation 
of monomer. 10 .5% of the sample is lost i n this region. T h e spectrum of the 
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Figure 4. TGA of PMMA (top) and a blend of MnCl2 and PMMA (bottom). 

gases evolved at 303 °C is shown i n Figure 5. This spectrum shows the 
presence of monomer, methanol, and methyl chloride absorbing near 1750, 1034, and 733 c m " 1 , respectively. M e t h y l chloride must arise by the interac
t ion of the ester methyl wi th the chloride f rom M n C l 2 . A n additional 1 9 % of 
the sample volatilizes between 345 and 455 °C w i t h the evolved gases 
identif ied as C O , C 0 2 , C H 4 , H C l , and an aliphatic acid. T h e final region of 
weight loss, 455-630 °C, accounts for 5 % of the sample. T h e only gas 
evolved i n this temperature regime is H C l . 

A possible pathway for the degradation is presented i n Scheme III . T h e 
init ial step is the coordination of the manganese i o n to the carboxyl carbon. 
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Figure 5. Infrared spectrum of the gases evolved from a blend of MnCl2 and 
PMMA at 303 °C. 

A t low temperatures this complex loses a chlorine atom to initiate P M M A 
degradation. A t a somewhat higher temperature it rearranges w i t h the 
evolution of methyl chloride, b y a concerted process, to produce a manganese 
salt. Recal l that i n the degradation of a P V C - P M M A sample, the presence of 
chlorine atoms was postulated to initiate degradation. These results suggest 
that the presence of radicals is not itself a problem i f these radicals can be 
consumed i n some concerted pathway. T h e manganese salt may coordinate 
w i t h another carboxyl fragment to form an ionomer. M o n o m e r , C 0 2 , C O , C H 4 , and C H 3 O H all arise by the normal degradation pathway proposed by 
M a n r i n g for P M M A degradation (9) . T h e degradation pathway that we have 
previously proposed for this reaction is m u c h more complicated; the pathway 
reported herein was suggested by the very recent work of M a n r i n g (9) . 

T o investigate the nonvolatile products of the reaction, the reaction 
mixture can be heated to the desired temperature under an inert gas flow and 
the residue can be isolated. W h e n the P M M A - M n C l 2 mixture is heated to 
500 °C under these condit ion, M n 0 2 is isolated f rom the reaction system as 
identif ied by X-ray powder pattern analysis. M n 0 2 is also produced b y the 
thermal degradation of manganese glutarate, so it is l ikely that the manganese 
salt or ionomer degrades to this product. 

Summary and Conclusions 

Condensed-phase flame retardants, w h i c h can have a significant effect on the 
properties of polymers, must occur by some chemical interaction between the 
additive and the substrate. T h e nature of this chemical interaction may be 
conveniently probed by T G A - I R to delineate a complete mechanistic path-
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Scheme III 

way for the interaction o f the polymer and the additive. This important 
technique offers the opportunity to obtain both temporal and temperature 
resolution of the degradation process. A mechanistic understanding of the 
reaction pathway can eventually permit the design of an additive that under
goes a specific reaction w i t h a polymer, w h i c h enables it to perform as an 
effective flame retardant. 
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Thermal Degradation of Cotton 
Cellulose Studied by Fourier 
Transform Infrared-Photoacoustic 
Spectroscopy 

Charles Q. Yang 1 and James M . Freeman 2 

1Department of Textiles, Merchandising and Interiors, The University 
of Georgia, Athens, GA 30602 

2Department of Chemistry, Marshall University, Huntington, WV 25755 

Cotton textiles are exposed to many types of heat damage during 
manufacture and consumer use. Therefore, it is important to under
stand the nature of thermal oxidation and degradation in cotton 
textiles. In this research, cotton fabrics heated at three different 
temperatures (180, 210, and 240 °C) were studied using Fourier 
transform infrared-photoacoustic spectroscopy. Ketone, aldehyde, 
carboxylic acid, ester, anhydride, and unsaturated hydrocarbon struc
tures were identified at different stages of thermal oxidation. Anhy
dride was first formed in the near surface of the cotton fabric during 
this process. At 180 °C, the oxidation products (ketone, aldehyde, 
carboxylic acid, and ester) were homogeneously distributed between 
the near surface of the fabric and the bulk. At 240 °C, however, more 
cotton cellulose was oxidized in the near surface than in the bulk. The 
acceleration of thermal oxidation of cotton cellulose by increasing 
temperature was also observed. 

TTHE ANALYSIS O F T H E R M A L OXIDATION O F C O T T O N C E L L U L O S E under dif
ferent conditions has long been of interest to chemists ( 1 - 4 ) . C o t t o n textiles 
are exposed to many types of heat damage dur ing manufacture and consumer 
use, such as singeing, excess heat setting i n finishing, overdrying, and i roning 
(5). Therefore, it is important to understand the nature of thermal oxidation 

0065-2393/93/0236-0693$06.00/0 
© 1993 American Chemical Society 
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694 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

and degradation i n cotton fabrics. Knowledge about thermal degradation of 
cotton cellulose is also useful for the development of fire-retardant cotton 
fabrics (6 ) and the preservation of historical artifacts (7) . 

In the past, infrared spectroscopy has been used to study the degradation 
of cotton cellulose at elevated temperature (7-12). In this research, F o u r i e r 
transform infrared-photoacoustic spectroscopy ( F T I R - P A S ) was used to 
study the thermal oxidation and degradation of cotton fabrics. Since the early 
1980s w h e n photoacoustic detection was extended to the mid- infrared region, F T I R - P A S has attracted considerable interest for material characterization 
(13). In the past, F T I R - P A S has been successfully used i n our research as a 
near-surface analytical technique for a variety of chemically modif ied textile 
fabrics, yarns, and fibers (14-9). 

A textile sample is first ground into a powder using a W i l e y m i l l . B o t h the 
textile sample and the powder sample are analyzed by F T I R - P A S . C o m p a r i 
son of the photoacoustic infrared spectrum of the textile sample and the 
spectrum of the corresponding powder sample enables evaluation of the 
distribution of chemical species between the near surface and the bulk of the 
textile sample. In this research, the distribution of oxidation products be
tween the near surface of a cotton fabric and its bulk was determined by this 
method. 

Experimental Details 

Instrumentation. A F o u r i e r transform infrared spectrometer ( N i c o -
let 20 D X B ) w i t h a photoacoustic ce l l ( M T E C M o d e l 100) was used to collect 
all the spectra. Resolution for all the spectra was 8 c m - 1 , and the average 
number of scans was 500. C a r b o n black was used as a reference material and 
he l ium was used as the purging and conducting gas i n the photoacoustic cel l . 
T h e mirror velocity was 0.139 cm/s ; no base-line correction or smoothing 
function was used. 

Materials. T h e cotton fabric was a desized, bleached cotton print 
cloth (Testfabrics style 400). Cot ton fabrics were heated i n a radiant gravity 
oven. T h e temperature variation was wi th in ± 3 °C. Powdered samples were 
obtained by grinding the fabric samples i n a W i l e y m i l l to pass a 40 mesh 
screen. 

Results and Discussion 

T h e photoacoustic infrared spectra of the cotton fabric heated at 180 °C for 
different times are shown i n Figures 1 and 2. T h e development of a carbonyl 
band at 1730 c m - 1 is observed i n the init ial stages of thermal oxidation 
(Figure 1). T h e intensity of the carbonyl band at 1730 c m - 1 increased as the 
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29. YANG AND FREEMAN Thermal Degradation of Cotton Cellulose 695 

Figure 1. Photoacoustic infrared spectra of the cotton fabric heated at 180 °C 
for different times (hours): A, 0; B, 6; C, 15; D, 48; E, 72. 
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1735 

Figure 2. Photoacoustic infrared spectra of the cotton fabric heated at 180 °C 
for different times (hours): A, 123; B, 225; C, 295; Ό, 415; E, 515. 
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29. YANG AND FREEMAN Thermal Degradation of Cotton Cellulose 697 

exposure t ime was increased. W h e n the cotton fabric was heated f rom 123 to 
295 h , the 1 7 3 0 - c m - 1 band intensity continued to increase whi le the intensi
ties of the bands around 2900 c m " 1 (aliphatic C — H stretching) and the 
bands i n the 1 4 3 0 - 1 3 1 0 - c m - 1 region (aliphatic C — II bending) were re
duced (Figures 2 A - C ) . T h e bands i n the 1 4 3 0 - 1 1 0 0 - c m " 1 region (aliphatic 
C — H bending and C —Ο stretching) broadened and started to overlap i n 
F igure 2 C . T h e infrared spectroscopic data indicated that both the pr imary 
and secondary alcohols were oxidized to form carbonyls at this stage. A band 
at 1615 c m - 1 also developed together w i t h the increase i n intensity of the 
1 7 3 0 - c m - 1 band dur ing this per iod (Figure 2). T h e band at 1635 c m - 1 

associated w i t h bending of cellulosic hydroxyls was overlapped by the newly 
developed b a n d at 1615 c m - 1 (Figures 2 A and B) . W h e n the exposure t ime 
reached 415 h , the bands around 2900 c m - 1 were no longer discernible, whereas a weak band at 3100 c m - 1 (unsaturated C —Η stretching) appeared 
(Figure 2 D ) . Also i n F igure 2 D the bands i n the 1 4 3 0 - 1 1 0 0 - c m - 1 region are 
observed to overlap to form one broad band. Also , a decrease i n the intensity 
of the broad band at 3360 c m - 1 ( O - H stretching) i n F igure 2 D indicates 
that dehydration occurred wi t h in the cellulose molecules. Three new bands at 
1846, 1774, and 905 c m - 1 were also observed i n Figures 2 D and E. 

T o determine the nature of the chemical changes caused by continued 
heating, the cotton fabric heated at 180 °C for 48 h was treated w i t h a 0 . 1 - M 
aqueous solution of N a O H for 5 m i n . T h e photoacoustic infrared spectrum of 
the cotton fabric thus treated showed a decrease i n the 1 7 3 0 - c m - 1 b a n d 
intensity and the formation of the 1 6 1 5 - c m - 1 band, w h i c h is due to carboxyl
ate carbonyl (Figure 3B) . Treatment of the fabric w i t h N a O H converted 
earboxylie acid to carboxylate. A decrease i n the 1 7 3 0 - c m - 1 band intensity i n 
F igure 3 B indicated that the 1 7 3 0 - c m - 1 b a n d i n F igure 3 A was partially 
contributed by earboxylie acid carbonyl. T h e same phenomenon was also 
observed for the cotton fabric heated at 180 °C for 72 h (Figures 3 D and E ) . 
T h e fabric heated at 180 °C for 48 h was also treated w i t h sodium borohy-
dride i n ethanol at reflux for 1 H. T h e infrared spectrum of the fabric thus 
treated (Figure 3 C ) shows a further slight decrease i n the 1 7 3 5 - c m - 1 band 
intensity due to the reduction of carbonyls of ketone and aldehyde. A weak 
band at 1730 c m - 1 i n F igure 3 C , w h i c h remained after the treatment of the 
fabric b y sodium borohydride, was l ikely due to ester carbonyl. 

Three carbonyl bands at 1846, 1775, and 1735 c m " 1 were shown i n the 
infrared spectrum of the cotton fabric heated at 240 °C for 20 h (Figure 4A) . 
W h e n the fabric was treated w i t h dist i l led water at 25 °C for 15 m i n , the two 
carbonyl bands at 1846 and 1775 c m - 1 disappeared completely (Figure 4B) . 
A n increase i n the 1 7 3 5 - c m - 1 band intensity and broadening i n the hydroxyl 
stretching b a n d at 3 3 6 0 - c m - 1 were also observed i n F i g u r e 4 B . It can be 
concluded that the two bands at 1846 and 1775 c m - 1 are due to an 
anhydride. Treatment of the fabric w i t h water converted the anhydride to the 
corresponding earboxylie acid. As a result, the two anhydride carbonyls at 
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Figure 3. Photoacoustic infrared spectra of the cotton fabric heated at 180 °C 
for different times: A, 48 h, untreated; B, 48 h, treated with 0.1-M NaOH; C, 48 
h, treated with NaBH4; D, 72 h, untreated; E , 72 h, treated with 0.1-M NaOH. 
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Figure 4. Photoacoustic infrared spectra of the cotton fahnc heated at 240 °C 
for 20 h: A, untreated; B, treated with water; C, treated with 0.1-M NaOH; D, treated with 0.1-M NaOH in methanol at reflux. 
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1846 and 1775 c m - 1 disappeared, whi le the carboxyl carbonyl band at 1735 
c m - 1 increased its intensity. T h e broadening of the 3 3 6 0 - c m " 1 band is also 
due to the formation of carboxyl groups. T h e band at 905 c m - 1 i n F igure 4 A 
is probably associated w i t h the C — O — C bending of the anhydride. This 
band disappeared w h e n the fabric was treated w i t h water (Figure 4B) . 

T h e frequencies of the two carbonyl bands of some unstrained anhy
drides and cyclic anhydrides reported i n the literature are l isted as follows 
(20): 

Acet ic anhydride 1824, 1748 
Capr ioc anhydride 1825, 1760 
Succinic anhydride 1865, 1780 
M a l e i c anhydride 1848, 1790 
Phthalic anhydride 1845, 1775 
Naphthalene-1, 2-

dicarboxylic anhydride 1848-1845, 1783-1779 

T h e influence of r ing strain induces a shift of the carbonyl bands to 
higher frequencies, whereas α , β conjugation results i n a lowering of the two 
carbonyl frequencies (20). T h e anhydride formed in the cotton, w h i c h has 
carbonyl stretching frequencies at 1846 and 1775 c m " 1 , appears to be an 
unsaturated (possibly aromatic) five-member cyclic anhydride. T h e b a n d at 
905 c m - 1 due to the C — O — C bending i n F igure 4 A also indicates that the 
anhydride formed i n the cotton was probably a cyclic anhydride (21). W h e n 
the cotton heated at 240 °C for 20 h was treated w i t h a 0 . 1 - M solution of 
N a O H i n ethanol for 1 m i n at room temperature, the intensity of the 
1 7 3 5 - c m " 1 carbonyl band was reduced whereas the 1 6 1 5 - c m " 1 carbonyl 
b a n d intensity was increased i n the infrared spectrum (Figure 4C) . T h e 
anhydride carbonyl bands at 1846 and 1775 c m " 1 also disappeared i n F igure 
4 C . Treatment of the fabric w i t h N a O H at room temperature converted both 
the anhydride and the carboxyl to carboxylates. 

T h e fabric heated at 240 °C for 20 h was treated i n a 0 . 1 - M solution of 
N a O H i n methanol at reflux for 30 m i n . T h e carbonyl bands 1846, 1775, and 
1735 c m - 1 disappeared i n the spectrum of the fabric thus treated (Figure 
4 D ) . T w o strong bands at 1586 and 1385 c m " 1 associated w i t h the asymmet
ric and symmetric stretching of carboxylate carbonyl were shown i n the same 
spectrum (Figure 4 D ) . It can be concluded that the band at 1735 c m " 1 i n 
F igure 4 C , w h i c h was not changed by the treatment of the fabric w i t h N a O H 
at room temperature, was due to ester carbonyl. W h e n the fabric was treated 
i n a N a O H solution at reflux, al l three types of carbonyls (e.g., anhydride, carboxyl, and ester) were converted to carboxylate. It appears that at this later 
stage of thermal oxidation, the aldehyde and ketone identif ied at an earlier 
stage of degradation were further oxidized to earboxylie acid, ester, and 
anhydride. 

T h e cotton fabric heated at 240 °C for 20 h was also treated i n a 0 . 1 - M 
solution of bromine i n carbon tetrachloride for 30 m i n at room temperature. 
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T h e intensity of the 1615-em 1 band was reduced and the 3 1 0 0 - c m " 1 b a n d 
disappeared i n the spectrum of the fabric thus treated (Figure 5). This 
observation demonstrated that the 1 6 1 5 - c m " 1 band has contributions f rom 
the aliphatic C = C structures. A d d i t i o n of bromine to the C = C structures 
resulted i n the reduction i n the 1 6 1 5 - e m " 1 b a n d intensity and disappearance 
of the 3 1 0 0 - c m " 1 b a n d (aliphatic unsaturated C — H stretching). T h e b a n d at 
1615 c m " 1 and the shoulder at 1578 c m " 1 i n the spectrum of the bromine-
treated cotton fabric (Figure 5) were possibly due to aromatic r ing structures 
(22). T h e unsaturated aliphatic structures were probably formed by the 
dehydration i n the cellulosic molecules dur ing the thermal degradation 
process, because a reduction i n the Ο—H stretching band at 3360 c m " 1 was 
observed i n the spectra of the cotton fabric heated at 180 °C (Figures 2 D and 
E ) . T h e oxidation products of cotton cellulose and the corresponding stretch
ing b a n d frequencies are summarized as follows: 

Aldehyde and ketone carbonyl 
Carboxylic acid carbonyl 

1730-1735 
1730-1735 
1735 Ester carbonyl 

C y c l i c anhydride carbonyl 1846, 1775 
1615 Aliphat ic and aromatic C = C 

Unsaturated C — H (aliphatic) 3100 

W 

CO 

1615 

4000 3000 2000 1000 400 

WAVENUMBERS (cm"1) 

Figure 5. Photoacoustic infrared spectra of cotton fabric heated at 240 °C for 
20 h and treated with bromine in CCl4. 
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T h e acceleration of the thermal degradation of cotton cellulose by 
increasing temperature was demonstrated i n F igure 6. Three cotton fabrics 
were heated for 6 h at different temperatures. W h e n the fabric was heated at 
180 °C, little oxidation resulted as shown by a very weak carbonyl b a n d at 
1730 c m " 1 i n F igure 6A. T h e carbonyl band at 1730 c m " 1 was still weak i n 
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the spectrum of the fabric heated at 210 °C (Figure 6B) . W h e n the fabric was 
heated at 240 °C, however, carbonyl bands of anhydride, ester, earboxylie 
acid, and bands due to C = C stretching and unsaturated C—Η stretching 
were presented i n the infrared spectrum (Figure 6C) . 

T h e distribution of the oxidation products between the near surface of 
the cotton fabric and its interior was also investigated using F T I R - P A S . T h e 
cotton fabric heated at 180 °C for different times was ground into powders. 
T h e carbonyl b a n d intensities i n the infrared photoacoustic spectra of the 
powders (Figure 7) appeared to be the same as those of the fabric samples 
(F igure 1). L i t t l e difference was seen between the spectra of the fabric 
samples and the spectra of the corresponding powder samples for the cotton 
fabric heated at 180 °C u p to 225 h (Figure 8). 

I n a P A S experiment, modulated I R radiation absorbed by a sample is 
first converted to heat. W h e n the heat propagates to the sample surface, and 
subsequently into the gas w i t h i n a photoacoustic cel l , it causes pressure 
variation and generates an acoustic signal. W h e n a sample's thickness is larger 
than the thermal diffusion length, only the heat generated w i t h i n the first 
thermal diffusion length f rom the sample's surface can propagate to the 
surface and generate photoacoustic signals (23). Because the thermal d i f f u 
sion length of cotton i n the mid- infrared region is i n the range of a few 
micrometers for the optical velocity used i n this research (0.278 cm/s) (14), the photoacoustic infrared spectrum of a fabric sample represents a few 
micrometers of the near surface of the fabric. W h e n the fabric was ground 
into a powder, the near surface and bulk were mixed. Because the diameter 
of the cotton yarn i n the fabric is approximately 300 μ ι η , the photoacoustic 
infrared spectrum of the powder sample represents mainly the bulk. T h e 
similarity between the spectra of the fabric samples and the spectra of the 
powder samples indicated that the oxidation of cotton cellulose was homoge
neous between the near surface and the bulk. 

Differences are seen between the spectrum of the cotton fabric heated at 
180 °C for 415 h and the spectrum of the corresponding powder (Figures 9 A 
and B) . T h e two anhydride carbonyl bands at 1846 and 1775 c m - 1 shown i n 
the spectrum of the fabric sample (Figure 9A) were too weak to be recogniz
able i n the spectrum of the corresponding powder sample (Figure 9B) . T h e 
b a n d at 905 c m - 1 associated w i t h the C — O — C bending of the anhydrides 
appeared to be m u c h weaker i n the spectrum of the powder (Figure 9B) than 
i n the spectrum of the fabric (F igure 9A) . It is obvious that the anhydride was 
first formed i n the near surface. T h e same phenomenon was also seen i n the 
fabrics heated at 210 °C and 240 °C, respectively. 

T h e photoacoustic infrared spectra of the cotton fabric heated at 240 °C 
for 2.5 h and the corresponding powder are presented i n F igure 10. T h e 
carbonyl b a n d at 1735 c m " 1 i n the spectrum of the fabric (Figure 10A) 
appears to be more intense than the same band i n the spectrum of the 
powder (F igure 10B). Evident ly , the cotton cellulose i n the near surface of 
the fabric had a higher degree of oxidation than the cotton cellulose i n the 
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Figure 7. Photoacoustic infrared spectra of the powders of the cotton fabric 
heated at 180 °C for different times (hours): A, 0; B, 6; C, 15; D, 48; E, 72. 
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WAVENUMBERS (cm"1) 
Figure 8. Photoacoustic infrared spectra of the cotton fabric heated at 180 °C 

for 225 h: A, fabric; B, powder. 

bulk of the fabric. It was noted that w h e n the cotton fabric was heated at 
180 °C for 225 h , the spectrum of the fabric sample (Figure 8A) appeared to 
be similar to the spectrum of the powder sample (Figure 8B) . T h e infrared 
spectroscopic data of the cotton fabric heated at 240 °C (Figure 10) indicated 
that more oxidation products (ketone, aldehyde, earboxylie acid, and ester) 
were formed i n the near surface of the fabric than i n the bulk. T h e 
inhomogeneous oxidation of cotton cellulose between the near surface and 
the bulk at a higher temperature is probably due to the acceleration of 
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1735 

4000 3000 2000 1000 400 

WAVENUMBERS fcm" 1) 

Figure 9. Photoacoustic infrared spectra of the cotton fabric heated at 180 °C 
for 415 h: A, fabric; B, powder. 

oxidation at the higher temperature. W h e n the fabric was oxidized at 180 °C, the rate of oxidation gas slow, w h i c h permit ted enough oxygen to diffuse f rom 
the surface of the fabric into its bulk. As a result, the degree of oxidation i n 
the near surface and i n the bulk was similar, as demonstrated i n Figures 7 
and 8. W h e n the fabric was oxidized at 240 °C, however, the oxidation of 
cotton cellulose was drastically accelerated. T h e amount of oxygen diffusing 
f rom the surface of the fabric into the bulk was not enough to supply the 
rapid oxidation of the cotton cellulose i n the bulk. O n l y the cotton cellulose 
i n the near surface was oxidized w i t h abundant oxygen. Consequently, the 
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4 0 0 0 3 0 0 0 2 0 0 0 100 0 400 
WAVENUMBERS (cm"1) 

Figure 10. Photoacoustic infrared spectra of the cotton fabric heated at 240 °C 
for 2.5 h: A, fabric; B, powder. 

degree o f oxidation of cotton cellulose i n the bulk o f the fabric was lower 
than that i n the near surface. 

Summary 

1. Ketone, aldehyde, earboxylie acid, ester, anhydride, and unsatu
rated carbon-carbon structures were identif ied as the oxidation 
products dur ing different stages of the thermal degradation of 
cotton cellulose at various temperatures. 
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2 . T h e formation of anhydride occurred first i n the near surfaces 
of the cotton fabrics dur ing the thermal degradation process at 
al l three temperatures studied ( 1 8 0 , 2 1 0 , and 2 4 0 ° C ) . 

3 . T h e oxidation products (ketone, aldehyde, carboxylic acid, and 
ester) were homogeneously distributed between the near sur
face and the bulk of the fabric w h e n the fabric was oxidized at 
1 8 0 °C. W h e n the fabric was oxidized at 2 4 0 ° C , however, more 
oxidation occurred i n the near surface of the fabric than i n the 
bulk throughout the degradation process. 
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Characterization of Polymer Building 
Blocks by K + Ionization 
of Desorbed Species 

William J. Simonsick, Jr. 

Marshall R & D Laboratory, Ε . I. du Pont de Nemours and Company, 
Philadelphia, PA 19146 

K+ ionization of desorbed species (K+IDS) with mass spectrometric 
detection is a valuable tool for solving a wide variety of industrial 
problems that are not rationalized by traditional analytical techniques. 
K+IDS provides molecular weight data on organic compounds in the 

form of [M]K+. Based on molecular weight information and a knowl
edge of starting materials, the components in complex mixtures can be 
elucidated. Κ+IDS will be used to identify and quantify ingredients in 
raw materials, oligomer functionality and distribution, and the reac
tion products of an organic synthesis. With the information gained by 
K+IDS, one can optimize product yields of reactions and processes, 
and gain insight and understanding into how specific compounds 
affect end-use properties. The method is simple, usually requires no 
sample preparation, takes little operator time, and can be performed 
with popular quadrupole mass spectrometers. 

JL H E FINAL PROPERTIES o f architecturally designed polymers and cross-
l i n k e d networks are dependent o n the starting materials. T h e identity and 
quantity of al l constituents that are used as b u i l d i n g blocks is important i n 
structure-property relationship (SPR) studies. Moreover , a thorough charac
terization of these bui ld ing blocks pr ior to a product scaleup can prevent the 
financial consequences caused by polymer gelation i n a reactor or large-scale 
synthesis of nonfunctional material. Furthermore , many o f the compounds 
used to protect these polymers and networks against environmental damage 

0065-2393/93/0236-0711$06.00/0 
© 1993 American Chemical Society 
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712 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

can also affect the final properties. W e w i l l show the util ity of potassium 
ionization of desorbed species w i t h mass spectrometric detection ( K + I D S ) 
(1-3) for the characterization of these bui ld ing blocks. T h e K + I D S tech
nique requires only 10 m i n to perform, w h i c h makes it useful preventive 
medicine. 

M a n y of the starting materials used i n the preparation of current 
high-performance automotive coatings are not chromophoric and, therefore, are not amenable to easy analysis b y high-pressure l i q u i d chromatography 
( H P L C ) . Unfortunately, many of these bui ld ing blocks exceed the volatility 
range of gas chromatography. T h e traditional spectroscopic methods, such as 
infrared and nuclear magnetic resonance ( N M R ) , provide complementary 
information to the molecular weight data afforded by Κ + I D S . 

Al though K + I D S cannot be used to measure the resultant physical 
properties of polymers or networks, it is extremely useful for probing the 
contents o f mixtures u p to about 2000 Daltons (Da) . In this chapter, we w i l l 
show the applicability of K + I D S for the characterization of an acrylic 
cross-linker, a functionalized oligomer synthesized by group-transfer polymer
ization (4), an epoxy resin, a low-molecular-weight polyester, isocyanate 
cross-linkers, and a polymerizable ultraviolet ( U V ) stabilizer. 

Over the past 10 years the molecular-weight range amenable to commer
cial mass spectrometers has increased dramatically. Advances i n instrument 
design and alternative ionization schemes have al lowed the collection of intact 
molecular-weight data o n polymers i n excess of 10, 000 D a . Soft ionization 
strategies have made intact molecular-weight data o n compounds of low 
volatility almost commonplace. K + I D S is an ionization method that produces 
pseudomolecular ions i n the form of [ M ] K + w i t h little or no fragmentation. 
Intact organic molecules are desorbed by rapid heating (5) . In the gas phase 
the organic molecules are ionized by potassium attachment. Potassium ions 
are produced b y thermionic emission of K + f rom an aluminosilicate matrix 
that contains K 2 0 . K + I D S is easily per formed on commercial quadrupole 
mass spectrometers. T h e equipment necessary for K + I D S is less expensive 
than the more c o m m o n soft-ionization techniques, such as field desorption 
(6, 7), laser desorption (8-10), secondary-ion mass spectrometry (11, 12), and plasma desorption (13). W e have found only slight differences w h e n the 
molecular-weight data afforded b y K + I D S are compared to any of the 
aforementioned ionization strategies u p to 2000 D a . 

Experimental Details 
A l l K + I D S experiments were per formed o n a quadrupole mass spectrometer 
(F innigan model 4615B G C / M S ) . A n electron impact source configuration 
operating at 200 °C and a source pressure of < 1 X 1 0 " 6 torr was used i n al l 
experiments. 
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30. SIMONSICK Characterization of Polymer Building Blocks 713 

The detailed experimental procedure for K + I D S has been described 
elsewhere (3); however, a br ie f explanation w i l l be given here. Commerc ia l ly 
available (Finnigan, San Jose, C A ) direct-exposure probe filaments are coated 
w i t h a 1 0 % w / w slurry of A l 2 O s , 2 K N 0 3 , and 2 S i 0 2 i n acetone. T h e coated 
filaments are dr ied and condit ioned by heating the filament to approximately 
500 °C under vacuum. Neat samples (0.1 mg) or 1 0 % w / w solutions (0.2 
μ ί . ) are deposited onto a stainless steel r ibbon adjacent to the condit ioned 
filament. The filament and sample are inserted into the i o n source of the 
mass spectrometer and a 1.3-A current is applied to the filament. T h e 
application of a high current to the filament causes resistive heating of 
the filament w i t h subsequent K + emission f rom the aluminosilicate matrix. 
T h e sample, w h i c h is i n close proximity to the filament, is radiatively heated 
and intact large organic molecules are desorbed. T h e organic molecules 
coll ide wi th K + and are cationized. F o r these studies, the mass spectrometer 
was scanned f rom 100-1000 D a / s unless otherwise noted. U n d e r these 
conditions, we obtained between three and five scans per sample that were 
averaged to y ie ld the reported spectra. Ions are seen as [ M ] K + , the mass of 
the analyte, plus 39 D a , the mass of potassium. 

In the fu l l scan mode the K + I D S technique is about an order of 
magnitude less sensitive than traditional electron impact mass spectrometry. 
A 1 0 ^ g sample provides enough signal to clearly see a polymer distribution. 
However , using selected ion monitoring, we can obtain polymer distributions 
on as little as 100 ng of material. In the fol lowing investigations, we d i d not 
attempt to optimize the sensitivity of Κ + I D S . 

Results and Discussion 

Acrylic Cross-Linker. W e used K + I D S and supercritical fluid chro
matography (14) to characterize tripropylene glycol diacrylate ( T P G D A ) . The 
structure of the material is given i n I. T P G D A is synthesized w i t h acrylic acid 
( A A ) and tripropylene glycol. T P G D A is difunctional and is used to cross-link 
acrylic formulations. The degree of cross-finking is key to the final properties; 
therefore, the contents of the cross-linker are important. Furthermore , to 
make a quality product it is important that the constituents of the raw 
materials do not vary. Therefore, for the purpose of quality assurance-quality 

3 
MW = + 300 g / m o l 
[M1K « 339 Da 
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714 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

control ( Q A - Q C ) it is important to have a method to quickly analyze 
commercial T P G D A . 

T P G D A has a molecular weight of 300 g / m o l and is amenable to gas 
chromatography; however, any higher molecular-weight compounds w o u l d 
exceed the volatility range of gas chromatography. Furthermore , the lack of a 
strong chromophore makes H P L C characterization difficult. F igure 1 (top) is 
the K + I D S mass spectrum of neat commercia l T P G D A . There are several 
peaks present. T h e base peak seen at 339 D a is due to potassiated T P G D A . 
The peak seen at 285 D a is 54 D a less than the T P G D A , w h i c h we attribute 
to monofunctional material (II). T h e loss of one A A moiety (72 Da) coupled 
to a gain of water (18 D a ) results i n a net loss of 54 D a . T h e peak at 411 D a 
is 72 D a higher i n molecular weight than the T P G D A . Because A A weighs 72 
D a , we attribute the 411 peak to an additional A A attached through the vinyl 
group (III). However , other isomers can y ie ld a [ M ] K + i o n at 411 D a . 
Unfortunately, K + I D S does not distinguish between isomers. In such cases, 1 3 C N M R i n conjunction w i t h the K + I D S spectrum has provided isomer 
elucidation (14). T h e peak at 585 D a is 246 D a higher i n molecular weight 
than the T P G D A . Because the molecular weight of the acrylic acid tr ipropy
lene glycol adduct is 246 D a , we attribute the peak at 585 D a to IV. Species 

339 

285 
411 585 

M/z (DAL TONS) 

-
( D 

r (H) ( i n ) ( I V ) 

, rJ, l Α Λ 

T I M E / P R E S S U R E 

Figure 1. Top: Κ +IDS mass spectrum of TPGDA cross-linker (l). Bottom: 
Supercritical fluid chromatogram of TPGDA. Mobile phase conditions and 
program are 100 °C carbon dioxide at 200 atmfor 10 min ramped to 415 atm at 

10 atm/min. Column-10M biphenyl-30. Detector-flame ionization at 350 °C. 
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3 
MW =+ 246 g/moi 
[ Μ ] Κ - 285 Da 

II 

IV still affords cross-l inking via the acrylate moiety. It is important to identify 
and quantify the ingredients i n cross-hnkers for both product reproducibi l i ty 
( Q A - Q C ) and for S P R studies. K + I D S provides the tool to characterize the 
cross-hnker, particularly for the higher molecular weight adducts. 

U n d e r K + I D S conditions, the sample under study may be exposed to 
excessive temperatures that y i e l d artifacts. T o insure that the sample integrity 
was preserved, we chose a chromatographic method to support our K + I D S 
results. T o show that the larger ions seen i n the mass spectrum were not due 
to the reassociation of thermal fragments, we used supercritical fluid chro
matography ( S C F ) w i t h a C 0 2 mobile phase and flame ionization detection 
(15). T h e sample integrity is preserved by use of this chromatographic 
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716 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

technique. F igure 1 (bottom) is the S F C chromatogram of the T P G D A 
cross-hnker. The presence of four major peaks corroborates the K + I D S data. 
W e d i d not identify each peak; however, S F C separates compounds based o n 
their solubility i n supercritical C 0 2 , w h i c h generally decreases w i t h increas
ing molecular weight, hence our peak assignments. Both K + I D S and S F C 
show the T P G D A comprise about 8 0 % of the mixture. 

Oligomer Functionality. W e have used K + I D S to identify the 
products of a group-transfer polymerization (4) . Ol igomeric poly (methyl 
methaerylate) ( P M M A ) was synthesized to a degree of polymerization of 4 
using an epoxy initiator and tetrabutylammonium metachlorobenzoate 
( T B A C B ) as the catalyst. The epoxy initiator provides a site for subsequent 
reaction; therefore, it is crit ical that the epoxy groups be preserved. R u n 1 
was quenched w i t h methanol and subjected to K + I D S analysis; F igure 2 
(top) shows the resulting mass spectrum. R u n 2 was conducted i n the same 
manner, except four times as m u c h T B A C B catalyst was added prior to the 
methanol quench. F igure 2 (bottom) shows the K + I D S mass spectrum f rom 
this second run. Note that the h igh- and low-intensity components i n these 
two spectra are reversed. 

T h e primary envelope i n F igure 2 (top), comprised of 483, 583, . . . , is 
attributed to the desired product (V). The 100-Da spacing between oligomer 
peaks is due to the methyl methaerylate ( M M A ) repeat unit. The primary 
envelope i n F igure 2 (bottom), of ions w i t h mass 341, 441, 541, . . . , corre
sponds to components w i t h the structure containing only P M M A (VI). These 
components are formed by transesterification of the epoxide group initiator, resulting i n the unwanted loss of this functionality. The i o n observed i n both 
spectra at 309 D a arises f rom the substituted cyclohexanaone moiety (VII), w h i c h i n turn is generated by a backbit ing chain termination mechanism that 
occurs to a greater extent at higher catalyst concentrations. 

Because K + I D S is a relatively new technique, we sought some corrobo
rative evidence for our interpretation of these analyses. W e t chemical analysis 
d i d i n fact show that the product of r u n 1 had an epoxy content approximately 
2.5 times that f rom r u n 2. Moreover , glycidol, the byproduct of the transes
terification reaction, was detected i n r u n 2 at 2.5 times the level as i n r u n 1. 
These results support our conclusions based on the K + I D S analyses that 
about 2 0 % of the epoxy groups are lost via transesterification when a normal 
catalyst concentration is used; substantially more epoxy groups are lost w i t h 
the formation of unwanted materials at higher catalyst levels. 

Epoxy Resins. T h e molecular weight information obtained b y 
K + I D S was used to characterize oligomeric ( < 1000 D a ) epoxy resins. T h e 
rich structural information provided by K + I D S assisted i n the identification 
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M/z (DAL TONS) 

M/z (DAL TONS) 

Figure 2. Top: Κ +IDS mass spectrum of oligomeric PMMA synthesized with a 
normal catalyst dose. Bottom: Κ +IDS mass spectrum of oligomeric PMMA with 

a 4 X normal catalyst load. 

of many of the compounds contained i n a synthetic reaction product. Several 
monofunctional , difunctional, and chlorine-containing oligomers were identi 
fied using K + I D S . The structure of a bisphenol A ethoxylated epoxy resin is 
given i n VIII. T h e desired difunctional material is crit ical to extending a 
polymer chain w i t h other mult i functional materials. The K + I D S mass spec-
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+ 

IM] Κ - 383 , 483 . 583 . . . 

V 

+ 
C M ] Κ - 34 1 , 44 1 , 5 4 1 . 

VI 

C M]K +- 309 Da 
VII 

t r u m of the reaction mixture targeted at the synthesis of VIII is seen i n 
F igure 3. 

T h e pr imary envelope consisting of m/z = 555, 599, 643 D a , . . . , results 
f rom potassium cationization of VIII. The envelope, w h i c h is composed of 
ions m/z = 445, 499, 543 D a , results f rom potassium cationization 
oligomers that contain only one epoxide r ing termed monofunctional (see 
IX). Monofunct ional material is undesirable because once the epoxide is 
reacted, no further chain extension can proceed. T h e structures that give rise 
to the envelope of 529, 587, 645 g / m o l , etc., display a significant M + 41 
ion . T h e intensities ( > 30%) are m u c h higher than expected f rom 4 1 Κ and 
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30. SIMONSICK Characterization of Polymer Building Blocks 719 

1 3 C isotope contributions. This pattern is consistent w i t h the isotope pattern 
expected f rom a monochlorine-containing species. Epiehlorohydrin , used i n 
the preparation of the epoxy resin, is the chlorine source. W e attribute this 
envelope to X. T h e presence of chlorine can adversely affect the activity of 
certain catalysts. There are also other m u c h less abundant envelopes whose 

η 
m/z « 379 Da + 44(n+m) 

VIII 

m 
m/z - 323 Da + 44(n+m) 

IX 

c ι 

η 
m/z - 471 Da + 44(n+m) 

X 

m 

M/z (DAL TONS) 

Figure 3. Κ +IDS mass spectrum of an ethoxylated bisphenol A epoxy resin. 
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molecular weight correspond to combinations of the aforementioned species 
such as dihydroxy-terminated species. In one 10-min experiment, the diepoxy, monoepoxy, and chlorine-containing ohgomers were identif ied and quanti
fied. 

Polyurethanes. Polyurethane coatings offer a host of attractive prop
erties, such as excellent chemical and abrasion resistance and superior 
weathering ability as measured by gloss retention. Polyurethane coatings can 
be produced by the reaction of a polyol w i t h a mult i functional isocyanate. 
The polyol , such as a polyester, can be low molecular weight ( < 10, 000 
g/mol) . T h e isocyanate cross-linker is usually highly functional and lower 
molecular weight ( < 1000 g/mol) . T h e use of low-molecular-weight highly 
functionalized materials for polyurethane coatings is a popular method to 
raise the solids content of automotive coatings, thereby reducing the volatile 
organic content (16). K + I D S is a useful technique to characterize all of the 
chemical moieties contained i n both the polyester polyol and the mult i func
tional cross-linker. T h e specific ingredients of each component affect the final 
properties of the urethane coating. 

F igure 4 is the K + I D S mass spectrum of a neopentyl glycol ( N P G ) 
isophthafic acid ( IA) polyester polymerization taken i n the early stages. Based 
upon the molecular weight data afforded by K + I D S and a knowledge of 
starting ingredients, structure assignments are possible. I A weighs 166 D a 
and N P G weighs 104 D a . E a c h ester linkage is accompanied by a loss of 
water (18 Da) . Therefore, we attribute the base peak at 845 D a ion to the 
[ N P G - I A - N P G - I A - N P G - I A - N P G ] K + moiety, [104 D a + 166 D a + 104 

845 

611 

759 

525 
Ί '1 11Ί Ί 1 1 Ί Ί Ί 'P IΊ Ί Ί^Ι Ί 'Ι'Ί 'Ί Ί 1 1 Ί 1 '̂ f1 

993 
11 j I j I ) 11111 j ι |f 111.1111'| 111111.1111111111111Ί 11111.111 

M/z (DAL TONS) 

Figure 4. Κ +IDS mass spectrum of a low-molecular-weight polyester resin 
taken in the early stages of polymerization. 
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30. SIMONSICK Characterization of Polymer Building Bloch 721 

D a + 166 D a + 104 D a + 166 D a + 104 Da] - [6 X 18 Da] + 39 D a = 
845 D a . In a similar fashion, the other significant ions can be assigned 
structures. Table I summarizes our structure assignments. 

W e load an excess of polyol to insure that the majority of the polyester 
chains are hydroxyl terminated. T h e hydroxyl-terminated moieties are 
amenable to K + I D S ; however, the acid-terminated oligomers sometimes 
undergo dehydration reactions, w h i c h complicates data interpretation. F o r 
example, the ion seen at 741 D a is 18 D a less than the hexamer. W e attribute 
the dehydration to an artifact of K + I D S . T o minimize competing reactions 
we can convert acid end groups to their corresponding methyl- or tr imethyl-
silyl esters. I n general, we have found that esters desorb more efficiently than 
the corresponding acids. 

Hexamethylene diisocyanate ( H D I ) is a popular aliphatic cross-hnker 
used i n the preparation of polyurethanes. D e p e n d i n g o n the conditions under 
w h i c h the H D I was synthesized, a different distribution of products can 
result. Furthermore , depending on the specific isocyanate mixture used i n a 
polyurethane film preparation, different final properties w i l l result. Most of 
the constituents i n commercial grade isocyanates differ i n molecular weight 
and can therefore, be distinguished by Κ + I D S . 

F igure 5 shows the K + I D S mass spectra of two H D I mixtures that were 
synthesized under different conditions. H D I ( I ) seen i n the top spectrum of 
F igure 5 had been stored i n a refrigerator for over 10 years, whereas 
H D I ( I I ) , seen i n the bottom spectrum of F igure 5, was a freshly synthesized 
batch targeted at producing pr imari ly the isocyanurate t r imer (XI). T h e H D I 
batches contain several c o m m o n ions, but their relative amount differ signif
icantly. H D I , ( O C N - ( C H 2 ) 6 - N C O ) , weighs 168 D a . Therefore, the ion 
seen at 207 corresponds to the monomer. T h e 375 -Da i o n is due to the 
dimer, the 5 4 3 - D a ion to isocyanurate t r imer (XI), the tetramer appears at 
711 D a , and the pentamer at 879 D a . T h e base peak i n H D I ( I ) appears at 
349 D a , w h i c h is 26 D a less than the dimer. W e attribute a loss of 26 D a to a 
replacement of the isocyanate group ( N C O = 42 D a ) by a primary amine 
( N H 2 = 16 Da) . Therefore, we attribute the peak at 349 D a to the O C N -
( C H 2 ) 6 - N H - C ( O ) - N H - ( C H 2 ) 6 - N C O urea. L ikewise , the peak at 
517 D a is due to the biruet of H D I (XII). T h e ions seen at 225 and 407 D a i n 

Table I. Proposed Structures for Ions Seen in K + I D S Mass 
Spectrum of an I A - N P G Polymerization 

Ion (Da) Proposed Structure 

525 [ N P G - I A - N P G - I A ] K + 

611 [ N P G - I A - N P G - I A - N P G ] K + 

759 [ N P G - I A - N P G - I A - N P G - I A l K + 

845 [ N P G - I A - N P G - I A - N P G - I A - N P G ] K + 

993 [ N P G ~ I A - N P G - I A - N P G - I A - N P G - I A ] K + 
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M/z (DAL TONS) 

M/z (DAL TONS) 

Figure 5. Top: Κ +IDS mass spectrum of aged hexamethylene diisocyanate 
cross-linker. Bottom: Κ + IDS mass spectrum of HDI that was formulated to 

maximize the isocyanurate moiety (XI). 

NCO 

<k>. 
OCN— (CH 2 ) β

Ν γ Ν θ Η 1 ) r N C O 
0 

MW « 504 g/mol 

I M I Κ - 543 Da 

XI 

0 C N - ( C H 2 ) e - N 

υ 

y N - ( C H 2 ) - N C 0 

MW - 488 g/mol 

CM1K* - 517 Da 

XII 
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Figure 5 (bottom) are attributed to m o n o m e l i c H D I that has been reacted 
w i t h one molecule of water to form carbamic acid and dimerie H D I that has 
reacted w i t h two molecules of water. 

Polymerizable Stabilizers. T h e usable hfetimes of polymeric mate
rials are lengthened by the addition of stabilizers. Specifically, degradation 
caused by U V radiation can be slowed by the addition of benzotriazole-type 
U V stabilizers. T h e commercial ly available stabilizers are relatively non
volatile so they do not vaporize dur ing a thermal cure or exude f rom the 
polymer over t ime. 

Another approach to minimize stabilizer volatilization or exudation is the 
use of polymerizable stabilizers (17) . Polymerizable stabilizers prepared from 
functionalized monomers have advantages over conventional stabilizers. T h i n -
film coatings benefit f rom polymer b o u n d stabilizers for protection against 
the harmful effect of increased temperature dur ing curing. Furthermore , once these polymerizable stabilizers are incorporated into the polymer back
bone, long-lasting U V stability, oxidative stability, and gloss retention are the 
recognized payoffs (17) . However , the successful synthesis of such materials 
can be difficult and can produce a host of undesirable byproducts. W e have 
found K + I D S to be extremely valuable for the analysis o f polymerizable 
stabilizer syntheses. 

F igure 6 is the K + I D S mass spectrum of the reaction product of 
2(2-hydroxy-5-methylphenyl) 2H-benzotr iozole (261 g/mol) and N-(meth-
ylol) methacrylamide (115 g/mol) . The peak seen at 383 D a contains an even 
number of nitrogen molecules and the isotope pattern is indicative of a one 

M/z (DAL TONS) 

Figure 6. Κ +IDS mass spectrum of the polymerizable UV-stabilizer (XIII) 
synthesis. 
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chlorine molecule pattern ( [ M ] K + / [ M + 2 ] K + = 3/1). Thus , we propose 
that the 383 -Da i o n results f rom addition of a molecule of N-(methylol) 
methacrylamide to the benzotriazole coupled w i t h the evolution of methanol: 
[261 D a + 115 D a - 32 Da] + 39 D a = 383 D a . U s i n g K + I D S we cannot 
distinguish the specific substitution site or isomer; however, both U V - v i s i b l e 
spectroscopy and 1 3 C N M R spectroscopy can distinguish these isomers once 
K + I D S narrows the possibilities. W e attribute the 383 -Da i o n to the desired 
product (XIII). 

T h e ion seen at 466 D a has an o d d number of nitrogen molecules and 
possesses a one chlorine isotope pattern. A d d i t i o n of iV-(methylol) methacryl
amide to the unreacted hydroxyl moiety coupled w i t h methanol evolution 
w o u l d y ie ld a [ M ] K + of 466 D a . Therefore, we attribute this i o n to XIV. T h e 
use of the difunctional material (XTV) i n a polymer synthesis w o u l d give an 
unacceptable product . Structure XTV is a difunctional methaerylate that 
w o u l d cross-link a resin, rapidly b u i l d molecular weight, and possibly gel the 
reaction. K + I D S provides a rapid molecular weight check of a targeted 
synthesis. Typical ly, we use 1 3 C N M R i n conjunction w i t h K + I D S to e luci 
date reaction pathways and products (14). O n c e we narrow the possibilities o f 
products produced i n an organic synthesis using K + I D S , 1 3 C N M R assign
ments and other methods that can distinguish isomers are m u c h easier. 

HO H 

MW - 334 g/mol 

[ M l K + - 363 Da 

XIII 
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30. SIMONSICK Characterization of Polymer Building Blocks 725 

Summary 

W e have demonstrated the utility of K + I D S for the characterization of 
compounds w i t h relatively low volatility i n the molecular weight range of 
about 200-1000 D a . This molecular weight regime encompasses oligomeric 
bui ld ing blocks and cross-linkers whose structures can dramatically affect the 
final properties of polymers and films. K + I D S is widely applicable and 
inexpensive to per form on popular commercial equipment. T h e experiment 
requires a mere 10 m i n to perform, w h i c h includes sample preparation. T h e 
molecular weight information afforded by K + I D S is useful for structure 
elucidation. Therefore, we use K + I D S for Q A - Q C applications, trouble
shooting, and as a quick screen for organic syntheses. Once the total 
ingredient package is known, structure-properties studies can be better 
conducted. 
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Surface Analysis by Laser Ionization 
Applied to Polymeric Material 

S. M . Daiser 1 and S. G. MacKay2,* 

Physical Electronics Division, Perkin-Elmer Corporation, 6509 Flying Cloud 
Drive, Eden Prairie, M N 55344 

Single-photon ionization surface analysis by laser ionization (SPI—SALI) 
coupled with a static primary ion beam or a soft laser beam for 
desorption is a promising new method for the characterization of 
polymer surfaces. SPI-SALI combines nonresonant photoionization of 
desorbed or sputtered neutral atoms and molecules with analysis by 
time-of-flight mass spectrometry in ultrahigh vacuum. Stimulated des
orption is accomplished by an ion source (Cs+, Ar+, or Ga+), 
electron gun, or laser-induced desorption (CO2 or Nd:YAG). Single
-photon ionization using 118-nm light is useful for identifying polymer 
material, such as polyethylene glycol, polystyrene, polydimethyl silox-
ane, and many others, by the ease of the monomer identification. 

. A N A L Y S I S OF SOLID SURFACES BY POSTIONIZATION TECHNIQUES has received 
m u c h attention over the past several years ( I ) . These techniques include 
surface analysis by laser ionization ( S A L I ) (2) , sputter-initiated resonance 
ionization spectroscopy ( S I M S ) (3), and surface analysis b y laser ionization of 
sputtered atoms ( S A R I S A ) (4). T h e use o f postionization techniques for 
surface analysis has received widespread interest because of the increased 
sensitivity provided relative to the more traditional surface analytical tech
niques such as X-ray photoelectron spectroscopy (XPS) . Postionization tech-

1Present address: Berger and Partner, Arabella Str. 33, 8000 Munich, Germany. 
2Present address: 3M Company, 3M Center, Building 201-2S-16, St. Paul, MN 55144. 
*Corresponding author. 

0065-2393/93/0236-0727$06.00/0 
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728 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

niques also provide more reliable quantification compared to secondary ion 
mass spectrometry ( S I M S ) . 

Postionization methods have been used to study a variety of interesting 
material systems. W h e n a surface is bombarded by a pr imary i o n beam 
(Figure 1), the y ie ld for secondary neutral emission is usually orders of 
magnitude higher than the y ie ld for secondary ion emission (5). Laser 
ionization of desorbed neutrals i n the gas phase above the sample surface is 
the basis for the S A L I postionization technique. D e c o u p l i n g the sputtering 
process f rom the ionization process and ionizing the dominant neutral species 
above the sample surface avoids the variations i n ionization probabilities 
("matrix effects") that often plague S I M S measurements. 

Laser-based photoionization techniques fall into two categories: nonreso-
nant-enhanced ionization and resonant-enhanced ionization. T h e use of non-
resonant-enhanced ionization ( S A L I ) is the most promis ing method w h e n 
quantification and general applicability to a variety of material systems are 
considered. 

Surface Analysis by Laser Ionization 
S A L I is a three-step process that involves a probe beam, photoionization, and 
mass analysis. F igure 2 depicts the S A L I process. U n d e r vacuum, the surface 
of interest is irradiated by a pulsed probe beam of ions, electrons, or photons. 

SAMPLE 

Figure 1. Sputter-induced formation of ions and neutral particles. 
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31. DAISER AND MACKAY Surface Analysis by Laser Ionization 729 

Time - of - Flight (TOF) 
Mass Analyser 

Photoionized 
Neutrals 

Laser Beam 
Sputtered 
Neutrals 

manmm 

T O F 
Extraction 
Lens 

Ion Beam 

Figure 2. Technique description of the SALI process. 

This irradiation causes the desorption of a small amount of surface material. 
T h e neutral species released i n this process are nonresonantly ionized by a 
high-intensity pulsed ultraviolet laser passing i n close proximity to the sample 
surface. T h e resulting photoions are then accelerated, focused, and al lowed to 
drift i n a field-free region for time-of-flight ( T O F ) mass analysis. 

Desorption Beam. Surface removal for sampling involves the move
ment of atoms and molecules f rom the top surface layer into the vapor phase. 
The fact that the ionization step is decoupled f rom the surface-removal step 
implies a great deal of flexibihty and control i n the type and conditions of the 
energetic beam chosen to stimulate desorption. F o r elemental analysis of 
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730 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

inorganic materials, typically a 5 0 - 1 0 0 - μ π ι A r + or C s + , or a submicrometer 
diameter G a + beam at several kiloelectronvolts is used to enable submono-
layer or "static" analysis by puls ing the beam and keeping the total dose 
extremely low ( < 1 Χ 1 0 1 3 i o n s / c m 2 ) . T h e small-spot G a + beam is w e l l 
suited to quantitative chemical mapping w i t h submicrometer spatial resolu
t ion. F o r bulk polymers or th in polymer films, energetic electrons or another 
laser beam sometimes result i n superior mass spectra relative to pulsed 
ion-beam sputtering. E v e n thermal desorption can be used to investigate the 
temperature dependence of thermally sensitive samples. 

Nonresonant Photoionization. T h e two forms of nonresonant (and 
therefore nonselective) photoionization that are used for S A L I are il lustrated 
i n F igure 3. 

F o r elemental analysis, a powerful pulsed laser that delivers focused 
power sensitivities greater than 1 0 1 0 W / c m 2 is used for mult iphoton ioniza
t ion ( M P I ) . Typical ly al l the species w i t h i n the laser focus volume are ionized 
without the need for wavelength tuning and regardless of chemical type. 

Vacuum Level 

Ionization 
Potential 

Ground State 

Non-Resonant 
Multi-Photon Ionization 

Excimer Laser 
KrF: E = 5.0eV 
ArF: E = 6.4eV 

Non-Resonant 
Single Photon Ionization 

VUV Laser 
118 nm: E = 10.5eV 

Figure 3. SALI ionization process. 
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31. DAISER AND MACKAY Surface Analysis by Laser Ionization 731 

Nonresonant photoionization yields the desired uniformity of detection prob
ability essential for quantification. F o r molecular analysis, a "soft" (i.e., nonfragmenting) photoionization is needed and is supplied by vacuum ultravi
olet ( V U V ) hght w i t h wavelengths in the range of 115-120 n m (10.5 eV). 
Photoionization at this wavelength is achieved by single-photon ionization 
(SPI). Because relative photoionization cross-sections for molecules do not 
vary greatly i n this wavelength region, semiquantitative raw data result. 
Improvement i n quantification for both photoionization methods is achieved 
w i t h calibration. Sampling the majority neutral channel means m u c h less 
stringent requirements for calibrants than for direct i o n product ion f rom 
surfaces by energetic particles. Relaxed calibrant requirements are especially 
important for the analysis of unknown bulk polymer materials. 

A detailed description of the S P I - S A L I process is given by Pallix et al. 
(6). 

Time-of-Flight Mass Spectrometric Analysis. T w o features of 
the T O F mass spectrometer make it an ideal choice for a pulsed ionization 
measurement. First , there is an inherent multiplex advantage i n that al l 
masses arrive at the detector for each laser pulse. This advantage is very 
valuable f rom a sensitivity point of view w h e n unknowns may be present. T h e 
second main feature is that T O F mass spectrometers have very high eff i
ciencies; transmission frequently is i n the range of 0.3 to 0.7. 

T h e T O F mass spectrometer used i n this study incorporates a special 
electrostatic mirror called a reflectron that acts as an energy-focusing device 
to achieve high mass resolution (7) . The reflectron works because the higher 
kinetic energy ions penetrate deeper into the reflecting electrostatic field and 
thus take longer to turn around. T h e shorter drift t ime of the faster particles 
is closely matched by tuning the instrument to the longer turnaround t ime 
required. T h e instrument is set so that fast and slow ions of the same mass 
arrive almost simultaneously at the detector. Another feature of the reflec-
tron-based analyzer is that the reflectron electrostatically discriminate against 
secondary ions that are formed at the sample surface and thereby eliminate a 
potential source of background. Secondary ions are formed i n a region of 
higher potential and have higher kinetic energies than the photoions that are 
formed i n the laser focal volume above the surface. T h e reflecting gr id is 
adjusted to an intermediate potential that reflects the desired photoions and 
does not reflect the secondary ions. Another advantage of the reflectron 
analyzer is that w i t h the laser off, T O F - S I M S measurements, w h i c h allow for 
mass resolutions > 10, 000, can be taken. 

Modes of Analysis 

S A L I applies to two methods of postionization: mult iphoton and single-pho
ton ionization ( M P I and SPI) . E a c h method can be ut i l ized i n one of the 
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732 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

three modes of analysis: survey analysis, depth profi l ing, and chemical map
ping. B o t h the survey and mapping modes are used i n polymer material 
characterization. 

Survey spectra using the SPI mode are used pr imari ly for monomer 
identification i n and modifications to polymer films as w e l l as bulk polymer 
materials. Furthermore , SPI survey spectra can be used for the quantification 
of surface components i n inorganic and organic materials that have a typical 
parts per m i l l i o n detection l imi t (8) . T h e extremely high sensitivity of the SPI 
mode i n application to organic materials is one o f the most promising features 
of S A L I . I n certain cases, such as th in films of polycyclic 2, 3, 7, 8-tetrachloro-
dibenzo-p-dioxin and 7-methylguanin, attomole sensitivities ( < 1 0 ~ 1 5 m o l or 
10~ 6 monolayer over 1 m m 2 ) have been found (9) . 

S A L I mapping is a sensitive and quantitative method for characterization 
of the spatial distribution of elements i n both organic and inorganic materials. 
S A L I mapping is currently l imi ted to elemental (rather than molecular) 
analysis because it is not practical to use S P I i n this mode. This hmitation is 
due to the low laser repetition rate (10-50 H z ) of the N d : Y A G lasers used for 
SPI analysis and the fact that useful yields for S P I - S A L I are typically 10~ 5 . 
A t this low duty cycle, only neutral species w i t h high useful yields ( > 10~ 2 ) 
can be detected w i t h reasonable sensitivity i n a practical t ime frame for a 
128 X 128 map. 

Polymer Applications 
Polymer Films. T h e first example is a th in film (a few monolayers) of 

polyethylene glycol ( P E G ) that was dissolved i n methanol and cast onto a 
sil icon wafer. T h e S P I - S A L I analysis used i o n sputtering to desorb the 
polymer material. T h e pr imary beam conditions were as follows: 7 -kV A r + , 2 - μ A dc current, 10- μ$ pulse width , and an i o n dose of 5 X 1 0 1 2 i o n s / c m 2 . 
Photoionization by S P I was achieved using 118-nm light. T h e laser pulse 
w i d t h produced was ~ 8 ns, and the spectra were recorded using 10-ns 
t ime-resolution steps. T h e laser repetition rate was 10 H z , w h i c h y ie lded an 
average analysis t ime of 1 m i n . N o charge compensation was needed for this 
analysis. 

T h e dominant feature i n the S P I - S A L I spectrum of the P E G film 
(Figure 4) is the monomer peak at m/z = 44 ( M = — C H 2 = C H 2 — Ο 
I n addit ion to the strong monomer peak, there are peaks at m/z = 88 and 
132 that correspond to the d imer and trimer, respectively. 

I n comparison, F igure 5 shows the T O F - S I M S spectrum of an identical 
sample over the same mass range. U n l i k e the S A L I spectrum, the T O F - S I M S 
spectrum shows only a small monomer peak w i t h an intense M + H + peak at 
a mass-to-charge ratio m/z — 45. This result seems to indicate that the more 
characteristic monomer peak preferably sputters as a neutral species. T h e soft 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
03

1

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



LI
 

II
* 

4
4 

C
C

H
2- 

C
H

2
- 

0)
n 

M
 =

 
44

 

"2
 

Bf
l 

IIL
—

.JI.
I. 

J 
«3

* 
13

2., 
20

 
40

 
60

 
80

 
M

AS
S/

CH
AR

G
E,

 
m

/e
 

10
0 

12
0 

14
0 

Fi
gu

re
 4

. 
SP

IS
A

LI
 

sp
ec

tr
um

 o
f 

a 
th

in
 p

ol
ye

th
yk

ne
 

gl
yc

ol
 (

P
E

G
) 

fil
m

 o
n 

Si
 a

cq
ui

re
d 

w
it

h 
50

0 
pu

ls
es

 o
f 

11
8-

nm
 

VU
V 

po
st

io
ni

za
ti

on
 r

ad
ia

ti
on

, 
5 

E
12

 i
on

s/
cm

2 
A

r+ 
pr

ob
e 

be
am

. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
03

1

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



20
 

40
 

60
 

80
 

10
0 

Ma
ss

/C
ha

rg
e 
(m
/z
] 

gu
re

 5
. T

O
F-

SI
M

S 
sp

ec
tr

um
 o

f 
a 

th
in

 p
ol

ye
th

yl
en

e 
gl

yc
ol

 (
P

E
G

) 
fil

m
 o

n 
Si

 a
cq

ui
re

d 
w

ith
 2

00
, 0

00
 p

ul
se

s 
of

 C
s 

~ 
io

n 
so

ur
ce

, 1
.6

 Ε
10

 io
ns

 
/c

m
2. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
03

1

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 
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ionization of the SPI process is evident i n the high intensities of the d imer 
and tr imer ions relative to the monomer i o n i n the S A L I spectrum. T o 
complete the comparison, F igure 6 displays the static S I M S spectrum of the 
same polymer film taken o n a quadrupole S I M S instrument. The static S I M S 
spectrum shows similarities w i t h the T O F - S I M S spectrum i n that the 
intensity of the monomer peak is also very weak and the fragmentation 
pattern is similar. T h e experimental conditions i n T O F - S I M S and static 
S I M S were similar to S P I - S A L I except that there was no laser for postioniza
t ion (real secondary ions were analyzed). I n the T O F - S I M S mode, the i o n 
gun was pulsed w i t h a very short pulse w i d t h of 1.0 ns, whereas i n the static 
S I M S , the i o n gun was operated i n the dc mode w i t h an i o n dose of 5 Χ 1 0 1 2 

i o n s / c m 2 . T h e ful ly interpreted static S I M S spectra, inc luding individual 
peak assignments, can be found i n Static SIMS Handbook of Polymer 
Analysis (10). 

T h e ease of monomer identification and the relatively clean spectrum i n 
S A L I are the result o f the soft ionization produced by using SPI . T h e result 
of this type of ionization process is that there is fragmentation f rom both the 
desorption step and the ionization step. T h e contribution of the ionization 
step i n many cases is min imal . 

T h e superiority of S P I - S A L I over conventional techniques l ike 
T O F - S I M S or static S I M S i n terms of fragmentation and ease of monomer 
identification has already been measured and conf irmed on a variety of 
different polymers, such as polystyrene (6), poly(tetrafluoroethylene) (Teflon) 
(11) , and poly (methyl methaerylate) ( P M M A ) (6) as w e l l as polymer blends 
(12) . 

Bulk Polymers. T h e first example is a 1-mm-thick film of p o l y ( d i -
methylsiloxane) ( P D M S ; si l icon rubber sheet) w i t h an average molecular 
weight between cross-links of 5726. T h e S A L I experimental conditions were 
7-kV A r + , 2 - μ Α dc current, 5 - μ 8 pulse w i d t h , and 5 X 1 0 1 2 i o n s / c m 2 . 

Charge compensation for the P D M S sample was per formed using a 
pulsed neutralizer-extractor assembly i n w h i c h 12-eV electrons were used to 
flood the sample surface. 

F igure 7 is the S P I - S A L I spectrum for a thick film of P D M S . T h e 
dominant peak i n the low-mass range is again the monomer at m/z = 74 
[ M = S i ( C H 3 ) 2 0 ] . A second scan, taken to extend the mass range, is shown 
i n F igure 8. T h e observed distribution is a series of peaks at mass intervals of 
74 ( S i C H 3 0 ) w i t h an average weight of 355 mass units. T h e presence of a 
lower molecular weight species on the surface, w h i c h could be either a 
thermal degradation product or a non-cross-l inked low molecular weight 
siloxane species, is indicated. F igure 9 is an expanded region of the higher 
mass range spectrum that includes the ( M ) 4 + S i C H 3 0 + peak at m/z = 355. 
T h e mass resolution, defined as Μ / Δ M , where Δ M is the f u l l w i d t h at half 
maximum, is approximately 1500 at mass 355. 
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740 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Another example of the S P I - S A L I analysis for bulk polymer materials is 
a thick piece of polystyrene. F igure 10 shows the ion- induced S P I - S A L I 
spectrum of the polystyrene sample. Ion bombardment was per formed using 
5-keV A r + at a total i o n dosage of 7 Χ 1 0 1 1 i o n s / c m 2 . T h e S A L I spectrum 
again has an intense monomer peak at m/z — 104 ( M = C 8 H 8 ) , unl ike 
T O F - S I M S or quadrupole static S I M S spectra of the same material (13). 
Other characteristic polystyrene peaks are observed i n the S A L I spectrum at 
m/z = 115 ( C 9 H 7 ) , 91 ( C 7 H 7 ) , and 78 ( C 6 H 6 ) . T h e dominance of the 
monomer peak is even more pronounced w h e n the i o n beam (used for 
desorption) is replaced by a laser beam. F igure 11 shows the laser-induced 
S P I - S A L I spectrum of the same sample. This spectrum shows m i n i m a l 
damage to the polymer. T h e prevail ing peak is the monomer peak at 
m/z = 104 ( C 8 H 8 ) . F o r laser-induced desorption, the t h i r d harmonic of a 
standard N d : Y A G laser at 355 n m was focused onto the surface. T h e S A L I 
postionization mode using the 118-nm line was the same as i n the i o n -
induced S A L I experiments. There is clear evidence that photon- induced 
desorption, coupled w i t h subsequent photon postionization, further reduces 
the polymer sample damage caused b y ion- induced desorption S A L I . D a m 
age is reduced because, i n contrast to ion sputtering, there is no nuclear 
m o m e n t u m transfer involved. However , w h e n a laser is used as the probe 
beam, S A L I is no longer a surface-specific technique. 

Future Directions 

Recent progress i n our laboratory has improved the resolution to the T O F 
analyzer and should increase the mass resolution achievable by S P I - S A L I . 
Fur ther improvements could result f rom using the ultrashort pulse mode of 
the N d r Y A G laser, w h i c h can produce laser pulse widths o f 2.5 ns. T h e 
increase i n mass resolution along w i t h the ease of analysis w i l l establish 
S P I - S A L I as a powerful tool for surface analysis of insulating materials. T h e 
analytical versatility of this technique w i l l be exploited i n studies using the 
various desorption methods ( ion sputtering versus electron-stimulated de
sorption versus laser desorption). T h e ability to analyze the surface of thick 
insulating materials w i t h m i n i m a l sample preparation coupled w i t h the ease 
of monomer identification makes this an extremely attractive technique for 
polymer surface characterization. Future study w i l l involve the quantification 
aspects of S P I - S A L I appl ied to modif ied polymer surfaces and copolymer 
systems. 
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Spectroscopic Characterization 
of Films Obtained in Pulsed 
Radio-Frequency Plasma Discharges 
of Fluorocarbon Monomers 

Charles R. Savage1, Richard B. Timmons* 1, and Jacob W. Lin2 

1Department of Chemistry, Box 19065, The University of Texas at Arlington, 
Arlington, TX 76019-0065 
2Polytronix Inc., 805 Alpha Drive, Richardson, TX 75081 

The structure of plasma-polymerized films obtained using pulsed radio
-frequency (rf) duty cycles is shown to vary significantly with the type 
of rf duty cycle employed. The controllability and tailoring of surface 
compositions as functions of the rf duty cycle are illustrated for 
processes carried out with two fluorocarbon monomers, namely, hex-
afluoropropylene oxide (C3F6O) and hexafluoropropene (C3F6). The 
variations in surface composition with rf duty cycles are documented 
via X-ray photoelectron spectroscopy and Fourier transform infrared 
spectroscopy analyses of the films obtained. Progressive and substan
tial changes in the molecular composition of the plasma-deposited 
films as functions of the rf duty cycles employed were achieved with 
both monomers. The experimental results reveal a relatively high level 
of compositional control of polymers in the plasma polymerization of 
these monomers as a function of the rf duty cycle employed. In 
general, there is a progressive increase in the extent of polymer 
cross-linking with increasing rf duty cycle as evidenced by spectro
scopic characterization of the films obtained in this study. 

T H E USE O F PLASMA T E C H N I Q U E S T O INITIATE POLYMERIZATION PROCESSES 

continues to exhibit rapid growth. T h e magnitude of the current activity i n 

*Corresponding author 

0065-2393/93/0236-0745$07.00/0 
© 1993 American Chemical Society 
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746 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

plasma polymerizat ion was il lustrated i n terms of the scope and diversity of 
topics presented at the recent Symposium o n Plasma Polymerizat ion and 
Plasma Interactions w i t h Polymeric Materials ( I ) . As demonstrated at that 
symposium, the focus o f the majority of recent studies lies i n the application 
of plasma polymerization methods to achieve surface modifications. These 
modifications are obtained by th in- f i lm deposition or reactive interactions of 
plasma-generated intermediates w i t h surface atoms and molecules. 

T h e use of plasma polymerizat ion as a surface-modification technique 
offers a n u m b e r of advantages over various conventional coating procedures. 
A m o n g these advantages are the fact that an unusually wide range of 
monomers are available (e.g., even C H 4 can function effectively as a " m o n o 
m e r " i n plasma polymerization), relatively pinhole-free films can be de
posited, film thickness is usually controllable over the important range f rom 
tens to hundreds of angstroms, and surface modifications are achieved i n a 
simple and relatively inexpensive one-step deposition process. Yasuda (2) has 
provided a detailed description and analysis of the important facets of plasma 
polymerizat ion reactions. 

T o date, the overwhelming majority of plasma polymerization investiga
tions have involved continuous-wave ( C W ) plasma operation, invariably at the 
radio frequency (rf) of 13.56 M H z . In general, experimentation w i t h impor
tant plasma variables (e.g., absorbed r f power, monomeb flow velocity and 
pressure, etc.) permits identification of reaction conditions i n w h i c h uni form 
films can be obtained f rom a given monomer. Again , Yasuda (2) has provided 
an excellent analysis and discussion of the influence of various plasma 
variables o n the dynamics of the polymerization process and the quality of the 
resultant films. 

A n important aspect of C W plasma polymerizations is the extensive frag
mentation of the monomer that occurs under C W conditions. Indeed, it is 
this extensive fragmentation that permits saturated molecules such as C H 4 

and C 2 H 6 to be employed as monomers i n these systems. A t the same time, it is necessary to recognize that extensive monomer fragmentation translates 
to a relative lack of controllability i n the molecular composit ion of the films 
that are obtained. F o r example, the relative indiscriminate reorganization of 
atoms under C W plasma polymerization conditions was aptly demonstrated i n 
a recent C W study of the plasma polymerization of several carbonyl-contain-
i n g monomers. Plasma polymerization of acetaldehyde, acetone, and 2-
butanone y ie lded remarkably similar surface films despite variations i n 
the molecular structures and carbon-hydrogen-oxygen content of these 
molecules (3) . I n a similar vein , it is often noted that C W plasma polymeriza
t ion of certain monomers results i n molecular compositions that frequently 
bear relatively little resemblance to those obtained i n the conventional 
polymerization of a reactive monomer [e.g., acrylonitrile (4) and tetrafluo-
roethylene (5)]. T o a certain extent, reduction of the absorbed r f power can, w i t h some monomers, reduce the extent of gas-phase fragmentation and thus 
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32. SAVAGE ET AL Puked Radio-Frequency Plasma Discharges 747 

generate a closer similarity between the plasma and the conventionally 
polymerized monomer as demonstrated, for example, w i t h styrene (6 ) . H o w 
ever, control of plasma-deposited film composit ion via absorbed r f power has 
several inherent limitations. These limitations include the fact that a m i n i 
m u m absorbed r f power is required to ignite and maintain the plasma and 
uni form films (i.e., those devoid of powder or oi l l ike deposits) are typically 
obtained only over relatively restricted power regimes for a given monomer 
under specified f low conditions. Addi t iona l approaches to control l ing film 
compositions i n C W plasma polymerizations include depositions w i t h reduced 
substrate temperatures ( 7 ) and variations i n the positions of the substrates 
located downstream of the plasma (8 ) . 

T h e purpose of the present study was to introduce an added dimension 
to the controllability o f plasma-achieved surface modifications w i t h respect to 
the molecular composit ion of the deposited films. W e hoped this added 
controllability could be achieved via pulsed r f plasma discharges as opposed 
to the standard C W operation. T h e rationale b e h i n d this approach centered 
on a recognition that reactive intermediates (i.e., radicals and ions) produced 
dur ing the p lasma-"on" periods may undergo decay mechanisms dur ing the 
plasma-"off " per iod that are significantly different f rom decay mechanisms 
observed under typical C W conditions. F o r example, relatively h igh reactive 
intermediate concentrations dur ing the plasma-on periods tend to enhance 
the importance of recombination or disproportionation reactions that are 
second order w i t h respect to reactive intermediates. O n the other hand, at 
some point dur ing the off per iod, first-order reactions i n reactive intermedi
ates w i l l be dominant as the concentration of these reactive species drops. 
Thus, competitive processes of the type 

R j + R 2 —> products (1) 

R x (or R 2 ) + M -> products (2) 

where R x and R 2 represent reactive intermediates and M is a monomer, w o u l d be expected to favor a relatively higher contribution of reaction 1 
compared to reaction 2 under plasma-on compared to plasma-off conditions. 
Furthermore , i f such effects are indeed noted, the actual molecular composi
tions of the polymers that are obtained might be tunable to a certain extent 
w i t h respect to the type of r f duty cycle employed (i.e., the ratio of on t ime to 
on + off times). In connection w i t h this idea, it is significant to note that the 
l imi ted literature data that compared fixed duty cycle pulsed and C W plasma 
polymerizations support the fact that marked differences i n film growth rates 
and residual radical concentrations are observed for selected monomers (2 , 9). Addit ional ly , Nakaj ima et al . have experimented w i t h the use of pulsed-rf 
plasmas (JO). 
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748 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

This chapter reports on a detailed study of variable duty cycle pulsed r f 
plasma polymerizations as a route to achieving a higher level of molecular 
compositional control of the plasma-initiated surface modifications obtained. 
This topic is explored herein w i t h respect to systematic variations i n r f duty 
cycles employed i n the plasma polymerizat ion o f several monomers, whi le al l 
other plasma variables are kept constant. T h e molecular compositions of the 
polymer films obtained as functions of r f duty cycle were monitored spectro-
scopically using X-ray photoelectron spectroscopy (XPS) and F o u r i e r trans
form infrared ( F T I R ) spectroscopy. T h e combination of these spectroscopic 
approaches provides clear and abundant evidence for significant variations i n 
the molecular composit ion of the plasma-deposited films as functions of the r f 
duty cycles employed. These init ial results are encouraging w i t h respect to 
achieving controllability of the molecular composit ion of the surface modif i 
cations obtained i n plasma polymerizations. Some of the implications and 
potential applications of such surface molecular compositional control are 
considered briefly at the e n d of this chapter. 

Experimental Details 

A l l plasma polymerizations were carried out i n a cyl indrical Pyrex glass 
reactor that was 10 c m i n diameter and 30.5 c m i n length. Radio-frequency 
power was provided to this reactor by two concentric metal rings located at 
either e n d of the reactor. T h e reaction system and associated electronics are 
shown i n F igure 1. T h e r f circuit inc luded a funct ion generator (Wavetech 
M o d e l 166), a pulse generator (Tetronik M o d e l 2101), a r f amplifier ( E N T 
M o d e l A300), a frequency counter ( H P M o d e l 5381A), a wattmeter ( B i r d ; to 
measure absorbed and reflected power), and a capaci tor- inductor matching 
network used to tune the circuit to minimize reflected power. A n oscillo
scope, previously calibrated against the wattmeter under C W conditions, was 
employed i n tuning the circuit to min imize reflected power under r f pulsed 
operation. A l l data reported i n this study represent runs carried out at a r f 
frequency o f 13.56 M H z . A n M K S butterfly valve controller (Baratron M o d e l 
252A) was used to both monitor and control pressure i n the reactor. 

A standardized procedure was adopted for al l film depositions. Substrates 
that consisted of pol ished Si and K C l disks were placed on top of an inverted 
2 0 - m L beaker located i n the center of the reaction chamber. T h e S i samples 
were cleaned via sonification and rinsing pr ior to placement i n the reactor. 
T h e system was then evacuated to a pressure ^ 1 μπι, after w h i c h the 
sample was subjected to a 10-min C W argon plasma at an A r pressure of 0.7 
torr and r f absorbed power of 200 W . This A r pretreatment was conducted to 
ensure surface cleanliness of the substrates. Subsequently, the A r flow was 
terminated and the reactor system was evacuated to background pressure 
before admission of the reactant monomers. Between runs the reaction 
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chamber was cleaned using an 0 2 plasma to remove surface depositions on 
the chamber walls. 

Because the focus of this study was the investigation of the effect of r f 
duty cycle on film compositions obtained i n pulsed plasma polymerizations, most depositions of a given monomer were carried out using constant r f 
power and constant monomer pressure and flow velocity. In this way, we 
were able to isolate r f duty cycle effects on the chemical composit ion of the 
films obtained. T h e actual reaction variables employed w i t h each of the 
monomers studied are identif ied i n the fol lowing text. 

Hexafluoropropylene ( C 3 F 6 ) and hexafluoropropylene oxide ( C 3 F 6 0 ) 
were employed as monomers i n this study. T h e gaseous C 3 F 6 and C 3 F e O 
reactants were obtained from P C R Inc. and they had stated purity i n excess 
of 98%, w h i c h was conf irmed by gas chromatography-mass spectroscopy 
analysis. 

T h e X P S spectroscopic characterizations were carried out using a spec
trometer ( P e r k i n - E l m e r P H I 5000) equipped wi th an X-ray source 
monochromator. T h e X-ray source was A l KA = 1486.6 eV. A pass energy of 
17.90 e V giving a resolution of 0.60 e V wi th A g (3d5/2) was employed. T h e 
X P S results of fluorine-containing monomers ( C 3 F e O and C 3 F 6 ) were shifted 
(i.e., standardized) b y centering the F ( I s ) peak at 689 eV. A n electron flood 
gun was employed to neutralize charge b u i l d u p on the insulator-type films 
involved i n this work. The electron flood gun was operated under conditions 
that provided o p t i m u m resolution of the C ( I s ) peaks. Typica l conditions for 
the neutrafizer were 21.0-ms emission current and 3.0-eV electron energy. 

F i l m deposition rates were determined by measurement of the film 
thicknesses using a profilometer (Tencor A l p h a Step 200) after each run . A 
diamond-t ipped pen was employed to scribe a th in scratch on the plasma-
deposited films, after w h i c h the film thicknesses were determined. Si l icon 
substrates were employed i n the film-thickness measurements. 

Results 

Substantial changes i n the molecular composit ion of plasma polymerized 
films were noted as a function of employed r f duty cycles for both of the 
monomers. These results are presented wi th respect to each of the reactants 
i n the fol lowing sections. 

Hexafluoropropylene Oxide. Plasma polymerizations of hexafluo
ropropylene oxide ( C 3 F 6 0 ) were carried out at a monomer pressure of 0.43 
torr, a flow velocity of 9.6 c m 3 / m i n (standard temperature and pressure), and 
an absorbed r f power of 300 W . Polymerizations were carried out over a wide 
range of r f duty cycles. In one set of experiments, a constant r f on t ime (e.g., 10 ms) was employed and the off t ime was varied systematically f rom 20 to as 
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long as 1000 ms. I n a second set of experiments, a constant off t ime (i.e., 200 
ms) was employed while the o n t ime was varied systematically over the range 
f rom 10 to 70 ms. Addit ional ly , several other o n - o f f ratios were studied as 
identif ied i n the fol lowing paragraph. 

I n both experimental sequences (i.e., constant on-var iab le off t ime and 
constant of f -var iable on time), marked changes i n the molecular composit ion 
of the plasma-deposited films were noted w i t h variation of the r f duty cycle. 
T h e compositional changes are documented by both X P S and F T I R analyses 
of these films. T h e X P S results are summarized i n Figures 2 - 4 . E a c h of these 
spectra shows high-resolution scans of the C ( I s ) b i n d i n g energy. F igure 2 
depicts the variation of the C ( I s ) region obtained for films deposited at a 
constant plasma-on t ime of 10 ms as a funct ion of a progressively longer off 
t ime that corresponded to values of 20, 60, 100, and 1000 ms (curves a~d, respectively). F r o m many previous X P S studies of fluorocarbons, the separate 
peaks i n these spectra can be assigned to the fol lowing functional groups (11, 12): C F 3 , 294 eV; C F 2 , 292 eV; C F C F n , 290 eV; C F , 289 eV; C C F n , 287.5 
eV. Plasma polymerized fluorocarbon films generally exhibit four prominent 
peaks i n that only a single broad peak centered i n the 290-289-eV b i n d i n g 
region is observed. This observed peak corresponds to unresolved C F - s u b -
stituted and nonfluorine-substituted groups. Because we are interested i n the 
correlation of trends i n group functionalities w i t h varying r f duty cycles, the 
X P S spectra are interpreted i n terms of C F 3 , C F 2 , C F , and C groups. T h e C 
group refers to C b o u n d to C F 3 and C F 2 . Addit ional ly a C ( I s ) peak at 
~ 285 e V (observed only i n the 10 ms o n - 2 0 ms off and C W runs) is typical 
of a graphitic or S i C carbide structure. Analysis of F igure 2 reveals a clear 
shift i n film composit ion w i t h increasing off t ime toward a progressively more 
dominant C F 2 - t y p e structure. 

T h e second set of experiments, carr ied out w i t h a constant off t ime of 
200 ms and systematic variation of the on t ime over the interval of 10, 20, 30, 40, and 70 ms, also reveals progressive changes i n molecular film composit ion 
as functions of r f duty cycle. These results are presented i n F igure 3 i n terms 
of two stacked plots i n w h i c h each spectrum was normal ized w i t h respect to 
the peak heights of the C F 3 carbons. Analysis of F igure 3 reveals a clear, progressive d iminut ion of the intensity of the C F 2 carbons relative to the 
C F 3 , C F , and C functionalities w i t h increasing plasma-on times. 

Final ly , a series of runs carried out at a constant plasma o n - o f f ratio of 
1/20 but w i t h varying o n - o f f pulse times produced the C ( I s ) X P S results 
shown i n F igure 4. Again , dramatic changes i n the relative proport ion of C F 
carbon atom functionalities are noted over the o n - o f f sequence of 1/20, 10/200, 20/400, and 100/2000 ( in milliseconds). T h e 1/20 sample had no 
observable coating as shown by X P S analysis. T h e X P S spectra for the 
10/200, 20/400, and 100/2000 runs are shown i n F igure 4. 

T h e molecular compositional changes achieved i n film structure as 
functions of the r f duty cycle employed i n these plasma polymerizations are 
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further conf irmed b y F T I R analysis. A n example of these changes is shown i n 
Figure 5 for a series of plasma polymerizations carried out at r f duty cycles of 
o n - o f f ratios ( in milliseconds) of 10/20, 10/200, and 10/400 (curves a, b , and c, respectively). T h e strong absorption noted at ~ 1200 c m - 1 is charac
teristic o f C F stretching vibrations. As shown i n this figure, the broad, relatively featureless absorption band at 1200 c m - 1 obtained at the 10 ms 
o n - 2 0 ms of f duty cycle is replaced w i t h a clear doublet structure as the off 
port ion of the duty cycle is increased. This well-resolved doublet, indicative 
of a highly ordered solid-state structure, is remarkable w h e n compared w i t h 

I I I I I I 
296 294 292 290 288 286 

Figure 2. High-resolution C (is) XPS results obtained with C3F60 showing the 
change in molecular structure of the plasma-deposited surface films as a 
function of the pulsed rf duty cycle employed. Curves a~d represent rf on-off 

duty cycles of10/20, 10/60, 10/100, and 10/1000 (in ms), respectively. 
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10r 

Φ 10r 
> h 

Binding Energy, eV 
Figure 2. Continued 

typical infrared ( IR) absorption spectra of fluorocarbons obtained under C W 
plasma polymerization conditions (2) . T h e frequencies of these two doublets 
are at 1207 and 1153 c m - 1 . In light of the aforementioned X P S C (Is) results 
for 10 ms on-var iable off t ime (Figure 2), it seems reasonable to assign the 
1 1 5 3 - c m " 1 band to a C F stretch associated w i t h C F 2 groups, because it is 
clearly the C F 2 functionality that grows w i t h increasing off times. Further
more, it is significant to note that we observe a constancy i n the ratio of the 
1 1 5 3 - 1 2 0 7 - c m - 1 peaks at off times greater than 400 ms. This constancy i n 
film molecular composit ion at very long r f off times is conf irmed by the X P S 
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282.0 280.0 

Binding Energy, eV 

Figure 3. High-resolution C (is) XPS results obtained with C3FeO showing the 
progressive variation in plasma-deposited surface films for runs at constant off 
time of200 ms and on times of 10, 20, 30, 40, and 70 ms are shown. Plots were 

normalized with respect to the high binding energy 294-eV peak (CF3). 

analysis, w h i c h reveals virtually no change i n composit ion over the o n - o f f 
sequences ( in milliseconds) of 10/400, 10/600, 10/800, 10/1000, and 
10/1200. 

T h e X P S and F T I R spectroscopic characterizations reveal that variation 
of the r f duty cycle i n the plasma polymerization of C 3 F 6 0 results i n clear 
changes i n the surface film compositions obtained. T h e characteristic feature 
of these changes is that a decrease i n the ratio of o n - o f f times results i n less 
cross-finking of the films obtained (i.e., a decrease i n C and C F groups w i t h 
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i i 1 i I 

295.0 290.0 285.0 

Binding Energy, eV 

Figure 4. High-resolution C (is) XPS results with C3F60 obtained at a constant 
on-qff duty-cycle ratio of 1/20 but with variable on-off pulse widths of 
10/200, 20/400, and 100/2000 (in milliseconds) as shown. Plots were 

normalized as in Figure 2. 

progressive growth of the C F 2 functionality). In fact, the films obtained at 
duty cycles involving relatively small o n - o f f plasma duty-cycle ratios and 
sufficiently long off times (i.e., longer than 100 ms) are consistent w i t h the 
formation of a highly linear C F 2 polymer, w h i c h is relatively similar to that 
obtained i n the conventional polymerization of C 2 F 4 to form poly(tetrafluo-
roethylene) (Teflon). Also note that the variation f rom a cross-linked to a 
linear polymer w i t h decreasing r f duty cycle is conf irmed by physical proper
ties of the films obtained. F o r example, there is a noticeable decrease i n film 
hardness w i t h decreasing r f duty cycle. 

Overal l , as documented i n Figures 2 through 5, the variation of r f duty 
cycle i n the pulsed plasma polymerization o f this monomer provides a means 
to control tunability of the molecular composit ion of the plasma-produced 
polymers. I n the case of C 3 F g O reactant, this surface-composition tunability 
encompasses very wide changes i n the relative proportions of the c a r b o n -
fluorine group functionalities produced. 

A n important feature of the dynamics of C 3 F 6 0 pulsed plasma polymer
ization is noted w i t h respect to film growth rate as a funct ion of r f duty cycle. 
This film growth rate is useful to the understanding of the variation i n 
plasma-produced film compositions as functions of r f duty cycle employed. 
A n interesting example of the film growth r a t e - r f duty cycle relationship is 
shown i n F igure 6. In this diagram, the film deposition rate (expressed i n 
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Wavenumbers (cm*1) 

Figure 5. FTIR absorption spectra obtained from the plasma deposition of 
C3F60 as a function of the rf duty cycle employed. The curves represent data 
obtained for rf duty cycles of 10/20, 10/200, and 10/40 (in milliseconds) as 

shown in curves a, b, and c, respectively. 

milliangstroms per Joule absorbed r f energy) is plotted as a function o f the r f 
off t ime for a series of runs carried out w i t h a constant on time of 10 ms. T h e 
film-deposition rate is striking i n that a rapid increase i n film growth rate is 
noted w i t h increasing off t ime. As this result clearly demonstrates, significant 
polymerization that leads to film deposition occurs dur ing the off port ion of 
the r f duty cycle. I n fact, note that under the reaction conditions employed i n 
this study, no film deposition was obtained w h e n the plasma was operated 
under a C W condit ion. T h e lack of C W film deposition is i m p l i e d by the data 
shown i n F igure 6. 

As shown i n Figure 7, a plot of film deposition rate as a function of 
plasma-on time at a constant off t ime of 200 ms is also revealing. In this 
series, the deposition rate goes through a sharp maximum at 10 ms o n - 2 0 0 
ms off as the r f duty cycle is increased at a constant off per iod of 200 ms. 

T h e results shown i n Figures 6 and 7 are clearly supportive o f major 
differences i n film deposition rates dur ing o n and off periods of the pulsed 
plasma polymerization. W e believe that the rapid increase i n film deposition 
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400 

1200 

OFF TIME (ms) 

Figure 6. Film deposition rate obtained during the pulsed rf plasma 
polymerization of C3F60 as a function of the plasma-off duration with a 
constant on time of 10 ms. The deposition rate is expressed in terms of 

milliangstroms per Joule of absorbed rf energy. 

rate dur ing the plasma-off periods (Figure 6), coupled w i t h the simultaneous 
growth i n C F 2 functionality i n the polymer films w i t h increasing off periods 
(cf. F igure 2) is indicative of a free-radical-chain process that is operative i n 
this system. W e speculate that reactive intermediates R (i.e., ions or radicals) 
that are produced dur ing the plasma-on periods can initiate a reaction of the 
type 

F F 

I I 
R + C F 3 — C C — F > R C F 2 C F 2 · + C F 2 0 (3) 

Ο 

by reaction w i t h undissociated C 3 F e O monomer. Subsequently, the 
R C F 2 C F 2 · radical produced i n reaction 3 can continue the polymerization 
process by the reaction 

F F 
I I 

R C F 2 C F 2 - + C F 3 — C C — F > R ( C F 2 ) 3 C F 2 - + C F 2 0 (4) 
Ο 
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100 

0 1 0 20 30 40 50 

ON Time (ms) 

Figure 7. Film deposition rate obtained during the puked rf plasma polymerization 
of C3FeO for runs with a constant off time of200 ms expressed as a function of 

the on times employed. 

The continued reaction of R ( C F 2 ) 3 C F 2 · w i t h the monomer represents a 
chain reaction that leads to the formation of polymeric R ( C F 2 ) n C F 2 · units 
and a resultant C F 2 - t y p e linear polymer. It is important to note that C F 2 0 is 
an exceptionally stable species [ A G f ( C F 2 0 ) = —624 k j / m o l where G f is 
the fracture energy] at 298 Κ (13), w h i c h makes reactions of types 3 and 4 
favorable processes i n terms of free-energy considerations. This type of chain 
growth is strongly supported by the complete absence of oxygen (as shown by 
both X P S and F T I R analysis) i n all films obtained f rom C 3 F e O polymeriza
tion. 

Al though the foregoing radical-chain process could also be operative 
during plasma-on periods, the higher free-radical concentrations present 
dur ing on periods w i l l favor radical-radical- type processes that lead to a 
relative loss i n product specificity and thus more highly cross-linked struc
tures as observed at higher o n - o f f r f duty cycle ratios (Figure 3). 

In addit ion to the aforementioned film-forming processes, the experi
mental evidence is also strongly suggestive of the presence of ablation 
induced and plasma-on induced surface rearrangement processes that are 
competitive w i t h the film deposition step. F o r example, as noted previously, virtually no film is obtained w h e n the deposition process is carried out under 
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C W conditions. Furthermore , polymerizations carried out at a fixed plasma-
on-plasma-of f ratio of 1/20 and varying pulse lengths resulted i n a signifi
cant variation i n the proport ion of C F groups as shown i n F igure 4. In this 
figure, a sharp diminut ion of C F 2 groups is noted w i t h increasing on times 
and fixed o n - o f f ratios. This systematic change i n film composit ion can be 
rationalized i n terms of plasma-induced molecular rearrangements that result 
f rom impact of high-energy species w i t h the initially deposited surface films. 
Alternatively, the results i n F igure 4 might be indicative of preferential 
ablation of C F 2 groups dur ing the plasma-on per iod. Because these changes 
occur at a fixed o n - o f f ratio of 1/20, it seems clear that some type of 
inductive (i.e., time-delay) process is involved i n the creation of the reactive 
species responsible for the plasma-induced molecular rearrangement or abla
t ion processes. The occurrence of a t ime-delayed ablation process dur ing the 
plasma-on per iod is also strongly conf irmed by the deposition rate data shown 
i n F igure 7 i n w h i c h a sharp decrease i n the rate of film formation is noted at 
increasing o n times longer than 10 ms. 

Perfluoropropylene. Plasma polymerizations were carried out using 
perfluoropropylene ( C 3 F 6 ) at a monomer pressure of 0.43 torr and a flow 
velocity of 9.6 c m 3 / n i m (standard temperature and pressure). In contrast to 
the 300-W r f power used i n the C 3 F e O studies, the r f power employed i n the 
majority of runs was 200 W . This lower power was employed w i t h C 3 F 6 

because it produced better quality films at higher deposition rates. 
Systematic studies of the effect of variations i n r f duty cycle o n the 

plasma polymerization of C 3 F 6 were carried out w i t h all other reaction 
variables kept constant. As i n the case of C 3 F e O , two time sequences were 
used to obtain film depositions: a sequence of a constant o n t ime and variable 
off t ime as w e l l as a series of experiments w i t h a constant off t ime and 
variable on time. In addition, experiments at a fixed o n - o f f ratio of 1/2 but 
wi th variable o n - o f f pulse widths were also carried out. 

X P S analyses of the C (Is) region of the plasma polymerized films that 
were obtained w i t h this monomer are shown i n Figures 8 -10 . F igure 8 
summarizes results for a constant on time of 10 ms and off periods of 20, 100, and 200 ms. T h e results are shown as a stacked plot, normal ized relative to 
the C F 3 group peak heights. As revealed i n this figure, there is a marked 
increase i n the relative proport ion of C F 2 groups (vis â vis other C F and C 
groups) w i t h increasing off times. This behavior parallels that observed w i t h 
C 3 F 6 0 monomer (cf. F igure 2). T h e C (Is) X P S spectra for films obtained at 
constant off and variable on times are shown i n F igure 9. In this series, results obtained at o n times of 10, 20, and 100 ms and constant off t ime of 
200 ms are shown as curves a, b, and c, respectively. Again , the results 
parallel those f rom C 3 F e O (cf. F igure 3) i n w h i c h the C F 2 molecular fraction 
decreases substantially and systematically as the on time increases. F inal ly , the C (Is) X P S spectra obtained f rom films deposited at a constant o n - o f f 
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10 

Binding Energy, eV 

Figure 9. High-resolution C (is) XPS results obtained with C3F6 showing the 
variation in molecular structure of films deposited during pulsed rf plasma 
polymerizations with a constant off time of 200 ms and variable on times of 10, 20, and 100 ms. Curves a, b, and c represent results obtained with rf on-off 

duty cycles of 10/200, 20/200, and 100/200, respectively. 

duty cycle ratio ( in this case 1/2) and w i t h variations i n pulse widths are 
shown i n F igure 10. Again , a substantial change i n film composit ion was 
noted w i t h respect to carbon functionality w i t h a progressive increase i n C 
( I s ) at 287 e V relative to the other C ( I s ) peaks noted at o n - o f f values of 
0.1/0.2, 10/20, and 1000/2000 (expressed i n milliseconds). T h e result is 
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again similar to that observed w i t h C 3 F e O as shown i n F igure 4, where the 
o n - o f f ratio was 1 /20. 

T h e F T I R spectra obtained i n C 3 F 6 plasma polymerization are also 
clearly supportive of marked changes i n the molecular structure of the 
deposited films as functions of the pulsed r f duty cycle employed. This 
variation i n film composit ion is i l lustrated i n F igure 11 for films obtained 
f rom C 3 F 6 at r f o n - o f f duty cycles of 10/20 and 10/100 ( in milliseconds) as 
curves a and b, respectively. A g a i n the single broad band ~ 1200 c m - 1 

obtained under 10/20 ( in milliseconds) conditions, indicative of the presence 
of a wide range of C F stretching frequencies (i.e., a randomized structure), begins to reveal a more highly structured composit ion under pulsing condi
tions i n w h i c h the ratio of o n - o f f t ime is reduced. I n view of the X P S data i n 
F igure 8, it is clear that the growth i n the peak at ~ 1060 c m - 1 can be 
attributed to the increasing prominence of C F 2 groups formed w i t h decreas
ing values of the o n - o f f r f duty cycle. 

T h e film-deposition rates obtained as a funct ion of the pulsed r f duty 
cycle variations are shown i n Figures 12-14. F igure 12 shows the film-de
position rates obtained at a constant on t ime of 10 ms and variable off t ime 
up to 200 ms. In the case of C 3 F 6 , the film deposition rate exhibits a sharp 
maximum at 20 ms off as the off t ime is increased. This behavior is quite 
different f rom that noted for C 3 F e O under comparable puls ing conditions 
(Figure 6). A plot of deposition rate for a constant off t ime of 200 ms and 
variable on t ime is shown i n F igure 13. This graph also exhibits a maximum, although the maximum observed is significantly less pronounced than that 
observed i n the comparable plot for C 3 F e O (Figure 7). F igure 14 shows the 
deposition rate as a logarithmic function of on t ime for a series of runs 
carried out at a r f duty cycle o n - o f f ratio of 1/2. As shown by these data, there is a steady increase i n film deposition rate w i t h increasing on and off 
pulse times. 

T h e variations i n deposition rates per absorbed joule w i t h r f duty-cycle 
changes shown i n Figures 12-14 are not easily rationalized i n terms of a 
specific reaction mechanism. T h e ini t ia l increasing film deposition rate w i t h 
increasing off t ime i n F igure 12 is indicative of the occurrence of cont inued 
polymerization dur ing the off per iod. However , unlike the results obtained 
w i t h C 3 F 6 0 , the deposition rate decreases w i t h increasing off times at off 
times longer than 20 ms. W e believe that a possible explanation of this 
phenomenon is that a chain radical polymerization process of the type 

R + C 3 F 6 - > R ( C F 2 ) 2 C F 2 - (5) 

that is analogous to reaction 4 w i t h C 3 F 6 0 occurs dur ing the off per iod. 
However , the activation energy for reaction 5 may be higher that that of 
reaction 4. Pulsed plasma operations under conditions i n w h i c h a long off 
t ime is operable w i l l produce a lower average gas temperature than that 
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I ! ; ι 1 1 ! I 
4000 3500 3000 2500 2000 1500 1000 500 

Wavenumbers (cm-1) 

Figure 11. FTIR absorption spectra obtained from the plasma deposition of 
C3F6 as a function of the rf duty cycle employed. Curves a and b represent data 
from runs carried out at rf duty cycles of 10/20 and 10/100 (in milliseconds), 

respectively. 
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400 
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0 -t « 1 « 1 1 
0 100 200 300 

OFF Time (ms) 

Figure 12. Film deposition rate obtained during the pulsed rf plasma 
polymerization of C3F6 for runs at a constant on time of 10 ms expressed as a 
function of the off time. Deposition rate is expressed in terms of milliangstroms 

per joule of absorbed energy. 

achieved at short on times. T h e lower gas temperature, i n turn, decreases the 
extent of film formation achieved dur ing the off per iod. T h e init ial port ion of 
the curve i n F igure 12 represents contributions to the film growth rate dur ing 
both the on and off periods. It appears that 20 ms off represents the 
o p t i m u m time for polymerization dur ing the off port ion of the duty cycle. 

However , as i n the case of C 3 F e O polymerization, it is clear that both 
ablation- and reactive-induced surface rearrangements occur i n the C 3 F 6 

pulsed plasma polymerization. T h e occurrence of ablation processes is clearly 
evident i n the film growth rate data shown i n F igure 13 i n w h i c h a decrease 
i n deposition rate is noted at long on times. The film growth rate must 
continue to decrease at on times longer than those shown i n this figure 
because virtually no film is obtained under C W conditions. T h e occurrence of 
surface-induced molecular rearrangements during the on periods is evi
denced by the X P S spectral changes observed at constant o n - o f f ratios and 
varying pulse lengths (Figure 10). It is clear that there is a progressive shift 
toward a more highly cross-linked structure [i.e., an increase i n the relative 
importance of C ( I s ) w i t h b inding energy of 287 eV] w i t h increasing lengths 
of the on t ime pulse widths. This surface-induced rearrangement, w h i c h 
promotes increased polymer cross-linking dur ing long on periods w i t h C 3 F 6 
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Figure 13. Film deposition rate obtained during the pulsed rf plasma 
polymerization of C3 F6 for runs with a constant off time of200 ms expressed as 

a function of the on times employed. 

Log ON Time 

Figure 14. Film deposition rate obtained during the pulsed rf plasma 
polymerization of C3F6 for runs with a constant on—off ratio of 1 /2 but with 
variable on-off pulse widths. Deposition rate (in milliangstroms per joule 

absorbed rf energy) are expressed as a function of the log on time. 
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monomer, is similar to, but significantly more pronounced than the rear
rangement observed w i t h C 3 F 6 0 . 

Discussion 
Ideally, we w o u l d l ike to be able to predict, a pr ior i , the molecular composi
t ion that w i l l be obtained i n the plasma polymerization of a given monomer 
under specified reaction conditions. Despite an impressive number of studies 
of the plasma polymerization of numerous molecules, this goal of molecular 
structure predict ion of plasma-derived polymers is simply not available at 
present. This nonpredictabil i ty reflects the complex variety of processes 
init iated by the plasma. Overal l , as documented i n many literature reports on 
C W plasma polymerizations, there is clearly an indiscriminate nature to the 
plasma polymerization processes. 

The major objective of this work was to explore the use of pulsed r f 
plasma discharges as a means by w h i c h a higher degree of selectivity and 
control could be introduced w i t h respect to the molecular composit ion of 
polymeric materials obtained dur ing r f plasma operation. F r o m the results 
presented i n this chapter, it is clear that a new level of molecular composi
tional control of resulting polymers is indeed attainable as a function of 
variations of the pulsed r f duty cycles employed. W e intend to investigate the 
generality of these findings by extending this study to a wide range of 
additional monomers. 

Based on the results of this study, several important conclusions are 
justifiable at this t ime. The first conclusion is that variation i n the pulsed rf 
plasma duty cycle provides an avenue for variation of surface compositions 
over significant ranges i n molecular structure. As demonstrated i n this work, this variability is achieved using a single monomer. Subsequent studies w i l l be 
conducted w i t h mixed monomers, i n w h i c h the tunability of molecular 
surface compositions could w e l l be extended over significantly wider ranges. 

A second conclusion is that the film-forming dynamics i n these pulsed 
plasma depositions are obviously complex and represent a variety of compet
ing processes. T h e complexity of the deposition processes is i l lustrated i n 
terms of the deposition rates per joule as a function of the r f duty cycles as 
reported, coupled w i t h the spectroscopic results of changes i n molecular 
composition. D u r i n g plasma-on periods, deposi t ion-ablat ion-radica l - induced 
surface rearrangements clearly occur. D u r i n g plasma-off periods, additional 
film deposition is obtained. This plasma-off film formation can be very 
significant (e.g., as i n C 3 F e O ) and it represents polymerization i n w h i c h a 
higher degree of specificity is shown w i t h respect to the surface compositions 
achieved. W e believe it is this difference i n polymer compositions obtained 
dur ing on and off plasma periods that provides the basis for tailoring surface 
structures as demonstrated i n this work. Ult imately, as more results are made 
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768 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

available f rom pulsed r f plasma studies, we hope to be able to anticipate and 
predict the nature of the surface compositional changes that might be 
achieved as functions of the plasma duty cycles employed for a particular 
reactant system. 

Final ly , we wish to acknowledge explicitly that controllability and tunabil 
ity of the molecular composit ion of surfaces represent an important goal that 
has obvious applications to a wide range of situations. Practical examples of 
the need for surface compositional control include such areas as improved 
biocompatibi l i ty of materials, improved permselectivity of membranes, better 
passivation and antireflective coatings for optical materials, and improved 
hydrophobic or hydrophil ic surfaces for various applications. Based on the 
spectroscopic characterization of the plasma-induced surface modifications 
described i n this chapter, it is felt that the pulsed rf plasma polymerization 
technique demonstrates great potential wi th respect to the ultimate goal o f 
tailoring surface molecular composit ion for specific applications. 
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Comparative Raman and Infrared 
Vibrational Study of the Polymer 
Derived from Titanocene Dichloride 
and Squaric Acid 

Melanie Williams 1, Charles E . Carraher, Jr.*2, Fernando Medina 2 , 
and Mary Jo A l o i 2 

1Motorola, Inc., Plantation, Florida 33317 
2Departments of Chemistry and Physics, Florida Atlantic University, 

Boca Raton, Florida 33431 

The vibrational bands associated with the cyclopentadiene (Cp) are 
similar in location and intensity to the bands found for the polymer 
formed from the condensation of titanocene dichloride and squaric 
acid. This similarity is consistent with the Cp ring remaining in the 
original angular sandwich structure. Bands associated with the Cp 
ring can be treated through the use of normal coordinate analysis on 
the basis of a "local" C5v (fivefold axis of symmetry) symmetry. 
Selected bands associated with the squaric acid portion are displaced 
from bands generally due to the presence of ring strain and delocaliza-
tion of electrons. The combined use of Raman and infrared spec
troscopy allows the correct assignment of these bands. 

C H A R A C T E R I Z A T I O N O F MANY M E T A L - C O N T A I N I N G POLYMERS is complicated 

by the additional avenues of reaction that can be taken by the metal-contain
ing moiety, lack of specific knowledge concerning many metal-containing 
candidate monomers, and the generally poor solubility and processability of 
such products. Determinat ion of the dependence of and relationship between 
monomer and polymer properties is he lpful to ascertain the extent to w h i c h 

* Corresponding author 

0065-2393/93/0236-0769$06.00/0 
© 1993 American Chemical Society 
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770 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

known monomer properties can be used to describe the polymeric properties 
of such monomer-containing materials. 

T h e purpose o f the present study is twofold: (1) T o determine the extent 
to w h i c h vibrational band assignments of the monomers titanocene dichlo-
ride, 1, and squaric acid, 2, can be applied to the polymeric product formed 
f rom condensation of these two reactants and (2) to provide additional 
structural data to allow differentiation between two basic structural possibil i 
ties. Briefly, three major structures are possible. Structure 3 is e l iminated 
based on data presented herein; 4 is e l iminated based on molecular weight 
data. F o r the product studied here, a weight average molecular weight that 
corresponds to an average chain length of 140 was determined uti l iz ing light 
scattering photometry. Final ly , physical characterization data are consistent 

Cp Cp 
\ / 

Ti + 
/ \ 

CI CI 

H-0 O-H 

X 

Cp Cp 
\ / 

Ti 3 

Cp .Cp 
\ / 

Ti 4 

0 
X 

ο 0 

Cp Cp 
\ / 

r \ 5 

0 0 
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33. WILLIAMS ET AL. Vibrational Study of TiCl2Squaric Acid Polymer 771 

w i t h 5. Data that ehminate 3 and support 5 are presented. A n additional 
structural question involves the type of bonding of the C p groups into the 
t i tanium. T h e C p ring can be bonded through a p i b o n d as pic tured i n 6 or 
through a sigma b o n d as p ic tured i n 7. S igma bonding of the C p ring requires 
a 1, 2 migration of the metal atom. Such low-energy migrations require only 
about 10 k c a l / m o l . Again, spectral data that are consistent w i t h the connec
t ion of the C p rings to the t i tanium atom through sigma bonds are given 
(1-3). Addi t iona l structural characterization is reported i n reference 1. 

Experimental Details 

Infrared Spectra. Infrared spectra were recorded using a F o u r i e r 
transform infrared ( F T I R ) spectrometer (Mattson Alpha-Centaur i ) equipped 
w i t h K B r and mylar optics and a deuterated triglycine sulfate ( D T G S ) 
detector. Atmospheric water vapor was removed f rom the spectrometer by 
purging w i t h dry nitrogen. T h e spectrometer was calibrated w i t h polystyrene 
film (mid- IR) and water vapor (far-IR). A l l spectra i n the 5 0 0 - 2 0 0 - c m _ 1 

range were recorded as mineral o i l (Nujol) mulls between polyethylene 
plates. A l l spectra were recorded at an instrumental resolution of 4 c m - 1 

using 32 scans. 

Raman Spectra. R a m a n spectra were obtained w i t h the 514.5-nm 
line of an argon-ion laser, a double monochromator (Spex 1403), and photon 
counting techniques. The instrumental resolution for a typical spectrum was 
6.7 c m - 1 . A l l spectra were recorded at room temperature (23 °C). T h e region 
be low 200 c m - 1 could not be examined due to the h igh intensity of the 
Rayleigh line. Polarization studies were attempted, but were unsuccessful due 
to the nonordered nature of the polymer. 

Results and Discussion 

T h e assignment of the bands that arise f rom the cyclopentadienyl ( C p ) ring 
vibrations can be readily accomplished by comparison w i t h the monomer 
titanocene dichloride ( C p 2 T i C l 2 ) and other titanocene derivatives because 

6 7 
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772 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

the frequency of the r i n g vibrations remains relatively constant upon substitu
t ion of the halide ligands (4-7). T h e assignment of the bands that arise f rom 
the cyclopentadienyl r ing vibrations was based on previous studies of C p 2 T i C l 2 

derivatives, as w e l l as studies o n ferrocene, ruthenocene, and dicyclopentadi-
enyltin derivatives (4-9). 

Previous studies on C p 2 T i C l 2 showed that each r ing can be treated o n 
the basis o f a " l o c a l " C 5 u (fivefold axis of symmetry) symmetry. U n d e r C5v 

symmetry, each r ing gives rise to 24 normal mode vibrations (the number of 
degrees of freedom is given by the equation 3 n - 6 , where η is the number of 
atoms) distributed as 3 A X + A 2 + 4Ελ + 6 £ 2 , where the Ε modes are 
doubly degenerate. U n d e r symmetry considerations the A , E, and E 2 modes 
are Raman active whereas the A1 and E x modes are I R active. Therefore, 7 
normal vibrations are expected i n the IR, whereas 13 normal vibrations are 
expected i n the Raman spectra ( 4 - 9 ) . The observed bands and their assign
ments for the ring C p vibrations of C p 2 T i C l 2 and the squarate polymer are 
given i n Table I. 

M o s t of the assignments for the Al and E 1 modes are consistent w i t h 
previous assignments for biscyclopentadienyltitanium (IV) titanocene deriva
tives (2 , 10) i n similar matrices, but differ somewhat f rom the assignments of 

Table I. Observed Infrared and Raman Frequencies for (Cp 2 Ti(C 4 0 4 ) ) n 

and C p 2 T i C l 2 Obtained in This Study: Bands Arise from 
Cyclopentadienyl Ring Vibrations 

Oescripion 
of Mode" 

Symmetry 
Species 

Cp2TiCl2 

Infraredb 

(cm-1) 

Squarate Polymer 

Infrared1" (cm ~J) Ramanb (cm "1) 

CH stretch 3103m 3095 
c 

CH o.p. b e n d Ai 821vs 822s 825w 
R i n g breathing Ai 1130w 1149vw 1147ms 
CH i .p . b e n d A 2 

1271vw 1267vw — 
CH stretch £ i — — — 
CH i .p . b e n d Εχ 1015s 1018m 1020m 
CH o.p. b e n d Ει 8 7 1 m 880m 880w 
CC stretch Ei 1440s 1455s 1460m 
CH stretch E2 

— — — 
CH i .p . b e n d E2 

1197vw — 1190w 
CH o.p. b e n d E2 

1074w 1084w 1050m 
CC stretch E2 

1364w 1360w 1380w 
CC i .p . b e n d E2 

927w — — 
CC o.p. b e n d E2 

597w 595vw 605w 
359 + 597 = 956 957w 

a o.p., out of plane; i.p., in plane. 
b v, very; s, strong; m, medium; w, weak. 
0 Region above 2000 not recorded. 
SOURCE: Portions of the data presented in this table are reproduced with permission from 
reference 28. Copyright 1990 Plenum Press. 
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Balducci et al . (6) for the matrix-isolated spectra of biseyelopentadieny! 
dihalides. Tentative assignments for the E2 mode, therefore, have been made 
and are given i n Table I. 

T h e Ε2 modes should be forbidden in the IR, but selection rules are not 
always strictly obeyed. Thus several weak infrared bands w i t h frequencies 
near corresponding Raman frequencies are assigned to E2 modes. A d d i t i o n 
ally, weak bands at 1271 ( C p 2 T i C l 2 ) and 1267 c m - 1 (squarate polymer) are 
assigned to an A 2 mode. This band has been observed consistently in 
cyclopentadienyl derivatives even though it is forbidden i n both the infrared 
and Raman spectra (6, 8, 9). 

There is little difference between the position and intensity of the C p 
ring vibrations i n C p 2 T i C l 2 and in the squarate polymer. This observation 
suggests that the C p 2 T i moiety retains its original angular sandwich structure, w i t h the ^ C p rings tetrahedrally coordinated about the t i tanium atom. A 
change i n structure w o u l d require a change i n the orientation of the rings 
relative to one another. This orientation is the same as that found i n the 
biscyclopentadienyltitanium (IV) dihalides, and all of the biscyclopentadienyl 
derivatives of t i tanium ( I I ) . Thus the IR data are consistent wi th C p bonding 
do the t i tanium atom through a pi-type b o n d as pic tured i n 7. 

T h e remaining bands in this region of the spectrum can be assigned to 
the squarate port ion of the molecule. A number of these assignments are 
facilitated by the results of previous studies on related molecules (7, 12-16). 
There are two bands i n the infrared spectrum above 1600 c m - 1 , w h i c h 
suggests the presence of uncoordinated oxygens (or free carbonyls) (17) . T h e 
band at 1792 c m - 1 i n the Raman spectrum is very strong, w h i c h is consistent 
wi th a symmetric stretching mode because a totally symmetric fundamental 
generally results i n a strong Raman line (14, 18). T h e I R band that corre
sponds to this fundamental appears at 1793 c m - 1 as a moderately intense 
band. In contrast, the band at 1690 c m - 1 is very weak i n the Raman spectra 
and appears as a strong band in the infrared spectrum at 1693 c m - 1 ; this 
indicates an asymmetric stretching mode. These bands are assigned to C = 0 
stretching modes. 

T h e symmetric stretch occurs at a higher frequency than the asymmetric 
stretch because, in a symmetric stretch, the ring b o n d is forced to compress. 
This compression results i n a larger force constant wi th an accompanying 
vibration at a higher frequency. O n the other hand, the asymmetric stretch 
causes less strain, because the ring carbons can move to adjust to the motion, and the carbonyl carbons can keep their distance constant as shown in 8 and 
9. 

T h e band at 1555 c m - 1 i n the infrared spectrum is the second most 
intense band i n the spectrum. T h e position and intensity of this band suggest 
a symmetric ( C = C ) stretch coupled wi th a C —Ο stretch. This band appears 
i n the Raman spectrum at 1557 c m " 1 w i t h a weak shoulder at 1565 c m " 1 . A 
similar band has been observed in other metal-containing derivatives (12, 
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19-22) and organic derivatives of squaric acid (23), as w e l l as many metal 
carboxylates (14, 24). T h e frequency of the C = C stretch is lower than the 
frequency of other cycloalkenes as a result of a longer C = C b o n d distance i n 
the four-membered rings. This lower frequency results i n a decreased force 
constant. F o r instance, an isolated double b o n d usually vibrates i n the 
1 6 8 0 - 1 6 2 0 c m - 1 range (as do other cycloalkenes), whereas i n cyclobutene 
this stretch is observed at 1566 c m " " 1 (25). T h e frequency of the C = C 
stretch i n the polymer is greater than the corresponding frequency i n squaric 
acid (1513 c m - 1 ) . This difference may be a result of p-ρί-d-pi bonding, w h i c h w o u l d increase the electronegativity of the oxygen atom. 

T h e most intense band i n the infrared spectrum appears at 1405 c m - 1 , but is absent i n the Raman spectrum. This band is assigned to an asymmetric 
C —Ο stretch coupled to a C = C stretch, w h i c h is i n agreement w i t h the 
position and intensity of the C —Ο stretch found i n organic derivatives o f 
squaric acid (23). A band at this position is also characteristic of metal 
carboxylates and usually is assigned to a symmetric Ο ~ C — Ο stretch (14, 24). T h e assignment of the symmetric stretch at 1555 c m - 1 to a higher 
frequency than the asymmetric stretch at 1405 c m - 1 is again due to the ring 
strain effects ment ioned earlier. T h e weak bands at 1067 ( IR) and 1075 c m - 1 

(Raman) are assigned to C — C stretching modes, in accordance wi th their 
intensity and position, 

A characteristic vibration i n al l ring systems is the ring breathing mode. 
The b a n d that corresponds to this vibration is intense i n the Raman spectrum 
and is infrared active only i n molecules that do not contain a center of 
symmetry (25). Because nearly all of the bands i n the I R and Raman spectra 
of the polymer are coincident, no center of symmetry is present. A ring 
breathing vibration should, therefore, be observed i n the I R spectrum. T h e 
ring breathing mode usually gives rise to a vibration i n the 950-1000 c m - 1 

range i n cyclobutene derivatives, but is found at considerably lower frequen-
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cies ( 5 5 0 - 7 5 0 c m - 1 ) i n the oxocarbons (26, 27). T h e only band i n the 
Raman spectrum that can be assigned to a symmetric ring breathing mode is 
the strong band at 755 c m ~ 1 . T h e corresponding infrared band is observed as 
a medium-intensity band at 743 c m - 1 . This assignment is consistent w i t h 
other metal-containing derivatives of squaric acid (see references 12, 21, and 
27). 

A t least two C = 0 deformations are expected i n the 5 5 0 - 7 5 0 c m - 1 

region. However , coincidental degeneracies may occur. Addit ional ly, because 
there are several bands below 700 c m - 1 , some of these bands may be h idden. 
T h e one band that could be attributed to a C = 0 deformation occurs at 681 
c m - 1 ( IR) and as a weak band i n the Raman spectrum at 685 c m " " 1 . This 
band is assigned to an asymmetric C = 0 bending mode. 

The vibrational frequencies of a number of metal-containing-squarate-
containing complexes have been studied (12, 21, 27). I n these complexes, there are no bands i n the infrared spectrum above 1600 c m - 1 . I n addition, there is a very strong, broad band between 1400 and 1700 c m " " 1 that 
corresponds to a combination of C - - C + C - - 0 and C = 0 stretching 
modes. This band is absent i n the diketosquarate derivatives and is replaced 
by bands that correspond to C = C , C — Ο , and C = 0 stretching modes. The 
positions of the bands for the complexes listed i n references 12, 21 , and 2 7 
remain fairly constant for a given vibration, w h i c h suggests similarities i n the 
structures of these complexes. 

Reported infrared frequencies for diketosquarate-metal complexes that 
contain uncoordinated carbonyl groups that are analogous to the structure 
proposed here for the squarate polymer are given i n references 19, 20, 23, and 26. In these complexes, there are several bands above 1600 c m " 1 that 
are attributed to C = 0 stretching modes. A strong band appears between 
1 5 0 0 - 1 6 0 0 c m - 1 i n the spectra of al l of these derivatives. This band 
corresponds to a C = C or C = C + C —Ο stretching mode. 

The presence of bands consistent w i t h the presence of the alkene moiety 
and I R information that indicates a lack of symmetry are evidence for 
polymer structure as pic tured i n 5 and are not consistent w i t h a structure as 
described i n 3. Further , the absence of unassigned bands is consistent w i t h a 
product of form 5 w i t h little contributions f rom other structures. 

In summary, vibrational frequencies found for the titanocene-squarate 
polymer are analogous to frequencies found i n the respective monomers and 
are consistent w i t h the lack of influence of the polymeric nature o n these 
vibrational modes. This finding indicates that, at least for some polymers, vibrational assignments derived for monomers can be used to identify vibra
tional bands found i n the corresponding polymer. Also , vibrational band 
assignments are consistent w i t h the polymer being of a general structure as 
pic tured i n 5 w i t h the C p rings bonded through p i bonds to the t i tanium 
metal atom. 
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Analysis of Gas-Plasma-Modified 
Poly(dimethylsiloxane) Elastomer 
Surfaces 
Attenuated-Total-Reflectance-Fourier Transform 
Infrared Spectroscopy 

Scott R. Gaboury and Marek W. Urban* 

Department of Polymers and Coatings, North Dakota State University, 
Fargo, N D 58105 

Attenuated-total-reflectance-Fourier transform infrared (ATR-FTIR) 
spectroscopy is a surface-sensitive technique that is particularly suit
able for the analysis of plasma-treated silicone elastomers. This chap
ter discusses the recent advances in gas-plasma treatments of silicone 
elastomer surfaces and surface analysis using ATR-FTIR spec
troscopy. A particular focus is given to silicone elastomer surfaces that 
are plasma treated with non-film-forming gases such as argon, nitro
gen, carbon dioxide, oxygen, and ammonia. The non-film-forming 
nature of the aforementioned gases leads to surface functionalization 
by incorporation of such gases into the film surface, as observed for 
ammonia, oxygen, and carbon dioxide gases. Furthermore, silicone 
elastomer surfaces can be functionalized through reactions of the 
surface atoms, as demonstrated for argon and nitrogen. 

GTAS-PLASMA SURFACE MODIFICATIONS OF POLYMER SYSTEMS have been 
widely studied and used to enhance adhesion or biocompatibil i ty as w e l l as 
other properties. T h e scope of adhesion studies of plasma-modified polymers 
typically deal w i t h the enhancement of surface adhesion ( 1 - 3 ) , improvement 

* Corresponding author. 

0065-2393/93/0236-0777$06.00/0 
© 1993 American Chemical Society 
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of bonding between polymers and fillers (4-6), or increased composite 
strength (7) . O n e of the areas that recently received increased attention is 
the enhancement of polymer biocompatibil ity. This compatibil i ty is usually 
accomplished by gas-plasma surface treatments (8-11) of polymers that have 
good mechanical properties, but poor surface biocompatibil ity. O n e of the 
most widely used biopolymers is cross-linked siloxane rubber, which , despite 
its inertness, needs to be surface-modified to function i n biologically active 
environments. A l t h o u g h several studies (12-15) have ut i l ized gas-plasma 
surface modifications, the issue o f surface s tructure-property relationships 
remains questionable. T h e advantage of gas-plasma modification fies i n its 
ability to favorably alter surface properties without adversely affecting the 
bulk mechanical properties of the polymer. E n e r g y i n the radio and m i 
crowave frequency ranges is often used as a means for either surface plasma 
polymerization or surface plasma modification. F o r surface plasma modif ica
tions of polymer surfaces, co ld plasmas are i n a thermal nonequi l ibr ium 
reaching electron temperatures of 20, 000-30 , 000 °C, whereas the bulk gas 
temperatures remain be low 200-300 °C (16). Consequently, the electrons as 
w e l l as other gas particles have sufficient energy to cleave c o m m o n organic 
bonds, but thermal degradation of bulk polymer is marginal because of the 
low bulk gas temperature. Al though the types of plasmas generated by radio 
and microwave frequencies are i n general similar, there are differences i n 
equipment. D u e to the nature of radiation, the use of radio frequency plasma 
chambers allows a greater degree of flexibility i n terms of geometry and the 
size o f plasma chambers and electrodes. Microwave plasmas, however, gener
ate a more uni form distribution of energy and, therefore, more homogeneous 
surface treatments (17). 

T o understand the chemical changes that occur as a result of plasma 
modifications, it is essential to characterize the molecular level changes and, on that basis, to further advance the understanding of surface chemistry and 
structure-property relationships o n surfaces. Because vibrational spectros
copy has proven to be a sensitive technique, the primary focus of this study 
w i l l be o n spectroscopic monitor ing of the structures that develop on silicone 
elastomer surfaces as a result o f gas-plasma modifications. 

Characterization of Plasma-Treated Polymers 
T h e changes that occur on polymeric surfaces as a result of gas-plasma 
exposure have a fundamental significance on surface properties. Therefore, it 
is important to use surface characterization methods that are selective and 
sensitive to the structural changes resulting f rom the treatments. A fist o f 
several other surface techniques ut i l ized i n the study of plasma-modified 
surfaces is given i n Table I. Al though X-ray photoelectron spectroscopy 
(XPS) , secondary-ion mass spectrometry ( S I M S ) , and ion-scattering spec
troscopy (ISS) are surface-sensitive techniques, w h i c h y i e l d molecular level 
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Table I. Techniques for Analysis o f Plasma-Modif ied Polymers 

Technique Depth (nm) References 

A T R - F T I R spectroscopy 100-10, 000 24, 26, 29, 30, 35 
X-ray photoelectron spectroscopy (XPS) < 10 38-40 
Secondary-ion mass spectroscopy (SIMS) < 1 30, 41 
Ion-scattering spectroscopy (ISS) < 0.5 42, 43 
Transmission electron microscopy ( T E M ) 150 max.thickness 44, 45 
Surface potential difference — 46 
Contact angle (surface energy) — 9, 44, 47 
Adhesion enhancement — 1, 48 

information, the use of high-vacuum conditions and careful surface prepara
t ion is required. Transmission electron microscopy ( T E M ) , surface potential 
difference, contact angle, and adhesion measurements y i e l d important infor
mation about material properties that are altered by plasma modification, but 
do not provide molecular level information about the species formed on the 
surface. Because of instrumental advancements i n F o u r i e r transform infrared 
( F T I R ) spectroscopy, A T R - F T I R spectroscopy has become a highly sensitive 
technique. D u e to good crystal-sample contact i n polymers w i t h low glass-
transition temperatures, such as silicone elastomers, A T R - F T I R is part icu
larly suited. Because this technique requires no high-vacuum environment, w h i c h can often disrupt weakly bonded surface species, and no special sample 
preparation, it is very attractive and useful i n the studies of polymer surfaces. 

In the A T R - F T I R experiment, the sample is placed i n intimate contact 
w i t h an infrared transparent crystal. W h e n infrared fight is passed through 
the crystal at an angle above the crit ical angle, the fight is internally reflected 
except for a small port ion o f the fight that is absorbed b y the sample surface. 
T h e hght reflected from the crystal-sample interface carries information 
about the vibrational energy of chemical bonds present o n the sample 
surface. Typically, A T R - F T I R spectroscopy allows the detection of vibra
tional spectra for surface layers i n the range o f 0.1 to 10 μ m i n thickness. F o r 
quantitative analysis o f surfaces, i t is necessary to consider the depth of 
penetration that depends u p o n the refractive index of the crystal and incident 
angle of the light. Furthermore , to account for optical effects dur ing the 
measurements, K r a m e r s - K r o n i g transformations must be ut i l ized (18-20). 
T h e effect o f b a n d separation and intensity changes o n the A T R analysis and 
spectroscopic interpretation has been described recently (21). Because this 
chapter focuses o n the actual use of A T R - F T I R spectroscopy for surface 
analysis, readers interested i n theoretical principles should refer to the 
original literature (22). 

Inert Gas-Plasma Modifications 

T h e use of inert gases i n the presence of plasma environments can substan
tially affect surface properties of polymers. U n l i k e other gas treatments, inert 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
03

4

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



780 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

gases are not incorporated into the polymer surface, but surface reactions 
result f rom rearrangements caused b y interactions wi th the highly energetic 
gas particles (23). 

Argon Treatment. A T R - F T I R spectroscopy and dynamic mechani
cal thermal analysis ( D M T A ) were used to study the effects of a r g o n - , carbon d i o x i d e - , and ammonia -p lasma modifications o n poly(dimethylsi lo-
xane) ( P D M S ) (24). A radio frequency (rf) plasma chamber w i t h a steady gas 
flow configuration was used for the plasma treatments. T h e extent of the 
surface changes was characterized by the relative increase o f the carbonyl 
band at 1725 c m " 1 ratioed to the P D M S bulk band at 1412 c m - 1 as shown 
i n F igure 1. In the power range f rom 10 to 200 W , the surface carbonyl 
concentration increases steadily unt i l a power of 50 W is reached. Beyond 50 
W , the carbonyl band decreases, w h i c h is attributed to two competing 
processes: surface modification and surface ablation. B e l o w 50 W there is a 
faster increase i n the rate of surface modification than i n surface ablation, whereas above 50 W the surface ablation becomes more rapid than the 
surface modification. E v e n though argon gas was used, such inert gas-plasma 
surface treatments lead to the formation of two carbonyl bands at 1725 and 
1720 c m - 1 . A l though the origin o f the oxygen that yields carbonyl formation 
is unknown, there are various possible sources: (1) W h e n the chamber is 
vented to the air, atmospheric oxygen may react w i t h radicals formed on the 
P D M S surface dur ing the plasma treatment or (2) oxygen may come f rom 
residual air i n the plasma chamber or air trapped i n the P D M S network. I n 
addition, the network contains oxygen i n the polymer backbone and i n the 
filler that may dissociate and contribute to surface oxidation. D M T A analysis 
shows that argon-plasma treatment o f the P D M S reduces the storage m o d u 
lus. Because the storage modulus is directly related to cross-fink density (25), these studies also show that the decrease o f storage modulus as a result o f 
argon-plasma modification leads to the decrease o f P D M S cross-link density. 

I n the most recent studies (26), microwave a r g o n - and ni t rogen-plasma 
treatments of P D M S have formed Si — H functionality on the surface of 
P D M S . A T R - F T I R surface spectra i n the 2 3 0 0 - 1 5 0 0 - c m " 1 region of the 
untreated and n i t r o g e n - and argon-plasma-treated P D M S samples that 
contain no S i 0 2 filler are shown i n F igure 2, traces A , JB, and C , respectively. 
The striking appearance of bands at 2158 c m - 1 upo n plasma treatment 
indicates the formation of new surface species. T h e b a n d at 1726 c m - 1 

(Figure 2, traces Β and C ) is due to carbonyl species and results f rom surface 
oxidation, whereas the band at 2158 c m - 1 is attributed to the Si—Η 
stretching mode (27). As illustrated i n F igure 3, the Si—Η stretching mode 
at 2158 c m - 1 is accompanied by the Si—Η bending mode observed at 912 
c m - 1 . In an effort to further confirm the Si—Η formation, a series of P D M S 
samples w i t h various ni t rogen-plasma exposure times were analyzed. W i t h 
increasing n i t rogen-plasma exposure t ime, the 2158- and 9 1 2 - c m - 1 bands 
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2000 1Θ00 

WAVENUMBERS CCM"1] 

Figure I. ATR-FTIR spectra in the 2000-1350-cm 1 region of argon-plasma-
treated PDMS: A, untreated; B, 10 W; C, 50 W; D, 200 W. 

increase at approximately the same rate, w h i c h provides further evidence that 
both bands are due to the formation of the same species, namely, Si — H. A t 
this point, however, the mechanism for the Si — H formation is not fully 
understood. T h e b o n d energies of the methyl sihcones shown i n Table II (28) 
suggest that due to the lower carbon-s i l i con and carbon-hydrogen b o n d 
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Figure 2. ATR-FTIR spectra of PDMS in the 2300-1500-cm~1 region: A, untreated; B, nitrogen-plasma treated; C, argon-plasma treated. 

energies, these bonds are preferentially cleaved by the excited gas particles. 
This process yields reactive si l icon sights o n the polymer backbone as w e l l as 
reactive carbon and hydrogen fragments i n the gas phase. I f the bonds are 
cleaved, the reactive sil icon sites may recombine w i t h the reactive hydrogen-
containing species. T h e primary reason for the foregoing assessment is that 
the s i l i con-hydrogen b o n d energy is higher than the s i l i con-carbon b o n d 
energy. Therefore, more stable species are formed w h e n sil icon bonds to 
hydrogen. Furthermore , because the fragments cleaved f rom the polymer are 
pr imari ly C H 3 groups that can further dissociate i n the gas phase, there is an 
o p t i m u m hydrogemearbon ratio of 3.T i n the gas phases. This excess of 
hydrogen species compared to carbon species leads to a statistically higher 
chance of hydrogen reacting w i t h the sil icon. Final ly , the hydrogemearbon 
ratio i n the gas phase may be further increased by the cleavage of hydrogen 
species f rom carbon atoms that remain attached to the polymer chain. A 
schematic representation of the process is shown i n Chart I. 

Chemically Active Gas-Plasma Modification 
C a r b o n D i o x i d e . C a r b o n diox ide-plasma treatments of P D M S sur

faces lead to the formation of mult iple carbonyl as w e l l as alkene groups (24). 
This change is demonstrated by the appearance of carbonyl bands at 1725, 
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Figure 3. ATR-FTIR spectra of PDMS in the Q30-885-cm~1 region: A, untreated; B, nitrogen-plasma treated; C, argon-plasma treated. 

Table I I . Energies of M e t h y l Silicone Bonds 

Species 
Energy 

(eV) 

S i - C 3.3 
S i - O 4.7 
S i - H 4.3 
C - H 3.3 

1700, and 1675 c m - 1 and an alkene band at 1596 c m " 1 i n the A T R - F T I R 
spectra. T h e 1 7 0 0 - c m - 1 b a n d is assigned to hydrogen-bonded carbonyl 
groups, most l ikely to the S i — O H functional groups that are formed as a 
result of the gas-plasma treatment. T h e S i — O H formation is demonstrated 
by a broad band centered at 3400 c m - 1 . T h e b a n d at 1596 c m - 1 is attributed 
to the formation of v inyl groups. 

O x y g e n . Oxygen-plasma modification of P D M S generates a substan
tial amount of surface hydroxyl functionalities (29, 30). However , the nature 
of the species to w h i c h the hydroxyl groups are bonded is not agreed upon. 
F o r example, it was observed that the formation of two broad hydroxyl bands 
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C H r C H r C H r 
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C H r C H r C H r 

C H r 

H * 

I / CHQ 

— S i - 0 - S i - O - S i — 
C H r C H r C H r 

ID 

C H r 

H* 

C H r 

— S i - 0 - S i - O - S i -
I 

C H r C H ^ C H r 

C H r H C H r 

-Si-O-Si—0—Si— 
C H r C H r C H r 

represents various excited or reactive species 

Chart I. A tentative mechanism of Si — H formation on PDMS surfaces. 

centered at 3425 and 3225 c m - 1 , both of w h i c h were assigned to hydrogen-
bonded hydroxyl groups (29). T h e 3 4 2 5 - c m " 1 band was attributed to i n 
tramolecular bonding, whereas the 3225-cm ~ 1 band was due to intermolecu
lar bonding. Several structural possibilities were i l lustrated for each bonding 
situation. Because C — H stretching bands showed only minor intensity 
decreases dur ing plasma treatment, it was proposed that the majority of 
hydroxyl groups are bonded onto the pendant carbons. However , based on 
such small C — H frequency changes, it was proposed that a fraction of the 
hydroxyl groups reacted onto the silicone atoms after pendant methyl groups 
were cleaved off. Exposure of the oxygen-plasma-treated P D M S to deu
ter ium oxide caused a rapid exchange of hydrogen for deuter ium that was 
manifested by a shift of both hydroxyl bands by approximately 900 c m - 1 . 

In the recent studies on oxygen-plasma-treated P D M S , the preceding 
findings appear to be controversial (30) . Al though A T R - F T I R spectra again 
showed substantial hydroxyl group formation, as evident by the presence of 
the 3400-cm ~~1 band, all C — H stretching, bending, and deformation modes 
decreased i n intensity as a result of oxygen-plasma treatment. C o m p l e 
mentary X P S and S I M S measurements l e d to the deduct ion that the loss o f 
C H 3 groups is the result of the formation of hydroxyl groups i n the 
plasma environment that are bonded directly to sil icon atoms i n the form 
S i — C H 2 — O H (30), rather than to carbon atoms as was proposed i n the 

previous studies (29) . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
03

4

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 
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Al though the conclusions drawn f rom the recent study (30) about the 
nature of the hydroxyl bonding o n the P D M S surface appear to be accurate, the assessment that this study disproves previous work (29) seems u n 
founded. It is w e l l known that the changes of plasma parameters, such as 
chamber geometry, vacuum conditions, substrate preparation, and others, can 
drastically affect the surface treatment and, therefore, the structures that 
develop as a result of such surface modifications (31). I n view of the 
experimental procedures employed and a comparison of the experimental 
parameters used i n each study, it is quite apparent that the exposure t ime, plasma power, and pressure substantially vary between the two studies. 
Therefore, although a comparison between the two studies is of little use, each study contains useful information. 

Ammonia. Numerous studies have been conducted o n the ammo
n i a - p l a s m a modification of polymer surfaces. T h e pr imary driving force was 
the desire to form reactive Ν —Η species for future surface-grafting reac
tions. Indeed, studies have shown that the use of a m m o n i a - p l a s m a treatment 
leads to amine- or amide-functionalized surfaces (32-34). 

Recently, we studied the effects of a m m o n i a - p l a s m a on P D M S and 
P D M S - c o n t a i n i n g chlorofunctional impurit ies (35). D u r i n g the ammo
n i a - p l a s m a treatment of P D M S that contained nonbonded chlorofunctional 
impurit ies, ammonia was incorporated into the polymer surface i n the form of 
amide functionality. T h e incorporation was demonstrated b y the appearance 
of an amide carbonyl b a n d at 1653 c m - 1 . As is w e l l known, dur ing gas-plasma 
surface modification, a th in surface layer of the substrate is often etched or 
ablated away. Af ter plasma treatment, a fraction of the ablated material often 
remains on the substrate i n the form of nonbonded surface layers. F o r that 
reason, a m m o n i a - p l a s m a - p r e t r e a t e d P D M S films w e r e washed i n 
dis t i l l ed-de ionized ( D D I ) water to remove any residues of nonbonded mate
rial. A T R - F T I R spectra, shown i n F igure 4 were collected before (trace B ) 
and after washing (trace C ) . W i t h the exception of a slight intensity decrease 
i n the 1 8 0 0 - 1 6 0 0 - c m - 1 region, the spectrum of the ammonia-plasma-treated 
P D M S appears almost identical to the spectrum of the same sample before 
washing. This observation was attributed to the removal o f a fraction of 
ablated material f rom the surface. T h e presence of the 1653-cm ~ 1 b a n d after 
washing indicates that the amide functionality formed as a result of ammo
n i a - p l a s m a exposure was chemically b o n d e d to the P D M S surface. 

W h e n a chlorofunctional impur i ty such as the chlorofunctional radical 
initiator 2, 4-dichlorobenzoyl peroxide is used, the effect of ammonia -p lasma 
surface modifications is significantly different (35). Similarly to the previous 
experiments, P D M S cross-linked w i t h this initiator was ammonia-p lasma-
treated and A T R - F T I R spectra were collected before and after water 
washing. T h e resulting spectra are shown i n F igure 5. T h e spectrum of the 
unwashed P D M S shows the formation of the amide carbonyl groups w i t h a 
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Figure 4. ATR-FTIR spectra in the 3600-1400-cm~1 region of PDMS with no 
chlorine-containing molecules: A , untreated; B, ammonia-plasma treated; C, ammonia-plasma treated and washed. 

b a n d at 1653 c m - 1 as w e l l as two bands of significant intensity at 3150 and 
3053 c m - 1 (F igure 5, trace B) . However , the spectra of the washed samples 
indicate a complete el imination of the 3150- and 3053-cm ~ 1 bands along 
w i t h an approximate 5 0 % intensity reduction o f the b a n d due to amide 
carbonyl groups at 1653 c m - 1 (F igure 5, trace C ) . These changes result f rom 
a m m o n i u m chloride formation o n the P D M S surface dur ing a m m o n i a - p l a s m a 
modification. T h e frequency shift of the bands for a m m o n i u m chloride on the 
P D M S surface as compared to the bands of solid a m m o n i u m chloride is due 
to the adsorption o f the a m m o n i u m chloride on the P D M S surface (36) . 
These experiments indicated that P D M S substrates free of chlorofunctional 
molecules can be amide-functionalized ut i l iz ing ammonia -p lasma treatment 
and that the amide groups are chemically b o n d e d to the P D M S surface. 
However , the presence of the chlorine-containing initiator causes the forma
tion of surface a m m o n i u m chloride, w h i c h partially inhibits bonding of the 
amide groups to the P D M S surface. A l t h o u g h additional experiments fo l 
lowed by spectroscopic analysis substantiated these findings, the exact mecha
nism of a m m o n i u m chloride formation on the P D M S surface has not been 
addressed. Furthermore , the distr ibution o f N H 4 C I wi th in the P D M S sur
face layers may be at the angstrom level or w e l l be low the surface (microme
ter level). This distr ibution may also influence surface treatments. 
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3200 2600 2000 1400 

Wavenumbers ( c m - 1 ) 

Figure 5. ATR-FTIR spectra in the 3600-1400-cm~1 region of PDMS with a 
chlorine-containing initiator: A, untreated; B, ammonia—plasma treated; C, ammonia-plasma treated and washed. 

As the previous section illustrated, even small quantities of chlorine-con
taining species may generate undesirable surface properties. Therefore, the 
presence of nonbonded molecules, such as processing agents or small molecule 
residues, may further enhance problems associated w i t h gas-plasma surface 
modifications. F r e o n is a wel l -known cleaning agent that is used to remove 
processing agents because it exhibits good solvating power and high volatility 
(37) . In an effort to establish the effect of such cleaning practices, residual 
l , l , 2 - t r i ch loro- l , 2, 2-trifluoroethane ( F r e o n T S , D u P o n t ) i n the P D M S net
work was examined as another chlorine-containing impuri ty (35). A T R - F T I R 
spectra of the gas-plasma-treated P D M S before surface washing again 
showed intense a m m o n i u m chloride bands, w h i c h indicates that freon trapped 
w i th in the polymer network contributes chlorine to the formation of ammo
n i u m chloride (F igure 6, trace C ) . Furthermore , the amide carbonyl b a n d at 
1653 c m - 1 is absent and a n e w carbonyl b a n d at 1765 c m - 1 is detected. 
Af ter the surface was washed w i t h water, the spectra indicate that al l surface 
species that were formed concurrently w i t h the a m m o n i u m chloride forma
t ion were water-soluble and removable. A T R - F T I R spectra of the plasma-
treated and washed P D M S surfaces appear to be virtually identical to the 
spectra of the substrate before plasma treatment (F igure 6, traces A and B) . 
Apparently, a m m o n i u m chloride completely inhibits the generation of b o n d e d 
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3200 2600 2000 
Wavenumbers (cm-1) 

1400 

Figure 6. Transmission FTIR spectra in the 3600-1400-cm 1 region of 
ammonium chloride (A) and material washed from the ammonia-plasma-treated 

PDMS (B). 

surface amide functionality as w e l l as the formation of other surface-bonded 
species. 

T h e conclusion based on these studies is that P D M S substrates free of 
chlorine-containing molecules can be amide-functionalized by a m m o n i a -
plasma modification. However , the presence of chlorine-containing molecules, such as a radical initiator or residual chlorinated cleaning solvents, leads to 
the formation of surface a m m o n i u m chloride. T h e a m m o n i u m chloride layers 
inhibit the development of surface-bonded amide groups. O u r prel iminary 
experiments indicate that the degree of amide formation is inversely propor
tional to the amount of a m m o n i u m chloride formed on the surface (S. R. 
Gaboury and M. W . U r b a n , unpubl ished work i n progress). 

Summary 

Although, i n general, only l imi ted surface spectroscopic dada are available for 
the gas-plasma-modif ied P D M S elastomers, A T R - F T I R spectroscopy appar
ently provides a means for analysis of the structures that develop as a result of 
energetic plasmons. In this chapter, the most recent advances, w h i c h use r f 
and microwave (mw) gas-plasma treatments, were reviewed. A r - r f plasma 
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34. GABOURY AND URBAN Gas-Plasma-Modified Surfaces 789 

leads to the formation of oxidized layers, whereas A r - m w plasma generates 
useful S i — H surface groups. Al though N H 3 - r f plasma can be used to 
introduce surface amide functionality, it should be kept i n m i n d that even 
residues of nonbonded chlorine-containing species may generate water-solu
ble layers of a m m o n i u m chloride. Apparently, these layers inhibit the amide 
group formation of P D M S surfaces. 
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Ultrasonic Synthesis and 
Spectroscopic Characterization 
of Poly(phthalocyanato) Siloxane 

Bert J. Exsted and Marek W. Urban* 

Department of Polymers and Coatings, North Dakota State University, 
Fargo, N D 58105 

A new synthetic method for the preparation of poly(phthalocyanato) 
siloxane is described. The method utilizes ultrasonic energy in the 
conversion of dichlorosilicon phthalocyanine monomer, a sodium 
chalcogenide, and molecular moisture to form the cofacially stacked 
poly(phthalocyanato) siloxane polymer [Si(Pc)O]n. Of four sodium 
chalcogenides investigated, sodium telluride was found to be the most 
effective polymerizing agent with an n value (degree of polymeriza
tion) greater than 45 repeating units. Sonication reactions were car
ried out at room temperature conditions extending from 1 min to 8 h 
in length. For comparative purposes, poly(phthalocyanato) siloxane 
was also prepared thermally via the traditional synthetic route. Elec
tronic and vibrational band assignments of the prepared phthalocya
nine monomers and their respective polymers are presented and 
assigned to the inherent structure of the macrocycle. The role of water 
in the sonication process is also discussed. 

OROFACIAL ASSEMBLY O F M E T A L L O M A C R O C Y C L E S was pioneered i n the late 
1950s by Elv idge and Lever ( I ) and Joyner and Kenney (2) for phthalo-
eyaninogermanium and phthaloeyanomanganese(IV) complexes. Soon there
after, it was discovered that dihydroxysilicone phthalocyanine ( S i ( P c X O H ) 2 ) 
cou ld also form a stacked, planar phthalocyanine moiety u p o n thermal 
dehydration (3) . T h e resulting poly (phthalocyanato) si l icon oxide, [S i (Pc )0 ] n , 

* Corresponding author. 

0065-2393/93/0236-0791$06.00/0 
© 1993 American Chemical Society 
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upon iodine doping, has since gained wide attention as the cornerstone of a 
new class o f electrically conductive macromolecules (4-7). 

I n traditional two-step thermal polymerization of poly(phthalocyanato) 
siloxane extreme parameters are required: for example, h igh vacuum (10 ~ 3 

torr) and temperature (440 °C) conditions over extensive periods of t ime (12 
h) (8). As a consequence, m u c h work on the development of [S i (Pc)0] w has 
been impeded. T h e apparent need for a more convenient synthetic technique 
should be addressed. In this chapter, we report a novel one-step, room 
temperature method for the synthetic preparation of [S i (Pc)0 ] n that uses 
ultrasonic energy. 

Ut i l izat ion of ultrasonic waves i n chemical applications dates back to the 
mid-1920s w h e n Loomis and Richards carried out the first studies of h igh-
frequency sound wave ( > 20 k H z ) effects on organic and aqueous solutions 
(9) . I n the fol lowing decades, however, very little research ut i l iz ing ultrasonic 
energy i n the procurement of new chemical compounds was investigated. 
Recently, however, sonochemistry has gained interest i n the area of heteroge
neous synthetic reactions, the majority of w h i c h involve the chemical interac
t ion between metallic powders and functionally active carbon or si l icon 
compounds (10, 11). I n the area of polymer synthesis and modification, however, only l imi ted applications of ultrasonic energy have been explored 
(12). In an effort to address this issue, we report the use of ultrasonic 
irradiation i n the synthesis of poly(phthalocyanato) siloxane polymer, [S i (Pc )0 ] n . 

Experimental Details 

Synthetic Procedures. Synthesis of Si(Pc)Cl2. Si l icon phthalo
cyanine dichloride was prepared by a modification of the procedure of 
L o w e r y et al . (13). U n d e r nitrogen, 16.45 m L (0.143 mol) of freshly dist i l led 
sil icon tetrachloride (Petrarch Systems) and 165 m L of dry quinoline solvent 
(Aldrich) was syringed into a 5 0 0 - m L three-neck r o u n d bottom flask equipped 
w i t h a nitrogen inlet, thermometer, heating mantel , mechanical stirrer, and 
dry-ice condenser (3-heptanone-dry ice; —38 °C) fitted u p o n a West-type 
condenser. T h e solution was brought to reflux. W h e n the solution reached 
200 °C, 15.000 g (0.103 mol) of 1, 3-diiminoisoindohne (Aldrich) was added. 
The resulting solution was refluxed at 220 °C for an additional 45 m i n and 
then slowly cooled to room temperature. U p o n cooling, 40 m L of chloroform 
was added to the resulting dark v i o l e t - b l u e reaction mixture i n an effort to 
facilitate the workup procedure. T h e crude product was centrifuged i n 
portions and Buchner filtered w i t h quinoline, chloroform, and acetone, respectively. T h e resulting purple , crystalline powder was stored i n a vacuum 
oven at 120 °C under 10 ~ 3 torr. Analytically calculated (%) for 
C 3 2 H 1 6 N 8 S i C l 2 : C , 62.85; H , 2.64; N , 18.32; C l , 11.59. Found: C , 52.86; H , 2.49; N , 16.73; C l , 10.55. 
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Ultrasonic Synthesis of [Si(Pc)0]n. Inside an argon glovebox, sodium 
telluride (Cerac, Inc.; 0.142 g; 8.180 X H T 4 mol) and (phthaloeyanato)sili-
con dichloride (0.500 g; 8.180 X 1 0 " 4 mol) were added to an oven-dried 
5 0 - m L three-neck round bottom flask. T h e flask was transferred to a hood, purged wi th nitrogen ( N 2 ) , and submerged into a c o m m o n ultrasonic labora
tory cleaner (Bransonic m o d e l 2200) filled w i t h deionized water. A p p r o x i 
mately 10 m L of freshly dist i l led tetrahydrofuran ( T H F ) dr ied over ben-
zophenone and sodium was syringed into the flask. T h e resulting mixture was 
sonicated at room temperature over periods ranging f rom 1 m i n to 8 h i n 
length, and cavitation was observed i n the reaction flask. T h e resulting 
poly (phthalocyanato) si l icon oxide product was Buchner filtered w i t h tetrahy
drofuran, water, and acetone, respectively, and d r i e d i n a vacuum oven 
(120 °C; 1 0 " 3 torr). Similar products, w i t h lower degree of polymerization 
values were obtained by substituting 8.180 X 10 ~ 4 m o l of sodium sulfide 
(Pfalz and Bauer; 0.064 g) and sodium selenide (Cerac, Inc.; 0.103 g), respectively, i n place of the sodium tel luride. Sodium oxide (Atomergic 
Chemetals Corp . ) , however, appeared to be ineffective. Analytically calcu
lated (%) for C 3 2 H 1 6 N 8 S i O u p o n 8 h of S i ( P c ) C l 2 ultrasonication w i t h 
sodium telluride: C , 69.05; H , 2.90; N , 20.13; C l , 0.00. Found: C , 64.24; H , 2.14; N , 11.96; C l , 0.07. 

Synthesis of Si(Pc)(OH)2. (Phthalocyanato) si l icon dihydroxide was 
prepared i n a shghtly modif ied procedure f rom that reported by Davison and 
W y n n e (14). Into a 2 5 0 - m L three-neck round bottom flask equipped w i t h a 
thermometer, condenser, heating mantel , stir bar, and plate was added 1.500 
g (2.45 X 10~ 3 mol) o f (phthalocyanato) si l icon dichloride, 75 m L of 2 - M 
aqueous sodium hydroxide, and 15 m L of pyridine cosolvent. Af ter 12 h the 
hydrolyzed (phthalocyanato) si l icon product was recovered by Buchner filtra
t ion w i t h dist i l led deionized water and acetone, respectively. Yield: 1.292 g 
(91.7%) Analytically calculated (%) for C 3 2 H 1 8 N 8 S i 0 2 : C , 66.89; H , 3.16; 
N , 19.50; C l , 0.00. Found: C , 60.68; H , 3.24; N , 17.85; C l , 0.00. 

Thermal Synthesis of [Si(Pc)0]n. Poly(phthalocyanato) siloxane, was 
prepared by the traditional thermal synthetic procedure out l ined by Joyner 
and Kenney (3) . (Phthalocyanato) si l icon dihydroxide was placed into a 
pyrolysis quartz tube and the axially functional monomer was heated to 
440 °C i n a L i n d b e r g heavy-duty tube furnace under a continuous vacuum 
(10 ~ 3 torr) for a per iod of 8 H. The resulting poly (phthalocyanato) siloxane 
was likewise recovered as a dark purple powder. Analytically calculated (%) 
for C 3 2 H 1 6 N 8 S i O : C , 69.05; H , 2.90; N , 20.13; C l , 0.00. Found: C , 64.64; H , 2.79; N , 18.92; C l , 0.00. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ch
03

5

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



794 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

H2(Pc). Nonmetal lated phthalocyanine monomer ( 9 8 % purity; β form) 
was purchased f rom the A l d r i c h C h e m i c a l Company, Inc. and spectroscopi-
cally analyzed as received without further modification. 

Analytical Methods. Elemental Analysis. E lementa l analyses ( C , Η, N , and C l ) were per formed by Desert Analytics Organic Microanalysis of 
Tucson, A Z . 

Infrared Spectroscopy. Photoacoustic F o u r i e r transform infrared 
( P A - F T I R ) spectra were collected on a spectrometer (Digi lab F T S - 1 0 M ) 
continuously purged w i t h pur i f ied air (free of hydrocarbons, carbon dioxide, and water; Balston F i l t e r Products). T h e single-beam spectra of phthalocya
nine samples enclosed i n a he l ium-purged photoacoustic ce l l were recorded 
at a resolution of 4 c m - 1 and ratioed against a carbon black reference. A l l 
spectra were transferred to an A T compatible computer and analyzed wi th 
the aid of Spectra C a l c software (Galactic Industries). 

Optical Spectroscopy. Solution spectra o f S i ( P c ) C l 2 , S i ( P c ) ( O H ) 2 , and both sonically and thermally prepared [S i (Pc)0] n were recorded on a 
mult iple-ce l l diode array U V - v i s i b l e spectrophotometer (Hewlet t -Packard 
8451A) equipped w i t h a deuter ium lamp. Pure tetrahydrofuran ( T H F ) sol
vent was ut i l ized as a reference. 

Nuclear Magnetic Resonance Spectroscopy. I n an effort to access 
the role of the solvent i n the ultrasonication procedure, X H and 1 3 C N M R 
spectra of untreated tetrahydrofuran solvent and tetrahydrofuran solvent (10 
m L ) sonicated for 8 h i n the presence of sodium telluride (0.142 g; 8.180 X 
10 ~~4 mol) were recorded on a 4 0 0 - M H z F o u r i e r transform N M R spectrome
ter ( J E O L GSX-400) . Approximately 0.05 m L of each sample was dissolved i n 
1 m L of deuterated chloroform ( C D C 1 3 ) . C h e m i c a l shifts are reported i n 
measurements relative to tetramethylsilane ( T M S ) . 

Results and Discussion 

T o circumvent the traditional two-step synthetic procedure of poly(phthal-
ocyanato) siloxane, [S i (Pc )0 ] n , we developed a new ultrasonic synthetic 
procedure that requires only one step. Both reaction routes are schematically 
depicted i n Char t I. N o t e that the formation and isolation of the S i ( P c ) ( O H ) 2 

intermediate, previously required i n the traditional two-step polymerization 
procedure of poly (phthalocyanato) siloxane, has been el iminated (3). Hence , dichlorosil icon phthalocyanine ( S i ( P c ) C l 2 ) , the precursor of S i ( P c ) ( O H ) 2 , can 
be ut ihzed directly via the one-step ultransonication reaction pathway. 
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25 deg. Cel., Atm. Press., Sonication 

Chart L Synthetic schemes for the preparation of poly (phthalocyanato) si
loxane via the traditional thermal condensation route (a) and a new ultrasonic 

procedure (h). 

Before we analyze our infrared absorption spectral results, let us first set 
the stage by defining the bands most relevant to both the m o n o m e l i c and 
polymeric phthalocyanine macromolecular structures. 

Because of the vast number of infrared absorptions displayed by the 
phthalocyanine moiety, the first spectroscopic reports of vibrational modes 
inherent to the phthalocyanine macromolecule were complicated by a n u 
meric scheme that was commonly substituted for standard vibrational assign
ment tables (15). I n addition, vibrational analyses were often disrupted by 
bands attributed to the dispersive media, for example, mineral o i l (16, 17). 
Later, sublimation techniques for phthalocyanine deposition on the surface of 
potassium bromide crystals were developed to simplify the data interpretation 
(18). E a c h of these I R techniques, however, was rather t ime-consuming and, i n many cases, altered the structure of the phthalocyanine moiety (15). 
Fortunately, a more convenient method of vibrational spectroscopy now exists 
that allows infrared spectra of opaque insoluble powders to be obtained via 
the use of a F o u r i e r transform infrared spectrometer equipped w i t h a 
photoacoustic cel l ( P A F T I R ) (19-21) . This vibrational spectroscopic tech
nique is also nondestructive to the sample; thus the sample can be retrieved 
i n its original form. Subsequently, all vibrational spectra were recorded by 
this P A technique. 

P A - F T I R vibrational data of S i ( P c ) C l 2 and S i ( P c ) ( O H ) 2 monomers, along w i t h their respective ultrasonic and thermally synthesized [S i (Pc)0] n 

polymers are reported i n Table I. In addition to the reported sil icon phthalo
cyanine vibrational bands, characteristic infrared frequencies of a nonmetal-
lated phthalocyanine, H 2 ( P c ) , are inc luded to make a more complete listing 
of bands that are attributed solely to the phthalocyanine moiety and bands 
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Table I. Infrared Bands of H 2(Pc), Si(Pc)Cl 2, Si(Pc)(OH)2, and Both Thermally 
and Sonically Polymerized [Si(Pc)Olw

a 

Vibrational Band β Thermal Sonicc 

Mode Nob H2-Pe Si(Pc)Cl2 Si(Pc)(OH)2 [Si(Pc)0]n [Si(Pc)0]n 

c - c Def . r o 1 450w 
S i - C l Str. 464<*vs 
c - c Def . r o 2 487, 493m 507w 

532^s 528<*m 528 d m 530 r f m 
c - c Def . r o 3 555m 574m 

609 d w 
574m 
615 r fw 

574m 574m 

c - c Def . r o 4 613s 
684 es 

648m 644m 
673 d w 

644w 646w 

C - H Def. D 5 719vs 694 r fm 702^w 700w 692w 
C - H Def. G 6 729, 734vs 734s 732vs 727vs 734vs 
N - H Def. G 7 748vs — — — — 
C - H a Def . 0 8 767s 761s 759vs 758s 759s 
C - H β Def . 0 9 779s 775w 779m 773w 773w Def . 0 

785m 
804^w C l - H D e £ 0 10 — 808 a m 806sh 804 d w 804^w 

S i - O Str. 831s 831w 831w 
C - H a Def. G 11 — 866dm 871w 866 d w 869^w 
C - H β Def . 0 12 880sh 883m — — — 
C - H D e £ 0 13 873vs 914s 912m 910s 910s D e £ 0 

14 947vs 947w 950w 947sh 947sh 
β 15 956m 

960dm 974 d w 
987 d w 993 d w 

999<*bd S i - O - - S i Str. 
1004<*w 1004^w 

999 d bd 999<*bd 

N - H Def.i 16 1006vs — — — 
C - H Def.i 1022 dw 
C - H Def.i 1051rfsh 
C - H Def.i 17 — 1062vs 1068vs 
C - N Str. 18 1093vs 1082vs 1078, 1089vs 1082s 1082s 
C - H Def.j 19 — — — — — 
C - H Def.j 20 1118vs 1124vs 1122, 1134ds 1122s 1122s 
C - H Def.i 21 1156m 1165s 1166m 1165m 1165m 
C - H β Def.i 22 1163m 

1240 f iw 
1175w 
1222 d w 

— — 

C = N Def. 1249m 1249*w 
C - C Str. 23 1276s 1292s 1292s 1288s 1288s 
N - H Def. 24 1303s — — — — 
N - H Def. 25 1323s — — — — 

26 1334vs 
1342 esh 

1338vs 
1342dsh 
1352<*sh 

1336VS 

1352 r fsh 

1336vs 

1352<*sh 

1336vs 

1352<*sh 
C - C Str. 27 1436s 1431s 1431s 1427vs 1427vs 

28 1458w 1473 1471m 1471m 1471m 
29 1477w 1486w 1487w — 1485w 
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Table I. Continued 

Vibrational 
Mode 

Band 
No.h 

β 
H2-Pc Si(Pc)Cl2 Si(Pc)(OH)2 

Thermal 
[Si(Pc)0]n 

Sonicc 

[Si(Pc)0]n 

C = N Str. 30 1502m 1533s 1519s 1518s 1517s 
C = C Str. 31 1597sh 1596sh 1595sh 1595w 1595w 
C = C Str. 32 1606, 1614m 1610s 1608m 1614m 1614m 
N - H Str. 33 3277s — — — — 
O - H Str. — — 3500bd 3500bd 3500bd 

a Symbols and abbreviations: Str. = stretching: Def. = Deformation; Def. r o = out-of-plane ring 
deformation; Def.Q = out-of-plane deformation (e.g., wagging and twisting). Def.j = in-plane 
deformation (e.g., scissoring and rocking); s = strong; m = medium; w = weak; bd = broad; 
sh = shoulder; ν = very; 

Band numbering scheme (1-33) is in accordance with reference 15. 
cSi(Pc)Cl 2-Na 2Te sonicated in THF for 8 H. 

= additional peaks found and reported by Marks (reference 8). 
= additional peaks found and reported by Kobayashi (reference 16). 

that are related to the chelated metal atom and its axial substituents. 
Al though the infrared absorption modes of detection differ, the obtained 
photoacoustic I R group frequencies correlate closely w i t h absorption bands, previously ci ted i n the literature, that ut i l ized more laborious and t ime-con
suming transmission infrared techniques (8, 16, 18, 22). T h e traditional 
number ing scheme initially used by Sidorov and Kotlyar (15), but seldom 
assigned, is inc luded i n Table I to provide a comprehensive l isting o f the 
vibrational bands of the phthalocyanine macrocycle. N o t al l vibrational bands 
are listed, however, because more than 50 normal vibrational modes are 
observed i n the infrared spectrum of the highly symmetrical phthalocyanine 
macrocycle. H e n c e , Table I is l imi ted pr imari ly to band frequencies between 
the region of 1620-450 c m " " 1 that is most commonly ci ted i n the literature 
for the analysis of characteristic phthalocyanine vibrational bands and is also 
sensitive to the formation of cofacially stacked polymers. 

Analysis of the photoacoustic vibrational data l isted i n Table I reveals that 
the nonmetallated phthalocyanine, H 2 ( P c ) , w i t h a point group symmetry of 
D2h displays several band splittings (bands 2, 6, and 32) that distinguish it 
f rom its highly symmetrical metallated O4h counterparts. T h e displacement of 
H 2 ( P c ) f rom a horizontal plane symmetry is shown i n Char t II . In addit ion to 
band numbers assigned as a result o f the H 2 ( P c ) molecular symmetry, Ν — H 
vibrational modes (bands 7, 16, 24, 25, and 33) are also assigned. 

T h e sil icon phthalocyanine dichloride monomer, S i ( P c ) C l 2 , is observed 
to display vibrational bands characteristic of metallated phthalocyanines w i t h 
a D4h point group symmetry, except an additional vibrational mode at 464 
c m - 1 is readily observed. This infrared absorption has been assigned directly 
to the S i — C l stretching frequency that is posit ioned axially off the phthalo
cyanine ring (8). A l though the hydroxy-functional si l icon phthalocyanine 
monomer, [S i (Pc ) (OH) 2 ] , displays virtually the same vibrational bands as its 
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(a) (b) 

Chart II. Structures ofnonmetallated [ D2h ] (a) and metallated [ D 4 h ] (b) 
phthalocyanines. 

precursor, S i ( P c ) C l 2 , several apparent differences between their vibrational 
spectra are noted. These spectral changes include the fol lowing: 

1. T h e formation of a broad — O H stretching band at approxi
mately 3500 c m - 1 . 

2. A downfie ld shift of the C = N intraligand vibrational stretch
ing band (band 30) f rom 1531 to 1519 c m - 1 upon replacement 
of the chloride to a hydroxide axial substituent. 

3. Splittings of bands 18 and 20 due to symmetry distortions by 
S i ( P c X O H ) 2 f rom the D4h point group. 

4. T h e formation of a strong antisymmetric Si—Ο stretching 
mode at approximately 831 c m - 1 , characteristic of the dihy-
droxy-functional si l icon phthalocyanine monomer. 

N o w that several characteristic spectral features of the axial-functional 
sil icon phthalocyanine monomers have been established, let us return to the 
main thrust of this chapter and spectroscopically fol low the ultrasonic and 
thermal polymerization o f poly(phthalocyanato) siloxane f rom its respective 
S i ( P c ) C l 2 and S i ( P c ) ( O H ) 2 m o n o m e l i c precursors. As il lustrated i n F igure 1, thermal dehydration o f the S i ( P c X O H ) 2 monomer for 8 h at 440 °C (trace d) 
diminishes the characteristic antisymmetric Si—Ο stretch at 831 c m - 1 of the 
hydroxy-functional monomer (trace b). Coinc ident w i t h the diminishing v i 
brational band is the formation of a broad, new band centered at approxi
mately 1000 c m - 1 . Format ion of this broad vibrational band at 1000 c m - 1 

was previously attributed to the antisymmetric S i — O —Si stretch of a 
poly(phthalocyanato) siloxane, [S i (Pc )0 ] n (23). Recent investigations by D i r k 
et al . (8) verif ied the assignment of the polymeric S i — O —Si stretching 
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Wavenumber (cm ) 
Figure 1. PA-FTIR spectra of Si(Pc)Cl2 monomer (a), Si(Pc)(OH)2 mono
mer (b), sonically polymerized [Si(Pc)0] , (c) and thermally polymerized 

[Si(Pc)0]Jd). 

vibration by noting its downfie ld shift of approximately 50 c m 1 upon 
replacement o f the br idging oxygen atoms w i t h 1 8 O , w h i c h subsequently 
forms the isotopic [ S i ( P c ) l s O ] n polymer. Broadening of this vibrational tran
sition has been correlated w i t h increases i n the molecular weight of the 
polymer (24). Similar i n respect to the P A - F T I R spectrum of the thermally 
prepared macrocyclic siloxane polymer, the infrared spectrum of ultrasoni-
cally prepared poly (phthalocyanato) siloxane (F igure 1, trace c) displays 
identical features, even though it is prepared directly f rom the sil icon 
phthalocyanine dichlor ide precursor, S i ( P c ) C l 2 (F igure 1, trace a; 
S i ( P c ) C l 2 / N a 2 T e sonicated i n T H F for 8 h). 

A n additional band effected by the ultrasonic polymerization pathway of 
the S i ( P c ) C l 2 monomer is that of the intraligand C = Ν stretching vibration 
at 1535 c m - 1 (band 30). This vibrational mode was previously noted to shift 
downfie ld f rom 1533 to 1519 c m - 1 upon replacement of the chloride 
substituents o f S i ( P c ) C l 2 w i t h hydroxyl substituents i n the case o f the 
m o n o m e l i c hydrolysis reaction; see Table I. T h e same trend appears to be 
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Figure 2. PA-FTIR spectra of Si(Pc)Cl2 sonicated with sodium sulfide over 

periods of 0 min (a), 1 min (b), 5 min (c), 30 min (d), 1 h (e), 2 h (f), and 8 h (g). 

evident i n the ultrasonic polymerizat ion process. F igure 2 monitors this axial 
l igand replacement effect as a funct ion of sonication t ime. As illustrated i n 
F igure 2, trace g, a m i n i m u m of 8 h of sonication w i t h sodium chalcogenide is 
required for complete l igand substitution to occur. Vibrat ional overlap of the 
intraligand C = N group frequency (band 30) of al l the ultrasonically treated 
samples (F igure 3, traces b, e, and d), i n conjunction w i t h the C = N 
vibrational modes of the thermally prepared S i ( P c ) ( O H ) 2 monomer and 
[S i (Pc)0 ] n polymer (Figure 3, traces e and f, respectively), tend to indicate 
that the axial chloride substituent subsequently has been replaced. This 
observation is supported by the substantial absence of chlorine i n the 
elemental analysis data (presented earlier i n the experimental section) for 
both the sonically and thermally prepared [S i (Pc )0 ] n polymers. 

Complementary to F igure 3, the P A infrared spectra of several ultrasoni
cally polymerized species that display a broad vibrational mode at 1000 c m - 1 

are shown i n F igure 4. This band corresponds to the broad S i — O —Si 
antisymmetric stretch of the thermally prepared poly (phthalocyanato) silox
ane. Chalcogenide br idging of the sil icon phthalocyanine moieties (e.g., 
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Figure 3. PA-FTIR spectra of Si(Pc)Cl2 (a), Na2S-treated (h), Na2Se-treated 
(c), and Na2Te-treated (d) Si(Pc)Cl2 ultrasonically treated for 8 H. Spectra of 
Si(Pc)(OH)2 (e) and its thermally polymerized product, [Si(Pc)0]n (f) are also 

shown. 

Si—S — S i , S i—Se—Si , or S i—Te—Si ) w o u l d be expected to display a 
H o o k e a n behavior and shift the stretching vibration downfie ld to frequencies 
lower than 1000 c m - 1 . This shift, however, is not observed as il lustrated i n 
F igure 4, traces b, c, and D. Subsequently, these spectral data indicate that a 
S i — O — S i br idged phthalocyanine ol igomer or polymer has indeed been 
formed. 

I n an effort to account for the presence of oxygen i n the ultrasonic 
formation of the poly(phthalocyanato) siloxane, several spectroscopic studies 
were undertaken. O n e possible source of oxygen that is responsible for the 
S i — O —Si cofacial stacking o f the phthalocyanine rings was the sonication 
m e d i u m , tetrahydrofuran ( T H F ; C 4 H s O ) . As illustrated i n Figure 5, axial 
polymerization of S i ( P C ) C l 2 into a siloxane chain resulted only w h e n T H F 
was ut i l ized as the sonication m e d i u m (Figure 5, trace d), whereas substitu
t ion of the T H F sonication m e d i u m w i t h a non-oxygen-containing solvent, such as hexane (Figure 5, trace b), resulted i n virtually no vibrational changes 
w i t h respect to the original starting reagent, S i ( P c ) C l 2 (F igure 5, trace a). 
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\ 1 1 r- 1 r 
1200 1100 1000 900 800 700 

Wavemimber (cm A) 
Figure 4. PA-FTIR spectra of Si(Pc)Cl2 (a) and Na2 S-treated (h), Na2 Se-treated 
(c), and Na2Te-treated (d) Si(Pc)Cl2 sonicated for 8 H. Spectra of Si(Pc)(OH)2 

(e) and its thermally polymerized product, [Si(Pc)0]n (f) are also shown. 

1 3 C N M R studies of T H F sonicated for a p e r i o d of 8 h i n the presence o f 
sodium telluride, however, revealed that no new chemical shifts were de
tected, as shown i n Table II, thereby indicating that the complete chemical 
structure of the heterocyclic solvent, T H F , remains intact w i t h no loss of 
oxygen. Similar X H N M R studies of the chalcogenide-treated T H F conf irmed 
the inactive role of T H F as a direct oxygen source; see Table II. * H N M R , however d i d detect a new chemical shift at approximately 2.5 p p m i n both the 
nontreated and chalcogenide-treated T H F . A small addition of water to each 
sample dramatically enhanced the intensity of the peak at 2.5 p p m , w h i c h 
indicates that molecular water was the agent responsible for this chemical 
shift. 

Al though T H F d i d not directly account for the source o f oxygen i n 
[S i (Pc )0 ] n , the presence of water i f T H F could subsequently serve as the 
pr imary source of oxygen. Hence , the role of water i n the ultrasonication 
reaction was investigated by initial ly charging a minute concentration of water 
( 2 % by volume) into the T H F sonication m e d i u m . T h e formation of the 
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1600 1400 1200 1000 800 600 

Wavenumber (cm A) 

Figure 5. PA-FTIR spectra of Si(Pc)Cl2 monomer (a), Si(Pc)Cl2/Na2Te soni
cated in hexane (b), Si(Pc)Cl2/Na2Te sonicated in THF/H20 (c), Si(Pc)Cl2/ 
Na2Te sonicated in THF without any post treatment, and Si(Pc)Cl2/Na2Te 

sonicated in THF and worked-up via Buchner filtration (e). 

m o n o m e l i c Si —Ο vibration stretch (Figure 5, trace c), characteristic of the 
S i ( P c ) ( O H ) 2 monomer, was readily observed, thereby indicating that water 
plays a direct role as an oxygen source. However , the concentration of water 
present i n the T H F is bel ieved to be a determining factor i n whether the 
resulting ultrasonication product w i l l be m o n o m e l i c or polymeric i n its 
structural nature. 

In view of the foregoing considerations, the proposed mechanism for the 
ultrasonic formation of [S i (Pc)0 ] n is schematically presented i n Chart III. 
Recent investigations by A r y a et al. (25) on a series of silatrane molecules, w h i c h m i m i c the chemical structure of the sil icon phthalocyanine complex, tend to support the existence of a s i l icon-chalcogenide intermediate. H o w 
ever, the presence of molecular water (moisture) lead to the immediate 
rearrangement of the transient s i l icon-chalcogenide intermediate (e.g., a 
silanone: S i = S or S i = S e ) to form a more stable, cyclic, s ix-membered 
siloxane ring structure. D u e to geometrical restraints imposed upon the 
planar phthalocyanine moiety by its bulky aromatic rings, it is postulated i n 
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Table II . 1 3 C and X H N M R D a t a of the Sonication M e d i a " 

Sample δ (ppm) 

1 3 C N M R of T H F 67.4 (singlet, 1C; α-methylene) 
25.1 (singlet, 1C; β-methylene) 

1 3 C N M R of N a 2 T e - T H F f c 67.4 (singlet, 1C; α-methylene) 
25.1 (singlet, 1C; β-methylene) 

1 H N M R of T H F 3.60 (multiplet, 2 H ; α-methylene) 
2.58 (singlet) 
1.72 (multiplet, 2 H ; β-methylene) 

* H N M R of N a 2 T e - T H F f e 3.60 (multiplet, 2 H ; α-methylene) 
2.58 (singlet) 
1.72 (multiplet, 2 H ; β-methylene) 

* H N M R of T H F - H 2 0 3.60 (multiplet, 2 H ; α-methylene) 
2.58 (singlet, 1H; H 2 0 ) 
1.72 (multiplet, 2 H ; β-methylene) 

βDissolved in CDC1 3 , plus 1% TMS. 
Sonicated 8 H. 

η 
Chart III. A proposed mechanism for the ultrasonic synthesis of 

poly (phthalocyanato) siloxane. 
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our case that tr imerization of the short-lived silanone phthalocyanine inter
mediates becomes inhibi ted. As a consequence, the proposed silanone inter
mediates (e.g., S i = S , S i = S e , S i = T e ) , upon nucleophil ic displacement w i t h 
water, may readily rearrange to form a linear, noncyclic poly (phthalocyanato) 
si l icon oxide o l igomer-polymer . Attempts to isolate this short-lived silanone 
phthalocyanine intermediate (26), however, have been unsuccessful to date 
as evidenced by the P A - F T I R spectrum i n F igure 5, trace e, of the 
ultrasonically prepared [S i (Pc)0] n polymer, w h i c h was synthesized and ana
lyzed under dry conditions (inert nitrogen gas) w i t h no post purification 
procedures. Al though it is also possible that water may react w i t h the 
intermediates to form siloxane-like compounds, more experiments are needed 
to confirm a precise mechanism of polymerization. 

T o provide further evidence for the ultrasonic formation of a linear 
poly(phthalocyanato) siloxane, U V - v i s i b l e spectra of several phthalocyanine 
monomers and polymers were likewise recorded; their corresponding elec
tronic excitation wavelengths ( X m a x ) are compi led i n Table III . Typica l 
solution optical spectra of m o n o m e l i c phthalocyanines are reported to exhibit 
two characteristic ττ -> ττ* intraligand transitions, w h i c h are shown i n F igure 
6. T h e electronic band transition near 350 n m is commonly referred to as the 
Soret (or B) band, whereas the transition at ca. 680 n m is cited as the Q 
band. The Q band is responsible for the inherent greenish blue color of 
phthalogen dyestuff (27) . As illustrated i n F igure 6, trace a, splitting of the 
lower-energy Ç-band i n the red region occurs i n the case of the nonmetal-
lated phthalocyanine, H 2 ( P c ) , due to D4h —> D2h symmetry changes. This 
phenomenon results f rom the two hydrogen atoms being less symmetrical 
w i t h respect to the four central r ing nitrogen atoms of a metallated phthalo
cyanine structure. Subsequently, the degenerate lowest unoccupied molecu
lar orbital ( L U M O ) , ττ*, energy level of the nonmetallated phthalocyanine 
macrocycle is split into two different molecular orbital energy states (28). 

In contrast to the nonmetallated H 2 ( P c ) , metallated S i ( P c ) C l 2 and 
S i ( P c ) ( O H ) 2 phthalocyanine monomers dispersed i n T H F , along w i t h their 
respective ultrasonically and thermally prepared polymers, [S i (Pc )0 ] n , do not 

Table III. Number Average Molecular Weight Data for Both Sonically and 
Thermally Synthesized [Si(Pc)Oln 

Compound Absorption Maxima (nm) 

H 2 ( P c ) 348, 594 (weak), 652, 688 
Si(Pc)Cl 2 335, 364, 622 (weak), 692 
Si(Pc)(OH) 2 334 (weak), 366, 626, 692 
[Si(Pc)Ol 2 sonic a 342, 442 (weak), 630, 662 
[Si(Pc)0] 2 thermal 345, 445, 636, 666 

ûSi(Pc)Cl 2-Na 2Te sonicated in THF for 8 H. 
b Thermal condensation (440 °C) of Si(Pc)(OH)2 for 8 H. 
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Figure 6. Electronic absorption spectra of H2(Pc) (a), Si(Pc)Cl2 monomer (b), sonically polymerized [Si(Pc)0]n (c), Si(Pc)(OH)2 monomer (d), and thermally 
polymerized [Si(Pc)0]n dispersed in THF (e). 

display Ç-band splittings as depicted i n F igure 6, traces c and e, respectively. 
This observation suggest that the m o n o m e l i c si l icon phthalocyanine macro
molécule w i t h its highly symmetrical D4h point group symmetry subsequently 
is conserved u p o n polymerization, forming a l inear [S i (Pc )0 ] n . Hence , the 
axial siloxane bridges of the ultrasonically prepared [S i (Pc)0] n are bel ieved to 
be similar wi th respect to the structural conformation of its linear thermally 
polymerized counterpart. It should also be noted that a distinct blue (hypso-
chromic) shift of approximately 40 n m is observed upo n polymerization of 
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both the m o n o m e l i c phthalocyanines reagents, regardless of the mode of 
preparation. This shift has previously been explained i n terms of decreased 
electron density w i t h i n the phthalocyanine r ing u p o n ΤΓ-orbital stacking, w h i c h subsequently lowers the highest occupied molecular orbital ( H O M O ) 
energy level of the phthalocyanine and raises the energy required to undergo 
an electronic transition (29). 

Determinat ion of the various degrees of polymerization for both sonically 
and thermally polymerized poly(phthalocyanato) siloxane have been per
formed quantitatively by infrared end-group analysis (8) and are reported i n 
Table IV . I n this method, the area of the Si—Ο vibrational mode for both 
the monomel ic , S i ( P c ) ( O H ) 2 , and polymeric , [S i (Pc )0 ] n , species are ratioed 
against the area of an invariant C — H out-of-plane deformation of the 
phthalocyanine moiety (band 6). Extents of polymerization (or η values) 
calculated i n this manner previously have been shown to be accurate wi th in 
1 0 % of the molecular weight values determined by t r i t ium labeling (8). As 
noted i n Table IV , ultrasonically treated species display cofacial stacking to 
various degrees. Increased degree o f polymerization values appears to fol low 
the chalcogenide series of T e " 2 > S e " 2 > S " 2 > O " 2 . This t rend corre
sponds inversely to the b o n d strength of the sil icon chalcogenide series 
Ο 2 > S ~ 2 > S e " 2 > T e " 2 as reported i n the literature (30). Because 
sodium telluride is the most effective polymeriz ing agent of the four sodium 
chalcogenides investigated w i t h a degree of polymerization value of 48, the 
observed polymerization t rend may be attributed to the instability of the 
sil icon chalcogenide intermediate. Be ing the least stable of the four prospec
tive si l icon chalcogenide intermediates, the s i l i con- te l lur ide intermediate 
w o u l d be expected to be more rapidly displaced by molecular water i n the 
formation of a linear, cofacially stacked poly (phthalocyanato) siloxane product 
w i t h a resulting degree of polymerization value that is very comparable i n 
respect to its thermally prepared predecessor (n = 40). 

P A - F T I R and U V - v i s i b l e spectra of both thermally and ultrasonically 
prepared poly(phthalocyanato) siloxanes display coincident spectral features. 

Table IV. Optical Absorption Spectra of H 2(Pc), Si(Pe)Cl2, Si(Pc)(OH)2, and 
Both Thermally and Sonically Polymerized [Si(Pc)Oln 

[Si(Pc)Ojn 

Synthetic Technique 
Temp., 

(°c) Time, (hours) 
η Value 

by IR Analysis 

Sonic & N a 2 O a 25 8 — 
Sonic & N a 2 S 25 8 2 
Sonic & N a 2 S e 25 8 4 
Sonic & N a 2 T e 25 8 48 
Thermal & vacuum1* 440 8 40 

°Pa_FTIR spectrum was identical to Si(Pc)Cl2. 
Prepared at 10 ~ 3 torr. 
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808 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

T h e i r identical vibrational and electronic spectra provide substantial evidence 
that a new, one-step synthetic procedure now exists for the preparation of 
poly(phthalocyanato) siloxane that utilizes ultrasonic energy. 

Summary 

T o circumvent the traditional thermal two-step synthetic procedure for the 
preparation of poly(phthalocyanato) siloxane, an alternative one-step ultra
sonic synthetic procedure has been developed. Ultrasonication of S i ( P c ) C l 2 

i n the presence of a sodium chalcogenide w i t h molecular moisture results i n 
the formation of poly(phthalocyanato) siloxane polymer. O f the four different 
sodium chalcogenides investigated ( N a 2 0 , N a 2 S , N a 2 S e , and N a 2 T e ) , sodium 
telluride was the most effective polymeriz ing agent. F T I R and U V - v i s i b l e 
data indicate that a linear, cofacially stacked poly(phthalocyanato) siloxane 
w i t h various degrees of polymerization can be prepared via this new synthetic 
route. In addition, this new ultrasonic synthetic procedure can successfully be 
carried out at atmospheric and room temperature conditions, thereby provid
ing a viable alternative to the traditional two-step polymerization technique, 
w h i c h requires a high vacuum and extreme temperatures. 
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645, 777, 791 
Pennsylvania State University, 221 
Perkin-Elmer Corporation, 727 
Polytronix, Inc., 745 
Rutgers University, 289 

Sandia National Laboratories, 573 
St. Mary's College of Minnesota, 507 
University of Connecticut, 333 
University of Essen, 41 
University of Georgia, 693 
University of Nevada, 599 
University of New Mexico, 573 
University of Southampton, 443 
University of Texas at Arlington, 745 
University of Toronto, 485 
University of Wyoming, 377, 393 
Xerox Research Centre of Canada, 485 

Subject Index 

Ablation, description, 131 
Absorbance spectroscopy of aromatic 

molecules 
Jablonski diagrams, 95-97/ 
labeled polymers, 99-101/ 
Piatt notation, 93-95 
solvent effects, 97-99 

Absorbance spectrum, sources of differences 
from excitation spectrum, 106-107 

Absorption, electronic states, 92 
Absorption coefficient, definition, 354 
Absorption index, definition, 353-354 
Absorption studies of polymer structure, 

metachromatic, See Metachromatic 
absorption studies of polymer structure 

Acridine orange, polymer conformation effect 
on metachromasy, 514-518 

Acrylic cross-linker, characterization using 
K+IDS with MS detection, 713-716 

Activation energies, detrapping, 605i-607 
Additives, 677 
Adhesion of polymers, rheophotoacoustic 

FTIR spectroscopy, 653-658 
n-Alkanes, characterization using Raman 

spectroscopy, 179, 180/ 
Alkyd autoxidation using Fourier transform 

Raman spectroscopy 
alkyd resin 

containing pigment, curing, 463, 465, 468/ 

drying process, 461-462 
modified with soya oil, spectra, 462, 463/ 

C=C unsaturation vs. cure time, 463/, 465/ 
cross-link formation, 463, 466-467 
model compounds, 465, 469-480 
period of cure reaction, spectra, 462—464/ 

Ammonia treatment, chemically active 
gas-plasma modification, 785-788/ 

Amplitude of reflected light, definition, 412-413 

Analysis, use of metachromasy, 519-521 
Anionic dyes, metachromasy, 510 
Anthracene 

energy transfer, 124-125 
environmental effects on radiationless 

transitions, 122 
fluorescence lifetime determination, 117, 118/ 

state energy-level diagrams, 95, 96/ 
vibrational energy levels, 96, 97/ 

Anti-Stokes scattering, 5, 6/ 
Argon treatment, inert gas-phase 

modifications, 780-784 
Aromatic molecules, fluorescence 

spectroscopy, 103-113 
Associative thickeners, 500-501 
Atomic-molecular composition, polymer, singlet oxygen production effect, 583-589 
Attenuated total reflectance, 353 
Attenuated total reflectance Fourier transform 

infrared spectroscopy (FTIR) 
absorbances vs. film thickness, 56, 59t, 60/ 
depth profiling in polymers, 55-61 
gas-plasma-modified poly(dimethylsiloxane) 

elastomer surfaces 
ammonia treatment, 785-788/ 
argon treatment, 780-784 
carbon dioxide treatment, 782-783 
oxygen treatment, 783-785 
process, 779 

polystyrene surface layers, 56-58/ 
principle, 55 

two-layer measurements, setup, 56/ 
Attenuated total reflectance spectroscopy 

comparison to transmission spectroscopy, 290 
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INDEX 815 

Attenuated total reflectance spectroscopy— 
Continued 

depth penetration ranges, 9, 121 
optical constant gradients, probe, 291 
schematic representation, 9, 10/ 
surface coating studies, 408 
See also Infrared internal reflectance 

spectroscopy 
Auramine O, polymer conformation effect on 

metachromasy, 517-518 
Autoxidation, alkyds, 461-480 
Axial angle, definition, 395/ 
Axis system, definition, 290, 291/ 
Azimuthal angle, definition, 395/ 

Β 

Back-surface reflectance, 411-415 
Benzene-soluble polymers, conformation 

effect on metachromasy, 515 
Benzimidazole 

structure, 382-383 
surface-enhanced Raman spectroscopy for 

structure determination, 382-385/ 
Benzimidazole-2-thione 

structure, 382-383 
surface-enhanced Raman spectroscopy for 

structure determination, 388-389/ 
Benzotriazole 

structure, 382-383 
surface-enhanced Raman spectroscopy for 

structure determination, 385-387/ 
Bichromophoric polymer, absorbance 

spectrum, 100, 101/ 
Biological systems, FT Raman spectroscopy, 28-32 

Biphenyl, fluorescence and fluorescence 
excitation spectra, 108/, 109 

1, 6-Bis(3 ' , 6 ' -dibromo-N-carbazolyl)-2, 4-
hexadiyne, structure, 247 

Blend compatibility, analysis using carbonyl 
stretching peaks, 197, 200-202/ 

Building blocks of polymers, characterization 
using K + I D S with MS detection, 
711-724 

Bulk polymers, single-photon ionization 
surface analysis by laser ionization, 735, 737-740 

Bulk structure of polymers, determination 
methods, 377-378 

C 

Cadmium arachidate film, laser-microprobe 
FT MS, 147, 148/ 

Carbon-13 spin relaxation time, 
characterization using Raman 
spectroscopy, 181, 182/ 

Carbon black, FT Raman spectroscopic effect, 
450-451, 453/ 

Carbon clustering studies using laser-
microprobe Fourier transform mass 
spectrometry 

application, 142 
carbon clusters, 143-145/ 
magic numbers, 144 
positive ion spectrum 

polyimide, 142/, 143 
poly(phenylene sulfide), 145, 146/ 

Carbon dioxide treatment, chemically active 
gas-plasma modification, 782-783 

Carbon-supported metal catalysts, DRIFT 
studies, 370-371 

Carbonyl stretching vibrations, FTIR 
spectroscopy, 22, 23/ 

Catalytic studies, DRIFT spectroscopy, 366-374 

Cationic dyes, metachromasy, 510-511 
C H 2 bending modes for polyethylene, FTIR 

spectroscopy, 18-20/ 
Chain folding for polyethylene, FTIR 

spectroscopy, 18, 19/ 
Characterization of plasma-treated polymers, 

techniques, 778, 779f 
Charge-transfer band photolytic production of 

singlet oxygen 
energies and transitions, 589, 590/ 
rates, 591 
time-resolved phosphorescence, 591, 592/ 

Chemical enhancement, surface-enhanced 
Raman spectroscopy, 378 

Chemical mapping, use of surface analysis by 
laser ionization, 732 

Chemical nature and composition, vibrational 
spectroscopic analysis, 42 

Chemically active gas-plasma modification 
ammonia treatment, 785-788/ 
carbon dioxide treatment, 782-783 
oxygen treatment, 783-785 

Chemiluminescence 
emission from polymers, discovery, 611 
emission from polypropylene, 612 

Chromophores, FT Raman spectroscopy, 30-31 

Co(III) in aluminophosphate zeolites, DRIFT 
studies, 369-370 

Coating(s) 
FTIR and Raman studies, 407-439 
FTIR reflectance measurements, 409-416 
information obtained from vibrational 

spectroscopy, 407-408 
structural and chemical changes, 407 

Coating thickness, definition, 344 
Cobalt acetoacetonate 

structure, 344 
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816 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Cobalt acetoacetonate—Continued 
surface analysis by IR internal reflection 

spectroscopy, 345-347 
Cofacial assembly of metallomacrocycles, 

development, 791-792 
Color array studies using metachromasy 

description, 521-522 
dyes used, 522-523 
peak absorbance values, 524, 528-529/ 
range of color change, 527-529 
results, 524-529/ 

Color measurements, 7-irradiated 
polypropylene, 615i 

Compatible polymer blends, FTIR 
spectroscopic analysis of molecular 
structure, 191-218 

Complexation-extraction studies using 
metachromasy 

advantages, 529-530 
description, 521-522 
dyes used, 522-523 
experimental materials, 522 
range of color change, 527-529 
results, 524, 526-527 

Concentration gradients 
calculated s-polarized reflected intensities 

for two models of interaction, 293, 294/ 
electric field strengths at interface of internal 

reflection element and probed material, 295/, 296 
interfacial electric field strength vs. 

absorption coefficient, 296/ 
modeling, 292-298 

Conformation(s) of macromolecules in dilute 
solutions, 89 

Conformational order, vibrational 
spectroscopic analysis, 42 

Contaminant analysis, laser FT ion cyclotron 
resonance MS for polymer 
characterization, 146-150 

Continuous-wave plasma polymerizations, 
746-747 

Copper, surface-enhanced Raman 
spectroscopy for surface structure 
determination of thiophenols, 401, 403/ 

Copper azoles, polymeric, surface structure 
determination using surface-enhanced 
Raman spectroscopy, 377-390 

Core degree of crystallinity, calculation, 159 
Cotton cellulose 

thermal degradation studies, FTIR 
photoacoustic spectroscopy, 694—707 

thermal oxidation, 693—694 
Co-unit content, phase structure of crystalline 

polymer effect, 164 
Cresyl violet acetate, color array study, 524, 528/ 

Cross-linking in polyurethane coatings, FTIR 
and Raman spectroscopy, 417-418 

Crystal(s) from dilute solution, characterization 
using Raman spectroscopy, 179/ 

Crystalline polymers, characterization of 
structure and properties using Raman 
spectroscopy, 157-187 

Crystalline state, structural variables, 158 
Crystallite thickening, characterization using 

Raman spectroscopy, 171, 173-174/ 
Cyanoacrylate-polyolefin adhesion, primers, 

343-348 

Cyclotron frequency, definition, 131 

D 
Damping constant, definition, 380 
Deactivation of emitting state for fluorescence 

environmental effects on radiationless 
transitions, 121-122 

fluorescence lifetimes, 116, 117/ 
fluorescence quantum yields, 116 
intermolecular decay, 119-122 
JablonsM diagram, 113-116 
radiationless transitions, 115-116 
radiative decay process, 117-118 

Degradation of polycarbonate, See 
Polycarbonate degradation using 
fluorescence spectroscopy 

Depth of penetration, 291 
Depth profiling, use of surface analysis by 

laser ionization, 732 
Depth profiling in polymers using attenuated 

total reflectance FTIR spectroscopy 
absorbances vs. film thickness, 56, 59#, 60/ 
information depth, 56-57, 61/ 
penetration depth, 55 
polystyrene surface layers, 56-58/ 

Desorption beam, surface analysis by laser 
ionization, 729-730 

Detrapping 
activation energies, 605f-607 
strained vs. nonstrained excimers, 607-608 

l , 6-Di-A/-carbazolyl-2, 4-hexadiyne, 244, 245/ 
Dichroic ratios, orientation determination, 21, 22/ 

Dielectric constant of metal, definition, 395 
Dielectric function of particle material, 379 
Differential scanning calorimetry, 661-662 
Differential scanning calorimetry-FTIR 

spectroscopy for polymeric material 
analysis 

absorbance levels, 663 
advantages, 673-674 
cell used, 662-663 
epoxies, 665-669/ 
experimental procedure, 663-664 
IR transmitting microscope accessory, 663 
poly (ethylene terephthalate), 669-673/ 
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INDEX 817 

Differential scanning calorimetry-FTIR 
spectroscopy for polymeric material 
analysis—Continued 

reflection-absorption behavior, 664-665 
specular reflectance of light, 665 

Diffuse Fresnel reflectance, description, 355-357 

Diffuse Kubelka-Munk reflectance, 
description, 356/, 357 

Diffuse reflectance infrared Fourier transform 
spectroscopy 

applications, 351-352 
catalytic studies, 366-374 
comparison to photoacoustic spectroscopy, 353 

foams, 365-366 
Fresnel reflection, 355-357 
glass powder-coupling agent interface of 

composite, 44-50/ 
Kubelka-Munk expression, 354-355 
optical accessories, 357, 359 
optical constants, 353-354 
polymer fibers, 362-364 
polymer films, 364-365 
polymer powder, 361, 362/ 
polymer studies, 361-366 
sample preparation, 359-361 
theory, 353-361 

Diffuse reflectance spectroscopy 
depth penetration ranges, 9, 121 
schematic representation, 9, 10/ 

Digital subtraction, application to IR spectra, 195-196 

Diphenylmethane, absorbance spectrum in 
heptane solution, 99, 100/ 

Discriminant analysis 
description, 264-265 
fibers, 270-276 
thermoplastic polymers, 276-278/ 

Disorder longitudinal acoustical mode band, 170 

Distortion polarizability, polymer, 591-592 
Distribution function of ordered sequence 

length, determination, 168-170 
DNA-bound dyes, energy transfer, 513 
DRIFT, See Diffuse reflectance infrared 

Fourier transform spectroscopy 
Dyes, interaction with polymers, 508-509 
Dynamic mechanical relaxation, 

characterization using Raman 
spectroscopy, 181, 183-186 

Ε 

Effectiveness, definition, 601 
Elastomeric polymer networks, detection 

during cross-linking, 23, 24/ 
Electric field 

amplitude, 289-290 

Electric field—Continued 
inside particle, definition, 379 
light incident on sphere, definition, 379 

Electromagnetic enhancement, surface-
enhanced Raman spectroscopy, 378-381 

Electron spin resonance probes, monitoring of 
free volume changes, 537 

Electronic states of fluorescence 
absorption spectra effect, 92-93 
Piatt notation, 93-95 

Electrostatic interactions, metachromasy, 510 
Elongation, surfactant mobility effect, 327-331 
Emission spectroscopy, 9, 121 
Emitting state, relaxation steps, 100-103 
Emitting state for fluorescence, deactivation, 

113-125 
Emulsion polymerization of latexes using 

Fourier transform Raman spectroscopy 
acrylic latex spectra, 456, 457/ 
monomer spectra, 458, 459/ 
normalized C=C concentration vs. time, 460/ 

solids content vs. Raman band ratio, 460, 461/ 

water effect, 460-461 
Energy transfer 

description, 124-125 
metachromasy, 512-513 

Environmental chamber, use in DRIFT 
spectroscopy, 366, 367/ 

Epoxies, differential scanning 
calorimetry-FTIR spectroscopy, 655-669/ 

Epoxy-polyester films, structural property 
studies using FT Raman spectroscopy, 436-440 

Epoxy resins, characterization using K + I D S 
with MS detection, 716-720 

Error analysis, surface-enhanced Raman 
spectroscopy for surface structure 
determination of thiophenols at metal 
surfaces, 401-403 

Ethyl cyanoacrylate 
structure, 343-344 
surface analysis by IR internal reflectance 

spectroscopy, 343, 344/, 346 
Ethylbenzene, absorbance spectra in heptane 

solution, 99-100/ 
Ethylene copolymers 

density vs. degree of crystalfinity, 161, 162/ 
tensile property characterization using 

Raman spectroscopy, 186-187/ 
Evanescent wave, description, 290 
Excimer formation, description, 123-124 
Excitation spectrum, 105—107 
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818 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Experimental sciences, instrumentation effect, 3-4 

External heavy atom effect, description, 93 

F 

Factor analysis, 193-195 
Fermi's golden rale, equation, 119 
Fibers 

discriminant analysis, 270-276 
first-derivative near-IR spectroscopy, 277, 279/, 280 

Film-air and film-substrate interfaces of latex 
films monitored by FTIR spectroscopy 

surfactant-copolymer interactions, 307-315 
surfactant mobility 

vs. elongation, 327-331 
vs. neutralization, 316-322 
vs. substrate surface tension, 321-327 
vs. surfactant structure, 312-320 

Films of polymers, See Polymer films 
Filtering, importance for FT Raman 

spectroscopy, 13, 14/ 
First-derivative near-IR spectroscopy 

advantages, 277 
fibers, 277-280 
thermoplastic polymers, 280-282/ 

Flame-retardant additives, 677-678 
Fluorescence 

dynamical information determination, 90-91 
electronic states, 92 
FT Raman spectroscopic effect, 451, 453, 454/ 

interference in Raman scattering, 9, 12 
limitations, 91 
sensitivity, 90 

Fluorescence anisotropy, monitoring of free 
volume changes, 537 

Fluorescence emission intensity, monitoring of 
free volume changes, 538 

Fluorescence for polymer characterization 
absorbance spectroscopy of aromatic 

molecules, 92-101 
aromatic molecules, 103-113 
deactivation of emitting state, 113-125 
further reading, 125 
goal, 91-92 
relaxation steps leading to emitting state, 100-103 

Fluorescence intensity, definition, 105 
Fluorescence lifetime 

definition, 114 
determination, 117, 118/ 

Fluorescence probes, free volume in polymeric 
materials, 536-537 

Fluorescence quantum yield 
absolute quantum yield determination, 116 
definition, 114 

Fluorescence spectroscopy 
polycarbonate degradation studies, 623-641 
poly(4-oxystyrenes) with triphenylsulfonium 

salts, 557-571 
Fluorescence spectroscopy of aromatic 

molecules 
aromatic chromophores, excitation and 

emission spectra, 107-109 
excitation vs. absorbance spectra, 104-107 
mirror image symmetry, 104 
solvent dependence, 110-113/ 
Stokes shift, 103-104 
vibronic structure, interpretation, 109/, 110 

Fluorescence spectroscopy of polymer 
association in water 

hydrophobically modified poly(N-
isopropylacrylamides), 494-497 

(hydroxypropyOcellulose, 486-492 
poly (ethylene oxide) with hydrophobic end 

groups, 500-503/ 
poly ( N-isopropylacrylamide), 492-494 
polystyrene-poly (ethylene oxide) block 

copolymers, 497-500/, t 
Fluorescence studies of polymer structure, 

metachromatic, 516-519 
Fluoro polymer films, sodium naphthalenide 

modified, 338-343 
Fluorocarbon monomers, pulsed radio-

frequency plasma discharges for 
spectroscopic characterization of films, 745-768 

Foams, DRIFT spectroscopy, 365-366 
Forest products, FT Raman spectroscopy, 28 
Fourier transform infrared microscopy, remote 

measurements, 33/, 34, 36/ 
Fourier transform infrared photoacoustic 

spectroscopy 
applications, 694 
ceU, 48, 51/ 
development, 48 
examples, 52-55 
FT Raman spectroscopy, 46, 48, 51-55 
herniations, 51-52 
principle, 48, 51/ 

Fourier transform infrared photoacoustic 
spectroscopy of thermal degradation of 
cotton cellulose bromine in CC1 4 

treatment effect, 700, 701/ 
carbonyl band development vs. time, 694-697 

experimental description, 694 
instrumentation, 694 
NaOH treatment effect, 697-700 
oxidation product distribution, 703-707/ 
temperature effect, 702/, 703 
water treatment effect, 697, 699/, 700 

Fourier transform infrared reflectance 
measurements on polymer coatings 

advantages, 408 
back-surface reflectance, 411-415 
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INDEX 819 

Fourier transform infrared reflectance 
measurements on polymer 
coatings—Continued 

coating type vs. reflectance, 409, 410/ 
diffuse reflectance component, 409-411/ 
experimental procedure, 416-417 
polyester coatings, 426-439 
polyurethanes, 417-426 
reflectance of light from coating, 409/ 
top-surface specular reflectance, 413, 

415-416 
Fourier transform infrared spectroscopy 

advantages and description, 4 
experimental procedure, 42 
function, 662 
molecular structure of compatible polymer 

blends, 191-218 
monitoring of film-air and film-substrate 

interfaces of latex films, 305-331 
phase behavior in copolymer blends, 

221-241 
Fourier transform infrared 

spectroscopy-differential scanning 
calorimetry, See Differential scanning 
calorimetry-FTIR spectroscopy for 
polymeric material analysis 

Fourier transform infrared spectroscopy in 
polymer analysis 

carbonyl stretching vibrations, 22, 23/ 
C H 2 bending modes for polyethylene, 

18-20/ 
chain folding for polyethylene, 18, 19/ 
dichroic and trichroic ratios, orientation 

determination, 21, 22/ 
network structures formed during cross-

linking, 23, 24/ 
polyethylene, 16-18 
structural defect detection, 18, 19/ 
surface crystallinity content, 20, 21/ 
surface molecules orientation, 18-20/ 

Fourier transform ion cyclotron resonance 
mass spectrometry, 131-132 

Fourier transform Raman measurements on 
coatings 

advantages and disadvantages, 417 
instrumentation, 417 
polyester coatings, 426-439 
polyurethanes, 417-426 

Fourier transform Raman microscopy, remote 
measurements, 34, 35/, 37/ 

Fourier transform Raman spectrometer, 12-14/ 

Fourier transform Raman spectroscopy 
advantages, 13, 43 
applications, 13-14 
examples, 52-55 
FTIR photoacoustic spectroscopy, 46, 48, 

51-55 
instrumentation, 43-44 

Fourier transform Raman 
spectroscopy—Continued 

limitations, 43-44 
paint materials 

advantages, 445-446 
alkyd autoxidation, 461-480 
applications, 445 
carbon black interference, 450-451, 453/ 
film characterization, 446 
fluorescence effect, 451, 453, 454/ 
inorganic material identification, 448, 449/ 

instrumentation, 444-448, 473 
interferences, 446 
latex systems, 453-461 
metallic paint spectra, 449-452/ 
sample size, 446 
sensitivity, 446 
signal-to-noise ratio, 448-450/ 

polymer analysis 
biological systems, 28-32 
forest products, 28 
formation monitoring, 24 
nylon fibers, 26-28 
polyimides, 28-30/ 

Free energy, monitoring of changes 
fluorescence anisotropy, 537 
fluorescence emission intensity, 538 

Free energy change of interaction, 
metachromasy, 512 

Free energy of mixing, definition, 221-222 
Free volume 

definition, 535 
polymeric materials 

direct probing using spectroscopic 
techniques, 536 

fluorescence probes, 536-537 
molecular mobility, 535-536 
stilbene probes, 536 

Fresnel coefficients, orientation gradients, 298-2992uFresnel reflection 
description, 355-358/ 
transmission coefficients, 292 

FTIR, See Fourier transform infrared 
spectroscopy 

G 

Gamma-irradiated polypropylene 
chemiluminescence vs. dose, 616-617, 620/ 
color development, 618 
color measurements, 615i 
experimental procedure, 613 
initial luminescence readings, 615-617/ 
light emission measurement procedure, 613 
fight emission vs. stability, 617 
luminescence 

mechanism, 612-613 
vs. radiation dose, 618-620/ 
vs. time, 615-619/ 
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820 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Gamma-irradiated polypropylene chemilumin
escence vs. dose—Continued 

sample compositions, 613, 614i 
temperature effect on color of light, 

612-613 
tensile measurements, 615t 

Gas-plasma surface modifications of polymer 
systems, 777-779i 

Geometric factor accounting for eccentricity of 
particle, definition, 379 

Geometric factor for metals, definition, 395 
Gibbs free energy of mixing 

definition, 192 
equation for mixing polymer blends, 193-194 

Glass powder-coupling agent interface of 
composite, diffuse reflectance FTIR 
spectroscopy, 44-50/ 

Gold, surface-enhanced Raman spectroscopy 
for surface structure determination of 
thiophenols, 399-402*, f 

Gradients 
concentration, See Concentration gradients 
optical theory and modeling at polymer 

surfaces, 289-302 
orientation, See Orientation gradients 

Group lb metal surfaces, structure 
determination using surface-enhanced 
Raman spectroscopy, 393-403 

H 

Heatable-evacuable cell, use in DRIFT 
spectroscopy, 366 

Hexafluoropropylene oxide, spectroscopic 
characterization using pulsed radio-
frequency plasma discharges of 
fluorocarbon monomers, 750-759 

Hexamethylene diisocyanate, characterization 
using K + I D S with MS detection, 721-723 

Hit quality index, description, 265 
Hydrogen bond(s) 

FTIR spectroscopy, 22, 23/ 
importance, 58 
intensity change in vibrational spectra, 58-59 

variable-temperature FTIR measurement, 
59, 61-64, 66-67 

Hydrophobically modified poly(N-
isopropylacrylamide) in water 

band intensity ratio vs. polymer 
concentration, 494, 495/ 

reasons for interest, 486 
structures, 487/, 494 
water effect, 494-497 

(Hydroxypropylcellulose in water 
aggregation in cold water, 488-491 
cloud point of pyrene-labeled compound, 

491/ 492 

(Hydroxypropylcellulose in water—Continued 
heating properties, 486 
reasons for interest, 486 
structure, 486, 487/ 
water effect, 486-488 

Hyper-Raman scattering, 7 

I 

Index of refraction, definition, 353-354 
Indicator function, definition, 195 
Induced dipole moment of ground state of 

molecule, definition, 5 
Inert gas-phase modifications, argon treatment, 

780-784 
Inert gas-plasma modifications, description, 779-780 

Information depth, calculation, 56-57 
Infrared and Raman vibrational spectroscopy 

of titanocene dichloride-squaric acid 
polymer, See Raman and infrared 
vibrational spectroscopy of titanocene 
dichloride-squaric acid polymer 

Infrared internal reflectance spectroscopy 
advantages for surface analysis, 334 
fluoro polymer films modified by sodium 

naphthalenide, 338-343 
plasma-treated polypropylene films, 334-338 

See also Attenuated total reflectance 
spectroscopy 

Infrared spectroscopy, 4 
Infrared spectroscopy—thermogravimetric 

analysis, See Thermogravimetric 
analysis-infrared spectroscopy of 
thermal degradation of polymers 

Infrared vibration, condition, 4 
Instrumentation, experimental sciences effect, 3-4 

Intensity of incident beam, definition, 646-647 

Interaction spectrum, description, 193 
Interface curing reactions for polyurethane 

coatings, FTIR and Raman 
spectroscopy, 418-423 

Interfacial content of random copolymers, 164 
Interfacial stresses of polymers, 

rheophotoacoustic FTIR spectroscopy, 
653-658 

Interferograms, description, 8 
Interferometric approach to infrared 

spectroscopy, description, 4 
Interferometric detection, 8-9 
Intermolecular decay processes, 122-125 

energy transfer, 124-125 
excimer formation, 123-124 
quenching, 123 

Internal heavy atom effect, description, 93 
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INDEX 821 

Intersystem crossing rate constants, definition, 115 

Intramolecular decay, radiationless transitions, 119-121 

Isothermal kinetic measurements for 
polyurethane coatings, FTIR and 
Raman spectroscopy, 420-426 

Isothermal physical aging, strain-free glassy 
polycarbonate, 545-547/ 

j 
Jablonski diagrams, description, 95 

Κ 

K + ionization of desorbed species (K + IDS), 711-725 

Kubelka-Munk expression, description, 354-355 

L 

Labeled polymers, absorbance spectra, 99-101/ 

Laplace transforms, orientation gradient 
systems, 300-301 

Laser-desorption Fourier transform mass 
spectrometry, structural studies, 
134-138 

Laser Fourier transform ion cyclotron 
resonance mass spectrometry for 
polymer characterization 

contaminant analysis, 146-150 
description, 131-132 
future work, 149-151 
instrumentation, 132-134 
laser MS, 130-131 
limitations, 149, 150/ 
structural studies 

laser desorption, 134-138 
laser microprobe, 138-146 

Laser ionization, use in surface analysis of 
polymeric material, 727-740 

Laser ionization mass analyzer, description, 130 

Laser mass spectrometry, 129-130 
Laser-microprobe Fourier transform mass 

spectrometry, structural studies, 
138-146 

Laser-microprobe mass analysis, description, 130 

Laser-microprobe mass spectrometry, 130-131 
Latex films, film-air and film-substrate 

interfaces monitored by FTIR 
spectroscopy, 305-331 

Latex systems using Fourier transform Raman 
spectroscopy 

emulsion polymerization, 456—461 
water problems, 453-456/ 

Latex technology, role of surfactants, 305 
Least-squares curve fitting, 196 
Light emission, measurement procedure, 614-615 

Longitudinal acoustical mode frequencies 
sequence length, determination of 

distribution, 168-170 
structure analysis, 165, 167-168 
validity, 165-166 
values, 166i, 167 

Loose bolt effect, description, 121 
Luminescence emission of 7-irradiated 

polypropylene, relationship with 
physical properties, 611-620 

M 

Magic numbers, definition, 144 
Maleic acid-olefin copolymers, conformation 

effect on metachromasy, 518 
Mechanical properties of polymer, molecular 

orientation effect, 65 
Mesogenic groups, orientational motion 

analysis using variable-temperature 
FTIR spectroscopy, 63, 66-67/ 

Metachromasy 
analytical tool, 519-521 
color array studies, 521-530 
complexation extraction studies, 521-530 
discovery and description, 507 
dyes and polymers that interact, 508-509 
electrostatic interactions, 510 
energy transfer, 512-513 
free energy change of interaction, 512 
nature of interaction, 509-511 
origin, 510 
research interests, 507-508 
structural probe, 513-519 

Metachromatic absorption studies of polymer 
structure 

acridine orange, 514-516 
description, 513-514 
polyelectrolytes, 514-515 

Metachromatic fluorescence studies of 
polymer structure 

naturally occurring polymers, 516-517 
synthetic polymers, 517-519 

Metal carbonyl thermal decomposition on 
carbon, DRIFT studies, 371-372 

Metal-containing polymers, characterization 
problems, 769-770 

Metal surfaces, structure determination using 
surface-enhanced Raman spectroscopy, 393-403 

Metallic paints, FT Raman spectroscopy, 449-452/ 

Metallomacrocycles, development of cofacial 
assembly, 791-792 
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822 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Methyl acetate, association behavior in mixed 
solvents, 205-207/ 

Methyl linoleate, autoxidation, 465, 469-480 
Methyl methaerylate, polymerization 

monitoring using FT Raman 
spectroscopy, 24-26/ 

Methyl oleate, autoxidation, 465, 469-480 
Methyl viologen, energy transfer, 512-513 
Methylene blue 

energy transfer, 512 
metachromasy, 510 

Michelson interferometer, schematic 
representation, 8/ 

Microviscosity, definition, 494 
Mid-infrared spectroscopy, comparison to 

near-IR spectroscopy, 73-75, 77-79 
Mirror-image symmetry, fluorescence 

spectroscopy of aromatic molecules, 
104 

Mixtures, characterization using Raman 
spectroscopy, 171-176 

Mobility of surfactant 
elongation effect, 327-331 
neutralization effect, 316-322 
substrate surface tension effect, 321-327 
surfactant structure effect, 314-320 

Mode frequency, definition, 165 
Modes of vibration, 4 
Molecular orientation, mechanical property 

effect, 65 
Molecular sieve catalysts, DRIFT studies, 368-370 

Molecular structure of compatible polymer 
blends using FTIR spectroscopy 

blend compatibility, 197, 200-202/ 
carbonyl stretching region vs. solvent-solute 

interactions, 197-199/ 
digital subtraction, 192 
factor analysis for verification of interaction 

spectrum, 194-195 
interaction spectrum generation, 194 
least-squares curve fitting, 196 
poly(e-caprolactone)-poly(vinyl chloride) 

blends, 200-203 
poly(phenylene oxide)-polystyrene blends, 

196-197 
thermodynamics, 192-194 

Molecular structure of compatible polymer 
blends using Fourier transform 
spectroscopy 

association behavior of methyl acetate in 
mixed solvents, 205-207/ 

compatibility vs. blend composition, 
216-217 

compatibility vs. temperature, 216-218 
compatibility vs. time, 218 
hydroxyl stretching region vs. blend 

compatibility, 210 

Molecular structure of compatible polymer 
blends using Fourier transform 
spectroscopy— C ontinued 

hydroxyl stretching region vs. intermolecular 
interaction strength, 208, 209/ 

interaction strength vs. carbonyl peak shift, 
205 

intermolecular interactions, 214-215 
N - H stretching region, 215-216 
poly (bisphenol A carbonate)- poly(e-

caprolactone) blends, 204 
poly(butylene adipate) blends, 212 
polyester-poly (vinyl halide) blends, 

210-212/ 
poly ( β -proprolactone)-poly (vinyl chloride) 

blends, 203 
poly(vinyl halide) blends, 212-213 
poly(vinylphenol) blend compatibility, 

204-205 
temperature effect on carbonyl band shift, 213, 214/ 

Molecular weight, phase structure of crystalline 
polymer effect, 164 

Molecular weight distributions, 137-138 
Molecularly doped polymers, triplet 

excimer-monomer equilibria as 
structural probes, 599-608 

Molecule, modes of vibration, 4 
Monomer solution fluorescence, concept, 

92-93 

Ν 

η-ττ* and ο*-ττ* states of heteroaromatic 
molecule, solvent effect, 111, 112/ 

Nafion-H 
interaction with poly (methyl methaerylate), 683-687 

thermal degradation, 681-685 
Naturally occurring polymers, metachromatic 

fluorescence studies of polymer 
structure, 516-517 

Near-infrared diffuse reflection spectroscopy 
applications, 77 
calibration, 80, 81/ 
experimental procedure, 78, 80 
multicomponent analysis, 80, 811 
optical scheme, 80/ 
principle, 77-78 

Near-infrared light-fiber spectroscopy, 82, 84/ 
Near-infrared spectral searching 

fibers, 280, 282, 283/ 
thermoplastic polymers, 283, 284i 

Near-infrared spectroscopy 
advantages, 73-74 
bands, 263 
developments, 73 
diffuse reflection, 77-81/, t 
information obtained, 73 
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INDEX 

Near-infrared spectroscopy—Continued 
light fiber, 81-85/ 
mid-IR spectroscopy, 73-79 
qualitative identification of polymeric 

materials, 263-264 
textile fibers, 266-268/ 
thermoplastic polymers, 266-270/ 

Negative ions, structural studies using laser-
microprobe FT MS, 139/ 140f 

Neopentyl glycol-isophthalic acid polyester, 
characterization using K + I D S with MS 
detection, 720/, 721i 

Network structures formed during cross-
linking, FTIR spectroscopy, 23, 24/ 

Neutralization, surfactant mobility effect, 316-322 

Nile red, polymer conformation effect on 
metachromasy, 517-518 

Nonisothermal kinetic measurements for 
polyurethane coatings, FTIR and 
Raman spectroscopy, 420-426 

Nonresonant photoionization, surface analysis 
by laser ionization, 730/, 731 

Nuclear magnetic resonance spectroscopy, 
comparison of degree of crystallinity to 
that of Raman spectroscopy, 161-163/ 

Nylon fibers, FT Raman spectroscopy, 26-28 

Ο 

Odd mass ion series and stable subunits, structural studies using laser-
microprobe FT MS, 139-142 

Oligomer functionality, determination using 

K + I D S with MS detection, 716, 717/ 
Onium salts, use as photoinitiators, 558 
Optic theory and modeling of gradients at 

polymer surfaces 
concentration gradients, 292-298 
orientation gradients, 298-302 

Optical constant 
definition, 290, 291/ 
description, 353 

Ordered sequence length 
calculation, 165 
relationship to longitudinal acoustical mode 

frequencies, 165-170 
Organic thiol compounds, formation of self-

assembled monolayers on noble metal 
surfaces, 393-394 

Orientation, vibrational spectroscopic analysis, 42 

Orientation determination, surface-enhanced 
Raman spectroscopy, 394-397 

Orientation functions of absorption bands, 
calculation, 69-70 

Orientation gradients 
calculated exact s-polarized reflected 

intensities from uniaxially oriented 
polymer, 299/, 300 

823 

Orientation gradients—Continued 
calculated intensity curves for gradients in 

refractive index and absorption 
coefficient, 301, 302/ 

comparison of calculated p-polarized 
reflected intensities for two models of 
interaction, 300, 301/ 

Fresnel coefficients, 298-299 
Laplace transforms, 300-301 
model systems, 298 
modeling, 298-302 

Orientational motion of mesogenic groups, variable-temperature FTIR 
measurement, 63, 66-67/ 

Oriented polymers, first quantitative 

treatments, 290 
Oxygen concentration, singlet oxygen 

production effect, 577, 580-583/ 
Oxygen treatment, chemically active 

gas-plasma modification, 783-785 

p 

Paints, FT Raman spectroscopy, 443-480 
Parallel electromagnetic contributions to 

surface-enhanced Raman spectroscopy, definition, 394 

Particle size effects, correction factors, 380-381 

Penetration depth, definition, 55 
Perfluorinated ionomer, thermal degradation, 681-685 

Perfluoropropylene, spectroscopic 
characterization using pulsed radio-
frequency plasma discharge of 
fluorocarbon monomers, 759-767 

Perimeter-free electron model, description, 94-95 

Periodic heat transferred to surface, definition, 647 

Perpendicular electromagnetic contributions to 
surface-enhanced Raman spectroscopy, definition, 394 

Phase behavior in copolymer blends using 
FTIR spectroscopy 

carbonyl stretching region 

poly(4-vinylphenol) blends, 229-232 
styrene-co-vinylphenol copolymer blends, 237, 239/ 

curve fitting of carbonyl stretching region 
poly(4-vinylphenol) blends, 232, 233# 
styrene-co-vinylphenol copolymer blends, 237, 240i 

experimental procedure, 223-224 
free energy of mixing vs. copolymer 

composition for poly(4-vinylphenol) 
blends, 224-226/ 
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824 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Phase behavior in copolymer blends using 
FTIR spectroscopy—Continued 

glass transition temperature vs. blend 
composition for poly(4-vinylphenol) 
blends, 232, 236# 

hydrogen-bonded carbonyl groups 
poly(4-vinylphenol) blends, 227-229/ 
vs. blend composition for poly(4-

vinylphenol) blends, 232-235/ 
miseibility map for styrene-co-vinylphenol 

copolymer blends, 235-236, 238/ 
miseibility window of poly(4-vinylphenol) 

blends, 225-227/ 
parameters used for poly(4-vinylphenol) 

blends, 224, 225i 
polymers used, 223i 
solubility parameters 

poly(4-vinylphenol) blends, 224, 225/ 
styrene-co-vinylphenol copolymer blends, 232, 234, 238/ 

theoretical vs. experimental miseibility map 
poly(4-vinylphenol) blends, 232, 237/ 
styrene-co-vinylphenol copolymer blends, 237, 241/ 

Phase structure of crystalline polymers 
co-unit content effect, 164 
degree of crystallinity vs. density, 160-162/ 
degree of crystallinity vs. enthalpy of fusion, 159, 160/ 

line shapes of 1 3 C resonances, 162, 163f 
measurement techniques, 159 
molecular weight effect, 164 
structural regions, 158-159 

Phenanthrene 
fluorescence and fluorescence excitation 

spectra, 107, 108/ 
state energy-level diagrams, 95, 96/ 

Phenoxy blends 
blend compatibility, 210 
hydroxyl stretching region vs. intermolecular 

interaction strength, 208-210 
Phenoxy-poly (e-caprolactone) blends, hydroxyl stretching region vs. 

intermolecular interaction strength, 208, 209/ 
Photoacoustic(s), potential, 658 
Photoacoustic Fourier transform infrared 

spectroscopy, See Fourier transform 
infrared photoacoustic spectroscopy of 
thermal degradation of cotton cellulose 

Photoacoustic Fourier transform spectroscopy 
for analysis of thermal and interfacial 
changes in polymers 

applications, 648 
experimental description, 648 
interfacial stresses and adhesion, 653-658 
polymer network formation, 648-653 

Photoacoustic Fourier transform spectroscopy 
for analysis of thermal and interfacial 
changes in polymers—Continued 

potential, 658 
Photoacoustic phenomena 

discovery, 645-646 
incident beam, intensity, 646-647 
instrumental requirements, 645 
periodic heat transferred to surface, 647 
potential applications, 646 
signal generation, 647, 648/ 

Photoacoustic spectroscopy 
comparison to DRIFT spectroscopy, 353 
depth penetration ranges, 9, 121 
principles, 645, 646/ 
schematic representation, 9, 11/ 
See also Fourier transform infrared 

photoacoustic spectroscopy 
Photoactive proteins, FT Raman spectroscopy, 29-30 

Photochemistry, poly(4-oxystyrenes) with 
triphenylsulfonium salts, 557-571 

Photosensitized production of singlet oxygen 
formation and yield, 575-576 
mechanism, 574 
oxygen concentration effect, 577, 580-583 
polymer atomic-molecular composition 

effect, 583-589 
polymer rigidity effect, 576-580 
sample temperature effect, 582-584/ 
singlet oxygen concentration vs. time, 575 

Photothermal beam deflection spectroscopy 
depth penetration ranges, 9, 121 
schematic representation, 9, 11/ 

(Phthalocyanato)silicon dihydroxide, synthesis, 793 

Physical aging under applied strain, 
polycarbonate, 550-552/ 

Physical properties of 7-irradiated 
polypropylene, relationship with 
luminescence emission, 611-620 

Plane of incidence, description, 290 
Plasma ionization, description, 131 
Plasma polymerization 

applications, 745-746 
surface modification technique, 746-747 

Plasma-treated polymers, characterization 
techniques, 778, 779i 

Plasma-treated polypropylene films 
surface analysis by IR internal reflection 

spectroscopy, 334-338 
surface analysis by X-ray photoelectron 

spectroscopy, 336-338 
Piatt notation, absorbance spectra of 

phenanthrene and anthracene, 93, 94/ 
p-Polarized and ^-polarized light, description, 

290 
Polyacetylene, structure, 246 
Polyamide(s), FT Raman spectroscopy, 26-28 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ix
00

2

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



INDEX 825 

Polyamide blends, N - H stretching region, 215-216 

Poly(bisphenol A carbonate)-poly(e-
caprolactone) blends, intermolecular 
interactions, 204 

Poly[4-[(fert-butoxycarbonyl)oxy]styrene], 
formation and characterization, 
558-559 

Poly(butylene adipate) blends, miseibility, 212 
Poly ( e-caprolactone)-poly (bisphenol A 

carbonate), intermolecular interactions, 
204 

Poly ( e-caprolactone)-poly (vinyl chloride) 
blends 

blend compatibility, 200-202/ 
interaction characterization, 201, 203 

Polycarbonate(s) 
applications, 624 
physical aging under applied strain, 

550-552/ 
strain dependence of free volume, 546, 

548-550/ 
Polycarbonate degradation using fluorescence 

spectroscopy 
advantages, 624 
comparison to other techniques, 624-625 
degradation, 626 
experimental description, 624 
final performance effects, 638-641/ 
processing effects, 636, 638, 639/ 
processing history effect, 627-631/ 
thermal degradation schemes, 630-634/ 
UV degradation schemes, 633-637/ 

Poly{l-[6-(4' -cyanophenyl-4-
benzyloxy)hexyloxycarbonyl]ethylene} 

polarization spectra, 63, 66-67/ 
structure, 63, 66/ 

Polycyclic aromatic hydrocarbons, photophysical data, 115i 

Polycyclic polymers, molecular weight 
distributions, 137-138 

Polydiacetylenes 
application, 243-244 
environmental effect on solid-state transition 

energy, 244, 245/ 
Raman spectroscopy, 247-259 
solid-state electronic spectra, 244, 245/ 
structure, 243-244 

Poly ( 1, 6-di-]V-carbazolyl-2, 4-hexadiyne), 
conversion to poly[l, 6-bis(3'6'-
dibromo-A/-carbazolyl)-2, 4-hexadiyne], 
255 

Poly(dimethylsiloxane) elastomer surfaces, gas-plasma modified, analysis using 
attenuated total reflectance FTIR 
spectroscopy, 777-778 

Polyelectrolytes, conformational effect on 
metachromasy, 514-515 

Polyene antibiotics, FT Raman spectroscopy, 31/ 32 

Polyester coating studies using FTIR and 
Raman spectroscopy 

structural changes in polyesters, 426-427 
structural properties of polyester-epoxy 

films, 436-440/ 
structural properties of poly (ethylene 

terephthalate) and poly (ethylene 
terephthalate-isophthalate), 427-438 

Polyester-epoxy films, structural property 
studies using FT Raman spectroscopy, 
436-440 

Polyester-poly (vinyl halide) blends, 210-212/ 
Poly (ether-Moclc-amides) 

orientation function-strain plots of 
absorption bands, 71, 76/ 

polarization spectra during elongation, 71, 74-75/ 

spectral assignment of IR spectrum, 71, 72/ 
strain-induced crystallization monitoring, 71, 77/ 

stress-strain diagram of 
elongation-recovery cycle, 71, 73/ 

Polyethylene(s) 
13 C spin relaxation time characterization 

using Raman spectroscopy, 181, 182/ 
density vs. degree of crystallinity, 161, 162/ 
dynamic mechanical relaxation using Raman 

spectroscopy, 182-186 
FTIR spectroscopy, 16-22 
model system, 157 

Poly (ethylene oxide)-polystyrene block 
copolymers, See 
Polystyrene-poly (ethylene oxide) block 
copolymers in water 

Poly(ethylene oxide) with hydrophobic end 
groups in water 

experimental procedure, 501 
fluorescence intensity and decay times vs. 

polymer concentrations, 501, 502/ 
mean aggregation numbers, 502, 503/ 
structure and function, 500-501 

Poly(ethylene terephthalate) 
differential scanning calorimetry-FTIR 

spectroscopy, 669-673/ 
structural property studies using FT Raman 

spectroscopy, 427-436 
Poly (ethylene terephthalate-isophthalate), structural property studies using FT 

Raman spectroscopy, 427-436 
Polyimide(s) 

carbon clustering, 142-146 
FT Raman spectroscopy, 28-30/ 

Polyimide film, depth profiles of K + ions, 146, 147/ 

Poly(IV-isopropylacrylamide) in water 
heating properties, 486 
reasons for interest, 492 
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826 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Poly(N-isopropylaerylamide) in 
water—Continued 

structure, 478/, 492 water effect, 492-494 
PolymeKs) 

depth profiling using attenuated total 
reflectance FTIR spectroscopy, 55-61 

distortion polarizability, 591-592 
interaction with dyes, 508-509 
molecularly doped, triplet 

excimer-monomer equilibria as 
structural probes, 599-608 

properties and performance, 623-624 
thermal degradation using 

thermogravimetric analysis-IR 
spectroscopy, 677-690 

triplet excimer-monomer equilibria as 
structural probes, 599-608 

vibrational spectroscopy, 41 
Polymer adhesion to surfaces, polymeric 

material structure effect on properties, 
393 

Polymer analysis, 16-24 
Polymer association in water, fluorescence 

spectroscopy, 485-503 
Polymer atomic—molecular composition, 

singlet oxygen production effect, 
583-589 

Polymer biocompatibility, enhancement using 
gas-plasma surface modifications, 777-778 

Polymer blends 
applications, 191 
compatible, FTIR spectroscopic analysis of 

molecular structure, 191-218 
development, 191-192 
factors affecting compatibility, 192 

Polymer building blocks, 711-724 
Polymer bulk structure, determination 

methods, 377-378 
Polymer characterization using singlet oxygen 

phosphorescence as spectroscopic 
probe 

application, 574 
charge transfer band photolytic production 

of singlet oxygen, 589-592/ 
experimental materials, 595, 597 
future work, 591-592 
instrumentation, 593-596/ 
photosensitized production of singlet 

oxygen, 574-589 
Polymer coatings, FTIR reflectance 

measurements, 409-416 
Polymer fibers, DRIFT spectroscopy, 362-364 
Polymer films 

DRIFT spectroscopy, 364-365 
single-photon ionization surface analysis by 

laser ionization, 732-736 

Polymer glasses, probe spectroscopy, free 
volume concepts, and physical aging, 535-553 

Polymer latices, 458-461 
Polymer network formation 

entropy vs. heat capacity and thermal 
conductivity, 651-652 

gas-phase analytical problems, 653 
intensity vs. cross-finking, 650, 651/ 
pigment stratification process, 650/ 
sensitivity, 651 
stratification vs. hydrogen bonding, 648, 649/ 

temperature effect, 652/, 653 
Polymer powder, DRIFT spectroscopy, 361, 362/ 

Polymer properties, low solute concentration 
effect, 591 

Polymer rigidity, singlet oxygen production 
effect, 576-580 

Polymer structure 
metachromatic absorption studies, 513-516 
metachromatic fluorescence studies, 516-519 

Polymer structure determination, advantages 
of vibrational spectroscopies, 90 

Polymer studies, DRIFT spectroscopy, 361-366 

Polymer surfaces, optical theory and modeling 
of gradients, 289-302 

Polymeric copper azoles, surface structure 
determination using surface-enhanced 
Raman spectroscopy, 377-390 

Polymeric materials 
differential scanning calorimetry-FTIR 

spectroscopy, 661-674 
qualitative identification using near-IR 

spectroscopy, 263 
surface analysis by laser ionization, 727-740 

Polymerizable stabilizers, characterization 
using K + I D S with MS detection, 723t, 724 

Poly (methyl methaerylate) 
interaction with Nafion-H, 683-687 
thermal degradation, 678 

Poly (methyl methaerylate)-MnCl2 blend, 
thermal degradation, 686-690 

Polyolefin-cyanoacrylate adhesion, primers, 343-348 

Poly(4-oxystyrenes) with triphenylsulfonium 
salts 

emission quenching mode, 568 
experimental objectives, 559 
film thickness loss vs. photoinitiator 

concentration, 570/, 571 
fluorescence spectroscopic procedure, 559 
fluorescence spectroscopic results, 

560-564/ 
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INDEX 827 

Poly(4-oxystyrenes) with triphenylsulfonium 
salts—Continued 

lithographic performance, 566 
photochemical procedure, 559-560 
photochemistry, 564-566 
photoinitiated electron transfer sensitization, 

567-568 
photolysis mechanism, 568-569 
photospeed vs. photoinitiator concentration, 

569-570 
resist performance determination, 560 
singlet excited state acid generation 

mechanism, 568 
solid-state quenching model, 563, 564/ 
triplet energy transfer sensitization, 566-568 

Poly(p-phenylene), 135-136 
Poly(phenylene sulfide), carbon clustering, 

145, 146/ 
Poly(phthalocyanato)siloxane, 793-795 
PolyO-proprolactone)-poly(vinyl chloride) 

blends, carbonyl band shift, 203-204 
Polypropylene 

chemiluminescence emission studies, 
611-612 

thermal stability, 512 
Polypropylene films, plasma treated, See 

Plasma-treated polypropylene films 
Polystyrene, absorbance spectrum in heptane 

solution, 99/ 
Polystyrene-poly (ethylene oxide) block 

copolymers in water 
characteristics in water, 500i 
critical micelle concentration, 497-499/ 
excitation spectra in water vs. copolymer 

concentration, 497, 498/ 
hydrodynamic radius, 498, 500/ 
phase diagram in water, 497/ 
reasons for interest, 486 
weight-average molecular weight, apparent, 499 

Polystyrene surface layers 
attenuated total reflectance FTIR 

spectroscopy, 56-58/ 
depth profiling in polymers using attenuated 

total reflectance FTIR spectroscopy, 56-58/ 

Poly (tetramethyl-p -silphenylenesiloxane), 
degree of crystallinity vs. density and 
heat of enthalpy, 161 

Polythiophenes, structure, 246 
Polyurethane(s), characterization using K + IDS 

with MS detection, 720/-723 
Polyurethane studies using FTIR and Raman 

spectroscopy 
cross-linking in polyurethane coatings, 

417-418 
isothermal vs. nonisothermal kinetic 

measurements, 420-426 

Polyurethane studies using FTIR and Raman 
spectroscopy—Continued 

surface and interface curing reactions, 418-423 

Poly(2V-vinyl carbazole), experimental 
measurement of triplet excimer trap 
depth, 601-604 

Poly (vinyl chloride) blends, carbonyl band shift 
vs. temperature, 213, 214/ 

Poly (vinyl chloride)-poly ( e-caprolactone) 
blends 

blend compatibility, 200-202/ 
interaction characterization, 201, 203 

Poly (vinyl chloride)-poly ( β-proprolactone) 
blends, carbonyl band shift, 203-204 

Poly (vinyl halide) blends, miseibility vs. 
molecular structure, 212-213 

Poly(vinyl halide)-polyester blends, 
miseibility, 210-212/ 

Poly(vinylphenol) blends, blend compatibility, 
204, 205 

Poly(4-vinylphenol) blends with styrene-co-
methyl acrylate copolymers, phase 
behavior studies using FTIR 
spectroscopy, 224-237 

Poly(vinyl-2-vinylpyridine) blends, N - H 
stretching region, 215-216 

Positron annihilation lifetime measurements 
free volume, 538-543 
isothermal physical aging, 545-546 
physical aging in polycarbonate under 

applied strain, 550-552/ 
strain dependence of free volume in 

polycarbonate, 546, 548-550/ 
temperature dependence of free volume 

fraction and lifetime, 543-545 
Positron lifetime methods, advantages for 

monitoring free volume changes, 538-540 

Postionization techniques for solid surface 
analysis, 727-728 

Potassium alginate polymers, conformation 
effect on metachromasy, 516 

Potassium ionization of desorbed species with 
mass spectrometric detection for 
polymer building block characterization 

acrylic cross-linker, 713-716 
epoxy resins, 716-720 
experimental procedure, 712-713 
oligomer functionality, 716, 717/ 
polymerizable stabilizers, 723/, 724 
polyurethanes, 720/-723 
sensitivity, 713 

Primers for polyolefin-cyanoacrylate adhesion, surface analysis by IR internal reflection 
spectroscopy, 343-348 

Probe rational correlation time, definition, 536-537 
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828 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Processing history, polycarbonate degradation 
effect, 627-631/ 

Prodan, solvent dependence of fluorescence 
spectrum, 111/ 

Properties of crystalline polymers, 
characterization using Raman 
spectroscopy, 157-187 

Pseudoisocyanine chloride, metachromasy, 
509-510 

Pulsed radio-frequency plasma discharges of 
fluorocarbon monomers, spectroscopic 
characterization of films, 745-768 

Pyrene 
polymer conformation effect on 

metachromasy, 517-518 
solvent effect on fluorescence spectra, 112, 

113/ 
Pyromellitic dianhydride-oxydianiline 

polyamic acid, 136, 137/ 
Pyromellitic dianhydride-oxydianiline 

polyimide, 136, 137/ 

Q 

Qualitative identification of polymeric 
materials using near-infrared 
spectroscopy 

discriminant analysis 
description, 264-265 
fibers, 270-276 
thermoplastic polymers, 276-278/ 

experimental procedure, 264-266 
first-derivative near-IR spectra 

fibers, 277, 279/, 280 
thermoplastic polymers, 280-282/ 

future research, 284 
near-IR spectroscopy 

fibers, 280, 282, 283f 
thermoplastic polymers, 283, 2841 

spectra of textile fibers, 266-268/ 
spectra of thermoplastic polymers, 266-270/ 
spectral searching description, 265 

Quenching, description, 123 

R 

Radiationless transitions 
environmental effects, 121-122 
intramolecular decay, 119-121 

Radiative decay, process, 117-118 
Raleigh scattering, 5, 6/ 
Raman and infrared vibrational spectroscopy 

of titanocene dichloride-squaric acid 
polymer 

bands and assignments from 
cyclopentadienyl ring vibrations, 771-775 

ring breathing mode, 774-775 

Raman scattering 
effectiveness, 7 
fluorescence interference, 9, 12 
schematic representation, 5, 6/ 

Raman spectroscopy 
dipole moment, induced, 5 
excitation energy ranges, 14, 15/ 
limitations, 42-43 
paint studies, 443-444 
paints and coatings industry, lack of interest, 

443-444 
principle, 5 
selection rules for scattering, 5 
structure and properties of conjugated 

polymers, 245 
Raman spectroscopy for crystalline polymer 

structure and property characterization 
n-alkanes, 179, 180/ 
applications, 170-187 

C spin relaxation time, 181, 182/ 
crystal(s) from dilute solutions, 179/ 
crystallite thickening, 171, 173-174/ 
dynamic mechanical relaxation, 182-186 
importance, 157-158 
mixtures, 171—176 
regions giving structural information, 158 
secondary crystallization, 170-172/ 
structure, 158-170 
tensile properties, 186-187/ 
thickness of structural regions, 176-178f 

Raman spectroscopy of polydiacetylenes 
Br effect, 255-258/ 
chemically modified poly(l, 6-di-N-

carbazolyl-2, 4-hexadiyne), 254-257 
experimental procedure, 246-248 
materials less well defined than single 

crystal, 257-259/ 
poly[ 1, 6-bis(3 ' , 6 ' -dibromo-iV-

carbazolyl)-2, 4-hexadiyne] single 
crystals, 250/ 

poly(bis-p-toluenesulfonate of 2, 4-
hexadiyne-l, 6-diol), 254 

poly ( 1, 6-di-A7-carbazolyl-2, 4-hexadiyne) 
single crystals, 249-251/ 

poly (1, 1, 6, 6-tetraphenylhexadiynediamine) 
single crystals, 252-254 

preparation of l , 6-bis(3', 6'-dibromo-A/-
carbazolyl)-2, 4-hexadiyne, 248-249 

Raman spectroscopic procedure, 248 
synthesis and polymerization of bis-p-

chlorocinnamate of 10, 12-docosadiyne-
1, 22-diol, 249 

Raman vibration, condition, 4-5 
Rate-controlling process, triplet trapping, 

604-606 
Ratio of relative intensities of surface-

enhanced Raman spectroscopic bands, 395/-397 
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INDEX 829 

Reaction-injectiori-molded polyurethanes, FT 
Raman spectroscopy, 28, 30/ 

Real error, definition, 195 
Reflection-absorption spectroscopy 

depth penetration ranges, 9, 121 
description, 664-665 
schematic representation, 9, 10/ 

Relaxation steps leading to emitting state 
internal conversion from S n to S1, 103 
vibrational relaxation after Sl excitation, 100-103 

Remote measurements 

FTIR microscopy, 33/, 34, 36/ 
FT Raman microscopy, 34, 35/ 37/ 

Resonance Raman spectroscopy, structure and 
properties of conjugated polymers, 245-247 

Rheooptical Fourier transform infrared 
spectroscopy 

development, 65 
electromechanical apparatus, 65, 69/ 
experimental procedure, 65, 68 
orientation function calculation, 69-70 
poly(ether-Z?/ocA:-amides), 70-77 
potential applications, 70 
principle, 65, 68/ 
structural absorbance calculation, 69 

Rheophotoacoustic Fourier transform infrared 
spectroscopy, thermal and interfacial 
changes in polymers 

cell, 653, 654/ 
crystallinity changes, 655-658 
elongational process of polymeric 

substrate-coating double layer, 653, 
655/ 

Rigidity of polymer, singlet oxygen production 
effect, 576-580 

S 

Safranine O, color array study, 524, 529/ 
Sample temperature, singlet oxygen production 

effect, 582-584/ 
Secondary crystallization, characterization 

using Raman spectroscopy, 170-171 
Self-assembled monolayers, 393-394 
Sensitivity, fluorescence, 90 
Silicon phthalocyanine dichloride, synthesis, 

792 
Silver, surface-enhanced Raman spectroscopy 

for surface structure determination of 
thiophenols, 398-402ί 

Single-photon ionization surface analysis by 
laser ionization 

applications, 732 
bulk polymers, 735, 737-740 
future directions, 740 
polymer films, 732-736 

Singlet oxygen 
charge-transfer band photolytic production, 

589-592/ 
deactivation channels, 573 
photosensitized production, 574-589 

Singlet oxygen phosphorescence as 
spectroscopic probe, polymer 
characterization, 573-597 

S 0 2 - C a C 0 3 reaction, DRIFT studies, 368 
Sodium naphthalenide modified fluoro 

polymer films, surface analysis by IR 
internal reflectance spectroscopy, 338-343 

Solid surfaces, analysis using postionization 
techniques, 727 

Solvent 
absorbance spectroscopic effect, 97-99 
fluorescence spectroscopic effect for 

aromatic molecules, 110-113/ 
Spectral searching, description, 265 
Spectroscopic characterization of films using 

pulsed radio-frequency plasma 
discharges of fluorocarbon monomers 

advantages, 768 
experimental procedure, 748, 750 
hexafluoropropylene oxide, 750-759 
molecular composition prediction, 767-768 
perfluoropropylene, 759-767 
reaction system and electronics, 748, 749/ 

Spectroscopic characterization of polymers, 
fluorescence principles, 89-125 

Spectroscopic characterization of 
poly (phthalocyanato)siloxane 

analytical procedures, 794 
axial ligand replacement effect vs. sonication 

time, 799, 800/ 
1 3 C - and ^ - N M R data of sonication media, 

802, 804i 
dichloride and hydroxy monomers, 

comparison of bands, 797-798 
elemental analytical procedure, 794 
IR bands, 795-797i 
IR spectroscopic procedure, 794 
molecular water effect, 802, 803/ 
NMR spectroscopic procedure, 794 
optical spectroscopic procedure, 794 
problems, 795 
sources of oxygen, 801, 803/ 
structures of phthalocyanine, 796-798 
thermal degradation effect, 798, 799/ 
ultrasonic formation mechanism, 803-806/ 
ultrasonic treatment effect, 800-802/ 

Spectroscopic probe, singlet oxygen 
phosphorescence, 573-597 

Specular Fresnel reflection, description, 355-358/ 

Specular reflectance of light, description, 665 
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830 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Squaric acid-titanocene dichloride polymer, comparative Raman and IR vibrational 
study, 769-775 

Standing wave, formation, 289 
Steric order, vibrational spectroscopic analysis, 42 

Stilbene, probe of free volume in polymeric 
materials, 536 

trans-Stilbene, environmental effects on 
radiationless transitions, 122 

Stokes scattering, 5, 6/ 
Stokes shift, fluorescence spectroscopy of 

aromatic molecules, 103-104 
Strain dependence of free volume, 

polycarbonate, 546, 548-550/ 
Strain-free glassy polycarbonate, isothermal 

physical aging, 545-547/ 
Strickler-Berg equation, definition, 118 
Structural absorbance, calculation, 69 
Structural changes in polyesters, FTIR and 

Raman spectroscopy, 426-427 
Structural defect detection, FTIR 

spectroscopy, 18, 19/ 
Structural probe, metachromasy, 513-519 
Structural properties of polyester-epoxy films, 

FT Raman spectroscopy, 436-440 
Structural properties of poly (ethylene 

terephthalate) and poly (ethylene 
terephthalate isophthalate), 427-436 

Structural region thickness in crystalline 
polymers, characterization using Raman 
spectroscopy, 176-178i 

Structural studies using laser-desorption 
Fourier transform mass spectrometry 

cure conditions, 134 
extent of cure, 136, 137/ 
importance, 134 
molecular weight distributions, 137-138 
polycyclic polymers, 134-136 

Structural studies using laser-microprobe 
Fourier transform mass spectrometry 

carbon clustering, 142-146 
negative ions, 139/, 140i 
objective, 138-139 
odd mass ion series and stable subunits, 139-142 

Structure of crystalline polymers, 
characterization using Raman 
spectroscopy, 157-187 

ordered sequence length, 165-170 
phase structure, 158-165 

Structure of pure and molecularly doped 
polymers, triplet excimer-monomer 
equilibria as probes, 599-608 

Structure of surfactant, surfactant mobility 
effect, 314-320 

Styrene-co-vinylphenol copolymer blends with 
styrene-co-methyl acrylate, phase 
behavior studies using FTIR 
spectroscopy, 232, 234-241 

Substrate surface tension, surfactant mobility 
effect, 321-327 

Supported catalyst precursors on oxide 
surfaces, DRIFT studies, 372-374/ 

Surface analysis, use of vibrational 
spectroscopy, 333-334 

Surface analysis by laser ionization 
desorption beam, 729-730 
modes, 731-732 
nonresonant photoionization, 730/, 731 
polymeric applications, 732-740 
process, 728, 729/ 
time-of-flight MS analysis, 731 

Surface analysis of thick polymer films by 
infrared internal reflection spectroscopy 

fluoro polymer films modified by sodium 
naphthalenide, 338-343 

plasma-treated polypropylene films, 
334-338 

primers for polyolefin-cyanoacrylate 
adhesion, 343-348 

Surface coatings 
FTIR and Raman studies, 407-439 
structural and chemical changes, 407 
vibrational spectroscopy, 407-408 

Surface crystallinity content, FTIR 
spectroscopy, 20, 21/ 

Surface curing reactions for polyurethane 
coatings, FTIR and Raman 
spectroscopy, 418-423 

Surface electromagnetic wave spectroscopy 
depth penetration ranges, 9, 12ί 
schematic representation, 9, 11/ 

Surface-enhanced Raman spectroscopy 
applications, 32 
chemical enhancement, 378 
electromagnetic enhancement, 378-381 
surface structure determination of polymeric 

copper azoles 
benzimidazole, 382-385/ 
benzimidazole-2-thione, 388-389/ 
benzotriazole, 385-387/ 
experimental procedure, 381-382 
future work, 390 
theory, 378-381 

surface structure determination of 
thiophenols at metal surfaces 

angle definitions, 395/ 
copper, 401, 403/ 
error analysis, 401-403 
experimental procedure, 397-398 
gold, 399-402i, f 
orientation determination, 394-397 
previous studies, 394 
ratio of relative band intensities, 396/ 

397 
silver, 398-402ί 

Surface modification of polypropylene films, plasma treatment, 334-338 
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INDEX 831 

Surface molecular orientation, FTIR 
spectroscopy, 18-20/ 

Surface structures, determination using 
surface-enhanced Raman spectroscopy, 
377-403 

Surface tension of substrate, surfactant 
mobility effect, 321-327 

Surfactant(s) 
latex technology, 305 
limitations, 305-306 
penetrating and nonpenetrating types, 306 
penetration, 306 
polymer compatibility vs. polarity of 

surfactant, 306 
structures, 313, 316 

Surfactant-copolymer interactions 
acid functionality effect, 310-311, 313/ 
cation effects, 311-315/ 
identification of spectral features, 313, 317/, 

318* 
previous studies, 307 
spectra in H a O vs. ethanol, 309-311/ 
substrate surface tension vs. surfactant 

mobility, 321-322 
surfactant behavior during coalescence, 

307- 309/ 
surfactant enrichment at film-air interface, 

308- 310/ 
surfactant mobility vs. neutralization, 316-322 

surfactant structure vs. surfactant exudation 
behavior, 313-316, 319-320/ 

surfactant sulfonate group effect, 310-311 
temperature effect, 310, 312/ 

Surfactant enrichment, 307 
Surfactant mobility 

elongation effect, 327-331 
neutralization effect, 316-322 
substrate surface tension effect, 321-327 
surfactant structure effect, 314-320 

Surfactant-polymer compatibility 
interfacial surface tension vs. surfactant 

adsorption, 306 
surface free energy vs. distribution within 

latex film, 306-307 
Surfactant structure, surfactant mobility effect, 314-320 

Survey analysis, use of surface analysis by laser 
ionization, 732 

Τ 

Tensile measurements, 7-irradiated 
polypropylene, 615f 

Tensile properties, characterization using 
Raman spectroscopy, 186-187/ 

1, 1, 6, 6-Tetraphenylhexadiynediamine, 244, 
245/ 

Textile fibers, near-IR spectra, 266-268/ 

Thermal behavior, differential scanning 
calorimetry and FTIR spectroscopy, 662 

Thermal degradation 
cotton cellulose, FTIR photoacoustic 

spectroscopy, 693-707 
polycarbonate degradation, fluorescence 

spectroscopy, 630-634/ 
polymers, thermogravimetric analysis-IR 

spectroscopy, 677-690 
poly (methyl methaerylate), 678-679 

Thermal oxidation of cotton cellulose, 
importance, 693-694 

Thermal synthesis of 
poly(phthalocyanto)siloxane, 
experimental procedure, 793 

Thermodynamics of polymer blends 
Flory-Huggins theory, 193-194 
free energy of mixing, 192, 193/ 

Thermogravimetric analysis-infrared 
spectroscopy of thermal degradation of 
polymers 

advantages, 689-690 
experimental procedure, 679-680 
interaction of Nafion-H and poly(methyl 

methaerylate), 683-687 
perfluorinated ionomer degradation, 

681-685 
poly (methyl methaerylate)-MnCl2 blend 

degradation, 686-690 
Thermoplastic polymers 

discriminant analysis, 276-278/ 
first-derivative near-IR spectroscopy, 

280-282/ 
near-IR spectra, 266, 268-270/ 

Thick polymer films, surface analysis by IR 
internal reflectance spectroscopy, 
333-348 

Thickness of structural regions in crystalline 
polymers, characterization using Raman 
spectroscopy, 176-178* 

Thiophenol at group lb metal surfaces, 
structure determination using surface-
enhanced Raman spectroscopy, 393-403 

Three-dimensional state of order, vibrational 
spectroscopic analysis, 42 

T i C l 3 - A l C l 3 catalysts, DRIFT studies, 370 
Time-of-flight mass spectrometric analysis, 731 
Titanocene dichloride-squaric acid polymer, 

comparative Raman and IR vibrational 
study, 769-775 

Toluidine blue O, color array study, 524, 528/ 
Top-surface specular reflectance, description, 

413, 415-416 
Total internal reflection, conditions, 289 
Transmission spectroscopy 

comparison to attenuated total reflectance 
spectroscopy, 290 

polymeric applications, 352 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

3 
| d

oi
: 1

0.
10

21
/b

a-
19

93
-0

23
6.

ix
00

2

In Structure-Property Relations in Polymers; Urban, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



832 STRUCTURE-PROPERTY RELATIONS IN POLYMERS 

Trap depth, triplet excimer, experimental 
measurement, 601-604 

Trichroic ratios, orientation determination, 21, 
22/ 

Triphenylamine, rate constant for 
phosphorescence decay, 602-604 

Triphenylphosphine 
structure, 344 
surface analysis by IR internal reflectance 

spectroscopy, 345-348/ 
Triphenylsulfonium salts, fluorescence 

spectroscopy and photochemistry in 
poly(4-oxystyrenes), 557-571 

Triplet excimer-monomer equilibria as 
structural probes in pure and 
molecularly doped polymers 

activation energies for detrapping, 605f-607 
detrapping in strained vs. nonstrained 

excimers, 607-608 
experimental measurement of triplet 

excimer trap depth, 601-604 
rate-controlling process in triplet trapping, 

604-606 
reasons for research, 600-601 

Triplet excimer trap depth, experimental 
measurement, 601-604 

Triplet-state phenomena, temperature of 
studies, 599 

Triplet trapping, rate-controlling process, 604-606 

Tripropylene glycol diacrylate, characterization 
using Κ IDS with MS detection, 713-716 

ϋ 

Ultrasonic synthesis of 
poly (phthalocyanato)siloxane 

accuracy, 807-808 
experimental procedure, 793 
mechanism, 803-806/ 
reaction pathway, 794-795 

Ultrasonic waves in chemical applications, 
development, 792 

Ultraviolet degradation schemes, 
polycarbonate degradation using 
fluorescence spectroscopy, 633-637/ 

V 

Variable-temperature FTIR measurements of 
hydrogen bonding 

information obtained from frequency shift, 59, 61 

orientational motion of mesogenic groups, 63, 66-67/ 

Variable-temperature FTIR measurements of 
hydrogen bonding—Continued 

polyamide 12, temperature effect 
mid-IR spectrum, 61-63 
near-IR spectrum, 63, 64/ 

Vibrational modes, 4 
Vibrational spectroscopy 

bulk structure of polymers, 377-378 
comparison of FTIR photoacoustic 

spectroscopy to FT Raman 
spectroscopy, 46, 48, 51-55 

depth profiling using attenuated total 
reflectance FTIR spectroscopy, 55-61 

diffuse reflectance FTIR spectroscopy of 
glass powder-coupling agent interface 
of composite, 44-50/ 

experimental procedure, 42-44 
information obtained, 41-42 
limitations, 42 
near-IR spectroscopy, 71, 73-85 
polymer structure determination, 90 
rheooptical FTIR spectroscopy, 65, 68-77 
surface analysis, 333-334 
surface coatings, 407-408 
variable-temperature FTIR measurements, 58-59, 61-64, 66-67 

Vibronic structure, interpretation, 109/, 110 
Vinyl aromatic polymers 

nonexcimeric emission, mechanism, 
599-600 

phosphorescence spectra, 599 
triplet excimer-monomer equilibria as 

structural probes, 599-608 

W 

Water, latex system effect, 453-456/ 
Water-soluble nonionic polymers, 484 

X 

X-ray photoelectron spectroscopy 
sodium naphthalenide modified fluoro 

polymer films, 340-343* 
surface analysis of plasma-treated 

polypropylene films, 336-338 

Y 

Yellowness index, definition, 638-639 

Ζ 

Zeolite ZSM-5 forms, DRIFT studies, 367-368 
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