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Foreword

THE ACS SYMPOSTUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

WHILE CONTINUOUSLY CHANGING ELECTRONICS, computer, and sen-
sor technologies open new opportunities in the development of chemical
instrumentation, new concepts in polymer analysis provide a powerful
means for expanding analytical resources. This interplay results in the
development of more sensitive and powerful techniques and has created a
new generation of hyphenated and multidimensional analytical
approaches. The hyphenated methods in polymer analysis were docu-
mented in Hyphenated Techniques in Polymer Characterization: Thermal
and Other Instrumental Methods, ACS Symposium Series 581, and this
volume focuses on multidimensional spectroscopic approaches in polymer
analysis. Multidimensional analysis has been known for a long time, yet it
has revived in recent years.

When two or more analytical techniques are tied together, which is
commonly referred to as a hyphenated approach, a new level of under-
standing is achieved, resulting in a synergistic outcome of an experiment.
In contrast, if one considers a simple experiment in which spectroscopic
analysis is performed as a function of time, concentration, or other addi-
tive properties, the output will be multidimensional, and a number of
independent variables will determine its dimensions. If such an experi-
ment is conducted by varying spatial coordinates, frequency, or other
domains, the situation changes. Such multidimensional experiments will
provide an additional wealth of information, further advancing our under-
standing of structure—property relationships in polymeric materials. In
this context, evolution of such spectroscopic probes like Fourier
transform IR and Raman, NMR, and fluorescence spectroscopies, with
the focus on their multidimensional character and continuously increasing
sensitivity, appears to be inevitable.

This volume covers several aspects on multidimensional spectroscopic
analysis and focuses on Fourier transform IR, NMR, and fluorescence
spectroscopies in the analysis of polymers and multidisciplinary
approaches utilized in the analysis of polymers in various environments.
The book is divided into four sections describing the most recent develop-
ments in each field. This choice was dictated by the importance of these
spectroscopic, molecular-level probes and their capabilities to enhance
our understanding of structure—property relationships in polymers.
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Chapter 1

Fourier Transform IR and Raman
Spectroscopy of Polymers

Section Overview

Peter R. Griffiths! and Marek W. Urban?3

Department of Chemistry, University of Idaho, Moscow, ID 83843
2Department of Polymers and Coatings, North Dakota State University,
Fargo, ND 58105

When atoms become attached to each other through a formation of chemical
bonds, a molecule or macromolecule is formed. Because all atoms in a molecule
possess kinetic energy, they vibrate. Such vibrations can be deconvoluted to so-called
normal vibrational modes, and classified into a few classes: some modes may be
observed in the Raman spectrum, some in the infrared, and some may or may not be
seen in either spectrum. When the molecule possesses a high degree of symmetry, there
is a rule of mutual exclusion which states that no vibrational mode may be observed in
both the infrared and Raman spectra. This high 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 in both the infrared and in
the Raman spectra. However, these modes will often have quite different intensity in
the two spectra. The quantum mechanical selection rules state that, observation of a
vibrational mode in the infrared spectrum requires a change in dipole moment during
the vibration. The observation of a vibrational mode in the Raman spectrum requires a
change in the electron polarizability resulting from the movement of atoms. Thus, in
order for a given vibrational mode to be infrared and Raman active, respectively, the
following integrals must be not equal to zero.

The vibration is infrared active if

Blvw # [®(Q) p D (Q:) dQ O]

Here, [p]v is the dipole moment in the electronic ground state, @ is the vibrational
eigenfunction and v' and v" are the vibrational quantum numbers before and after
transition, respectively, and Q, is the normal coordinate of the vibration.

The vibration is Raman active if

[advw # [ ®(Q.) o @ (Q)) dQ, ()

3Corresponding author
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1. GRIFFITHS AND URBAN  FTIR and Raman Spectroscopy of Polymers 3

Here, [a] is the polarizability tensor of the vibration, and the remaining parameters are
the same as for the infrared activity in equation 1. The apparent differences in the
principles governing both effects have led to the development of two physically distinct,
yet complimentary, experimental approaches to obtain infrared and Raman spectra. As
indicated in equation 2, the detection of Raman scattering involves a completely
different assemblage of principles. When monochromatic radiation at frequency v,
strikes a transparent sample, the light is scattered. While most of the scattered light
consists of radiation at the frequency of the incident light referred to as the Raleigh
scattering, typically 1 out of 10° photons are scattered inelastically. This portion of the
scattering is referred to as Raman scattering. This inelastically scattered fraction of
light, composed of new modified frequencies (v, +.w), is referred to anti-Stokes
scattering, and (v, - vi) is the Stokes scattering component. Figure 1 illustrates a
schematic diagram of the scattering processes leading to IR and Raman spectra. This
energy diagram shows that the anti-Stokes scattering requires that the molecules start
in an excited vibrational state. Because the easiest way to populate these excited
vibrational states is by a thermal excitation, the anti-Stokes intensities will be very
temperature dependent and typically quite weak at room temperature. Therefore,
Stokes scattering is the most common way to record Raman spectra. Figure 1 also
illustrates that the absorption process observed in IR may, and under certain selection
rules, correspond to the vibrational energy levels depicted for the Stokes Raman
scattering process.

VIRTUAL
A A A STATES

hv, hv  hy, hy hv, hv

V=2

yuy Vibrational
hv, 4 hv * | B States
— RAYLEIGH STOKES ANTI-STOKES
ABSORPTION SCATTERING SCATTERING SCATTERING
of IR LIGHT hv =hv, hv=h,-hy,  hv= hvoj+h'k
\

v
RAMAN SCATTERING

Figure 1. Schematic representation of IR absorption, Rayleight, Stokes, and anti-
Stokes scattering processes.

Infrared and Raman spectroscopy have gone through numerous stages of development.
At the early days, dispersive instruments dominated the field. When Fourier transform
infrared spectrometers utilizing interferometric detection were introduced, numerous
developments of sensitive techniques resulted. The sensitivity enhancements of

In Multidimensional Spectroscopy of Polymers; Urban, M., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch001

July 22, 2012 | http://pubs.acs.org

4 MULTIDIMENSIONAL SPECTROSCOPY OF POLYMERS

attenuated total reflectance (ATR), reflection-absorption (R-A), diffuse reflectance
(DRIFT), photoacoustic (PA), emission, or surface electromagnetic wave (SEW)
spectroscopies, and further developments of other experimental approaches were
primarily attributed to a higher energy throughput of interferometric instruments. A
schematic diagram of selected techniques, along with a brief description is given in
Figure 2.
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- ——
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Figure 2. Commonly used surface-sensitive infrared techniques: A - Single reflection-
absorption (R-A) setup; incident light (I) penetrates the sample and is reflected (R) by
the metal mirror (0 should be between 75 and 89.5°); B - single internal reflection,
incident light (I) passes through the internal reflection element and is totally reflected
(R) at © > O, (n; and n; are the refractive indices of the sample and the internal element,
respectively); C - Multiple-reflection setup in attenuated total reflection (ATR) mode;
D - Diffuse reflectance (DRIFT) setup; the incident light (I) is diffusively scattered in
all directions (D), collected by hemispherical mirrors, and re-directed to the detector. E
- Emission setup; the source of IR light is replaced by a heated sample and emitted light
is analyzed by the infrared detector; F - Photoacoustic (PA) setup; the incident
modulated light with intensity I, impinges upon the sample surface; the light is
absorbed, and as a result of re-absorption, heat is released to the surface which, in turn,
generates periodic acoustic waves.
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1. GRIFFITHS AND URBAN  FTIR and Raman Spectroscopy of Polymers 5

With this background in mind, and considering recent instrumental advances in infrared
and Raman spectroscopy, let us briefly outline the current developments in vibrational
spectroscopy utilized in the analysis of polymers.

Infrared spectroscopy has been used for the study of polymers for about half a
century. In about 1980, the Perkin-Elmer Corp., at that time the dominant
manufacturer of infrared grating spectrometers, estimated that about 80% of their sales
were for polymer-related applications. The advances in Fourier transform infrared (FT-
IR) spectroscopy that have been made since that time have given polymer scientists
significantly greater sensitivity and/or reduced measurement time. Furthermore, the
development of many different sampling accessories for these instruments, such as
those for attenuated total reflectance (ATR), specular reflectance (SR), reflection-
absorption (R-A) at near-normal and near grazing incidence, diffuse reflectance
(DRIFT), and photoacoustic (PA) spectroscopy, has increased the flexibility of FT-IR
spectroscopy so that polymers of essentially any morphology can be investigated.

Possibly the most important advance in sampling for infrared spectroscopy over
the last 15 years involves the development of microscopes for the mid-infrared region.
Not only can transmission spectra of samples as small as 10 pm in diameter be
measured, but other techniques such as ATR, SR, R-A, DRIFT, and even PA
spectroscopy have been applied to microscopically small domains and inclusions in
polymers. In the case of Raman microscopy, an approximate 1 pm spatial resolution
can be attained.

Using conventional rapid-scanning FT-IR spectrometers, static and dynamic
molecular level information, with time resolution as short as ~50 ms, can be obtained
for polymers that are being subjected to a gradually increasing strain. Recently, step-
scanning spectrometers have been designed that allow the effect of a low-amplitude
modulated strain on the spectra of polymers to be studied. These effects can be caused
by reversible changes in the crystallinity or orientation, or even bond angles in the
polymer. The phase lag of the infrared signal with respect to the applied strain can be
considered to be analogous to the phase angle measured from a stress-strain curve
measured by dynamic mechanical analysis (DMA). Since all infrared signals result from
vibrations originating from individual functional groups in the polymer, the data
obtained in such an experiment may be considered as a type of molecular-level DMA.

The absorptivities of fundamental modes that give rise to bands in the mid-
infrared spectrum are usually too high to permit samples much thicker than 100 um to
be investigated. In the situations when thin samples cannot be prepared, the near-
infrared (NIR) spectral region, where overtone and combination bands due to C-H, O-
H, and N-H groups absorb, becomes of great importance. NIR spectroscopy has,
therefore, become tremendously useful for measuring the spectra of thick samples,
especially in the field of process analysis where path-lengths less than 1 mm are often
difficult to achieve. Diffuse reflectance (DRIFT) is-another technique where NIR
spectroscopy has proved to be beneficial. Because of the high absorptivities ofl
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6 MULTIDIMENSIONAL SPECTROSCOPY OF POLYMERS

fundamental vibrational transitions allowed by the selection rules, strong bands in mid-
infrared DRIFT spectra of neat specimens either exhibit total absorption or are
distorted by the contribution of specular reflection. Samples for DRIFT spectroscopy in
mid-infrared are usually in KBr powder prior to the measurement. DRIFT spectra of
neat samples can be easily measured in the near-infrared spectral region, since
saturation effects are never seen for the weak overtone and combination bands in the
NIR.

Raman spectroscopy has also advanced dramatically, with many important
instrumental developments made in this past decade. In 1980, measurement of the
Raman spectra of most industrial polymers was usually precluded because of the
presence of traces of strongly fluorescent impurities. The situation was so bad that even
a simple Raman spectrum of transparent poly(vinylidine fluoride) was impossible to
obtain. In the mid 1980’s, Hirschfeld and Chase demonstrated that Raman spectra
could be measured using Nd:YAG laser at 1064 nm to eliminate, or at least
significantly reduce, fluorescence, provided that a Fourier transform (FT) spectrometer
was used for the measurement. The time interval between the first demonstration of
FT-Raman spectroscopy, the commercial introduction of this technique, and its general
acceptance was less then 5 years--an amazingly small period. While today acceptable
FT-Raman spectra of most polymers can be measured in 1 or 2 minutes, further
advances are being made in Raman microscopy which allows mapping polymer
surfaces.

The bad news for most polymer scientists who have already purchased an FT-
Raman spectrometer is that these instruments are starting to be superseded by
polychromators equipped with charge-coupled device (CCD) array detectors and NIR
diode laser excitation. These instruments allow spectra to be measured in a few
seconds. In this context, the area of continuous interest is resonance Raman and surface
enhanced Raman spectroscopy. Resonance Raman (RR) scattering occurs when the
exciting line is chosen so that its energy matches the electronic excited state, whereas
the surface enhanced Raman scattering (SERS) is induced using a conventional Raman
setup when molecules are deposited on rough .metallic surfaces. While RR
spectroscopy is invariably more useful with ultraviolet or visible laser excitation, SERS
is equally applicable in any electromagnetic region of radiation. Fiber-optic probes can
be interfaced to CCD-Raman spectrometers with greater ease than to FT-Raman
instruments. Finally CCD-Raman spectrometers are readily converted for Raman
imaging or confocal microscopy with a spatial resolution of lum. They should,
therefore, prove to be highly beneficial in several areas of polymer science.

Most of the advances described above have been due to advances in optical
components that have been made over the past 20 years. Even more spectacular
advances in computing technology and data processing algorithms have been made
over the same period and these have impacted vibrational spectroscopy as much as, if
not more than, the optical advances. Rapid digital data acquisition is required for FT-
IR, FT-Raman or CCD-Raman spectroscopy. The raw data obtained from these
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1. GRIFFITHS AND URBAN  FTIR and Raman Spectroscopy of Polymers 7

instruments must always be manipulated before a recognizable spectrum can be
displayed. Indeed, the measurement of a spectrum is usually just the start of most
contemporary spectroscopic experiments. Both quantitative and qualitative information
is available from mid- and near-infrared spectra and Raman spectra. Multicomponent
analysis can be achieved for samples containing up to ten components through a variety
of multivariate statistical algorithms, such as classical least-squares (CLS), partial least-
squares, cross correlation, factor analysis, non-linear methods, and maximum likelihood
entropy (MLE) methods. The application of artificial neural networks for spectral
interpretation is also starting to assume an important role in infrared and Raman
spectroscopy and appears to have the capability of complementing linear multivariate
techniques such as CLS. Many other types of data processing can be done to achieve
specific molecular information from polymer spectra. For example, the average
orientation of individual functional groups relative to the plane of polarization of the
radiation can be calculated from the infrared dichroism and trichroism spectra of
oriented polymer films.

Several of these advances are described or alluded to in the section of this
volume on the vibrational spectroscopy of polymers. It is hoped that these chapters
give the reader a taste of the type of measurements that can now be carried out and the
molecular information that can be deduced from the measured spectra.

Selected Monographs:

1. JL.Koenig, Spectroscopy of Polymers, American Chemical Society, Washington,
DC, 1992. B

2. M\W. Urban, “Vibrational Spectroscopy of Molecules and Macromolecules on
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Performance, Adv. Chem. Series, 236, American Chemical Society, Washington, DC,
1993.

5. CD.Craver and T.Provder, Polymer Characterization; Physical Property,
Spectroscopic, and Chromatographic Methods, Adv. Chem.Series, 227, American
Chemical Society, Washington, DC, 1993.

6. D.B.Chase and J.F.Rabolt, Fourier Transform Spectroscopy from Concept to
Experiment, Academic Press, Inc. Cambridge, MA, 1994.

7. P.B.Coleman, Practical Sampling Techniques for Infrared Analysis, CRC Press
Inc., Boca Raton, Florida, 1993.

8. P.R. Griffiths, Adv. Infrared and Raman Spectroscopy, Vol.9., RJ.H. Clark, RE.
Hester, Eds., Heyden London, 1981.

9. J.R Ferraro and K. Nakamoto, Introductory Raman Spectroscopy, Academic Press,
Inc., San Diego, 1994.

RECEIVED March 16, 1995

In Multidimensional Spectroscopy of Polymers; Urban, M., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch002

July 22, 2012 | http://pubs.acs.org

Chapter 2

Determining the Structure
of Polyimide—Metal Interfaces Using Fourier
Transform IR and Raman Spectroscopy

F. J. Boerio, J. T. Young, and W. W. Zhao

Department of Materials Science and Engineering, University
of Cincinnati, Cincinnati, OH 45221-0012

Reflection-absorption infrared spectroscopy (RAIR) and surface-
enhanced Raman scattering (SERS) were used to determine the
structure of interphases formed by polyamic acids which were spin-
coated onto silver and gold substrates and then heated at elevated
temperatures to complete the imidization reaction. Polyimides having
relatively rigid backbones, such as those prepared from pyromellitic
dianhydride (PMDA) and oxydianiline (ODA), formed films in which
the long axes of the molecules were oriented mostly parallel to the
substrate surface. Polyimides having relatively flexible backbones,
such as those prepared from 4,4’-hexafluoroisopropylidene
dianhydride (6FDA) and ODA, mostly formed films in which there
was little preferred orientation of the polymer molecules. However,
for 6FDA/ODA films having a thickness of only a few tens of
angstroms, a preferred orientation was observed in which the CgHy

rings of the ODA moieties were oriented parallel to the substrate
surface. Regardless of the flexibility of the backbone, the polymers
interacted with silver substrates by formation of carboxylate species
but there was little evidence of carboxylate formation on gold
substrates. Thiol-terminated  oligomers such as 4-
mercaptophenylphthalimide (4-MPP) formed monolayers when
adsorbed onto gold from dilute solutions. However, the orientation of
the molecular axes was much different than for PMDA/ODA.
Whereas PMDA/ODA was oriented with the long axes of the
molecules almost parallel to the gold surface, 4-MPP was oriented
with the two-fold symmetry axes of the molecules almost
perpendicular to the surface.

The purpose of this paper is to describe the use of reflection-absorption infrared
spectroscopy (RAIR) and surface-enhanced Raman spectroscopy (SERS) to

0097—-6156/95/0598—0008$15.25/0
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determine the molecular structure and orientation in thin films of polymers and model
compounds formed on metal substrates. RAIR has been extensively discussed in the
literature (Z-3). In order to obtain an infrared spectrum of a thin film on a reflecting
metal substrate, radiation polarized parallel to the plane of incidence and large,
grazing angles of incidence must be used. Under most conditions, the incident and
reflected waves combine to form a standing wave that has a node at the metal surface.
However, for parallel polarized radiation and grazing angles of incidence, the incident
and reflected waves combine to form a wave that has significant electric field
amplitude at the metal surface.

The dependence of RAIR absorbance on the angle of incidence and
polarization is simulated in Figure 1. In these calculations, it was assumed that the
refractive indices of the air, film, and substrate were 1.0, 1.3 - 0.1i, and 3.0 - 30.0i,
respectively (2). The ratio of film thickness d1 to the wavelength of light was 0.0003.
From the figure, it can be observed that absorbance is negligible for radiation
polarized perpendicular to the plane of incidence. Absorbance is also small for
radiation polarized parallel to the plane of incidence when the angle of incidence is
small. However, for parallel polarized radiation, absorbance increases rapidly for

angles of incidence greater than about 45° and reaches a maximum at approximately

880. The absorbance in a properly designed experiment is such that spectra of
monolayers of polymers are obtained.

RAIR spectroscopy has several important characteristics. One is that the
resultant electric field vector is perpendicular to the metal surface. Therefore, if
molecules are adsorbed onto the substrate with a preferred orientation, vibrational
modes having transition moments perpendicular to the surface will appear with
greater intensity than modes having transition moments parallel to the surface. As a
result, RAIR is a powerful technique for determining the orientation of adsorbed
molecular species.

Another characteristic of RAIR is that spectra will depend on both the real and
complex parts of the refractive index of the absorbing species whereas spectra
obtained in transmission depend almost entirely on the complex part. As a result,
certain types of “distortions” may appear in RAIR spectra when compared to
transmission spectra of the same compound. An example is shown in Figure 2 where
optical constants given by Allara et. al. (3) for the region of the carbonyl stretching
mode of polymethylmethacrylate (PMMA) adsorbed onto a gold substrate were used
to simulate the RAIR spectrum corresponding to a transmission spectrum consisting
of a single band at 1700 cm-1. It can be seen that for a film having a thickness of 200
A, the band in RAIR is shifted to higher frequencies by several wavenumbers. When
the film thickness increased to 5,500 A, the band shift increased to about 10 cm-1.
However, when the film thickness increased to 14,500 A, a second component
appeared at about 1696 cm-1.

One final comment regarding RAIR spectra is that the absorbance increases
almost linearly with thickness for films having thickness less than about 4,000 A.
However, for thicker films the absorbance is a non-linear function of thickness due to
interference effects.
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Figure 1. The dependence of RAIR band size on the angle of incidence and
polarization. The refractive indices of the ambient, film, and substrate were 1.0,
1.3 - 0.1i, and 3.0 - 30.0i, respectively (2). The ratio of film thickness to the
wavelength of light was 0.0003.
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Figure 2. RAIR spectra corresponding to a transmission spectrum consisting of a
single band at 1700 cm"1. In this simulation, it was assumed that kpay = 0.38, y
=25cm1, vy =1700 cm-1, n, = 1.38, oy = 820, and ny = 9.5 - 30i. kppay andy

were the maximum and full width at half height of the absorption band in k-space
while v, was the position of the band. n, was the refractive index of the film

away from the absorption band, ¢, was the angle of incidence, and ny was the
refractive index of the substrate.
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SERS has also been discussed extensively in the literature (4,5). The Raman
scattering by a monomolecular layer of molecules is usually too weak to be detected
by conventional techniques. However, when the monolayer is placed on the
roughened surface of certain metals, such as copper, gold, or silver, the intensity of
the Raman scattering is enhanced by several orders of magnitude. Two mechanisms
seem to be responsible for the enhancement. The first is electromagnetic in origin
and is associated with the large electric fields that can be obtained when the
roughened surface of a metal is illuminated with electromagnetic radiation. The other
is chemical in nature and is associated with a resonance effect involving charge
transfer states that are formed when an organic compound is chemisorbed onto the

surface of a metal. Electromagnetic enhancement can be as great as 104 while

chemical enhancement can be as great as 102. Both mechanisms are very short-range.
The chemical enhancement is only obtained for molecules that are chemisorbed and is
therefore restricted to molecules in the “first layer.” Electromagnetic enhancement is
usually considered to have a form such as

Enhancement ~ (t/r + d)12

where r is the radius of an asperity on the metal surface and d is the distance of the
scattering molecule from the surface of the asperity (5). As a result, molecules
adjacent to the surface experience a large enhancement but there is little enhancement
for molecules only a few molecular layers away from the surface. Therefore, SERS is
surface-selective and can be used for non-destructive characterization of
polymer/metal interfaces.

Polyimides are widely used as dielectrics in multilevel interconnects. As a
result, there has been a great deal of interest in determining the structure of polyimide
films on metal substrates. Interest in determining the effect of the substrates on the
molecular structure of polyimides and the polyamic acids from which they are usually
derived has been especially strong. Much of the work has involved the use of vacuum
techniques such as X-ray photoelectron spectroscopy (XPS) to determine the structure
of bulk polyimides and their interfaces with metal substrates. However, several
applications of RAIR and SERS to the study of polyamic acid and polyimide films on
metal substrates have been reported. Burrell et. al. (6) utilized RAIR and X-ray
photoelectron spectroscopy (XPS) to investigate relatively thick films (1,000-5,000
A) of PMDA/ODA polyimide prepared by spin-coating polyamic acid onto copper
and aluminum substrates and then heating the films at 200°C in air for 30 minutes to
promote imidization. Films of polyamic acid on Al substrates were characterized by
bands near 1730, 1663, 1540, and 1250 cm-l. These bands disappeared during
heating at 2009C and new bands characteristic of imide groups appeared near 1737
and 1780 cm-"l, indicating that imidization proceeded readily in films on aluminum.
In contrast, no bands related to carboxylic acids were observed in spectra of polyamic
acid films on copper substrates. However, bands related to copper/carboxylate
complexes which prevented polyamic acid films from curing completely during heat
treatment were observed.
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Linde (7) used RAIR to determine the structure of thin films (~ 40 A) formed
by spin-coating the polyamic acid of PMDA/ODA onto reactive metals such as
copper and silver and unreactive metals including gold, aluminum, and titanium. In
the case of silver substrates, polyamic acid was adsorbed mostly through PMDA
moieties which were oriented perpendicular to the surface and in which the acid
groups were meta to each other. One of the acid groups reacted with the substrate to
form a carboxylate salt. The carbonyl group in the other acid group was oriented

perpendicular to the substrate. Heating these films to 300°C in nitrogen for 8 minutes
destroyed the polymer.

In the case of gold substrates, the band near 1500 cm-1, which was associated
with the p-disubstituted benzene rings in the ODA moieties, was very weak.
However, the band near 1720 cm-!, which was characteristic of the acid groups in the
PMDA moieties, was strong. It was concluded that polyamic acid was adsorbed
through a non-polar interaction which tended to align the benzene rings in the ODA
moieties parallel to the surface while the rings associated with the PMDA moieties
were mostly aligned perpendicular to the surface. This alignment of functional
groups was maintained after thermal imidization of the polyamic acid films (7).

Grunze and Lamb (8, 9) used RAIR and XPS to investigate PMDA, ODA, and
mixtures of PMDA and ODA vapor-deposited onto polycrystalline silver surfaces.
PMDA and ODA were both chemisorbed on the silver surface through oxygen in the
PMDA and ODA fragments. Co-deposition of PMDA and ODA followed by heat
treatment led to formation of thermally stable polyimide films. Adhesion of
polyimide films to silver involved fragments of PMDA and ODA which were initially
chemisorbed on the surface.

Pryde (10) used RAIR to determine the structure of films formed by spin-
coating solutions of the polyamic acid of benzophenone tetracarboxylic dianhydride
(BTDA) and mixtures of m-phenylene diamine (m-PDA) and ODA onto gold and
aluminum substrates and then thermally imidizing the films. It was found that the

absorbance of the imide out-of-plane bending mode band near 720 cm-1, normalized

against the absorbance of the aromatic band near 1500 cm-l, decreased as the
thickness of films on aluminum decreased, indicating a strong tendency of the imide
groups to orient. This tendency was especially strong when the imidization reaction
was carried out at higher temperatures. Pryde reported little tendency for functional
groups in the BTDA/PDA/ODA films to orient on gold substrates.

Tsai and co-workers (/1) used RAIR to characterize interfaces between
polyamic acids and polyimides of PMDA and 2,2 - bis[4-(4-aminophenoxy)phenyl]-
hexafluoro-propane (4-BDAF) and silver substrates. They found that the molecules
in the bulk of the films were unoriented and well imidized. However, molecules near
the polymer/substrate interface tended to orient with the two-fold symmetry axes of
the p-disubstituted benzene rings parallel to the substrate surface. Strong evidence for
formation of carboxylate species at the interface was also observed.

Very little information has been obtained using Raman spectroscopy to
investigate interfaces between polyimides and metal substrates. Perry and Campion
(12) used unenhanced Raman spectroscopy to investigate the adsorption of PMDA

and ODA onto Ag(110) at 1409K in ultra high vacuum. They found that ODA was
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physisorbed onto the cold silver substrate but PMDA was dissociatively chemisorbed.
Bands which were not observed in the Raman spectra of bulk PMDA appeared near
1414 and 1504 cm-1 in the Raman spectra of PMDA adsorbed onto cold silver and
were assigned to a bidentate surface carboxylate. Heating a 30 A thick film of co-
dosed PMDA and ODA to 4739K resulted in formation of bands near 1391 and 1788
cm-1 that were characteristic of imide groups, indicating polymerization of the
monomers.

Young et. al. (13) used SERS to determine the structure of interfaces between
the polyamic acid and polyimide of PMDA/ODA and silver substrates. They found
that the SERS spectrum of the polyamic acid spin-coated onto silver substrates was
similar to the normal Raman spectrum of the polyamic acid and was characterized by
a strong band near 1340 em-1 and a weak band near 1574 cm~! that were related to

the amide groups and by a strong band near 1623 cml that was related to the
vibrational mode v(8a) in the substituted benzene rings. However, a unique band was
observed near 1412 cm"! in the SERS spectra of the polyamic acid and assigned to
carboxylate species formed by interaction of acid groups in the polyamic acid with
silver ions in the substrate. After heat treatment of the films at 200°C for 10 min and
immersion in a 1:1 mixture of acetic anhydride and pyridine for 2 hrs, there was little
change in the SERS spectra and it was concluded that imidization in the interfacial
region was inhibited by formation of the carboxylate species.

Young and co-workers also used SERS to determine the structure of interfaces
between the polyamic acid of PMDA/ODA and gold substrates (/4). They found
little evidence for interaction of the polymers with the substrate and observed that
imidization proceeded easily during heat treatment of the films at 200°C or
immersion in a 1:1 mixture of acetic anhydride and pyridine.

Experimental

Reflection-absorption infrared (RAIR) spectra of polyamic acid and polyimide films
on silver substrates were obtained as follows. The polyamic acids of pyromellitic

- dianhydride (PMDA) and oxydianiline (ODA) and 4,4’-(hexafluoroisopropylidene)-

di-phthalic anhydride (6FDA) and ODA (DuPont Corporation) were spin-coated onto
thick silver and gold films which were evaporated onto glass slides. Polyamic acid

films deposited on silver and gold substrates were dried at 1000C for 15 minutes to

remove the solvent. The films were then thermally imidized by heating at 2000C for
an additional 15 minutes.

RAIR spectra of the polyamic acid films before and after imidization were
obtained using a Perkin-Elmer Model 1800 Fourier-transform infrared (FTIR)
spectrophotometer and external reflection accessories provided by Harrick Scientific
Co. In most cases, the RAIR spectra were obtained by averaging 125 scans obtained

at an angle of incidence equal to 780 and a resolution of 4 cm-1. However, spectra of
the thinnest films were obtained by averaging as many as 750 scans. All RAIR
spectra are actually difference spectra obtained by subtracting the spectrum of a metal
substrate with no film from the spectrum of a film-covered substrate.
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The thickness of the polyamic acid films was measured using a Rudolph
Research Model 436 ellipsometer to examine the silver and gold substrates before
deposition of the polyamic acid films and after the films were deposited and heated at

1000C for 15 minutes to remove the solvent. The thickness of the films was not
expected to differ significantly after imidization.

Transmission infrared spectra of the polyamic acids and corresponding
polyimides were obtained using the same spectrophotometer. Samples were prepared
by placing a drop of polyamic acid solution onto a potassium bromide disc and then
heating the disc at 100°C for 15 minutes to remove the solvent. The resulting

polyamic acid films were then thermally imidized by heating at 2000C for an
additional 15 minutes.

Samples for SERS investigations were prepared as described below. Glass
slides were immersed in 0.1N NaOH and in 0.1N HCI aqueous solutions for one hour.
The slides were then rinsed in distilled-deionized water, blown dry with nitrogen,
cleaned ultrasonically in absolute ethanol several times, and blown dry with nitrogen
again. Clean glass slides were placed in a vacuum chamber which was purged with
nitrogen and pumped down to 10-6 Torr using sorption, sublimation, and ion pumps.
Silver wire was wrapped around a tungsten filament which was resistively heated to
evaporate island films onto the glass substrates at a rate of about 1 A/sec. A quartz
crystal oscillator thickness monitor was used to control the thickness of the island
films at about 40 A. Gold substrates were prepared in a similar manner except that
the deposition rate was 0.2 A/sec and the final thickness of the films was about 65 A.

Polyamic acid films were spin-coated onto the substrates from dilute solutions

and then dried by heating at 100°C for 15 minutes. Initially we were concerned that
the morphology of the island films would be unstable at the relatively high
temperatures (2000C) required to thermally imidize polyamic acids to polyimides and
that a significant loss of enhancement would result. Therefore, a combination of
thermal and chemical imidization processes was used. Polyamic acid films were

thermally imidized by heaﬁng at 2000C for 10 minutes and then chemically imidized
by immersion in a 1:1 mixture of acetic anhydride and pyridine for two hours.

Finally, the specimens were dried by heating at 900C for an additional 20 minutes.
Subsequently, we found that the morphology of the silver island films was
sufficiently stable to enable thermal imidization to be carried out in a nitrogen

atmosphere at 200°C. No differences in SERS spectra of polyimides obtained by
chemical and thermal imidization or by thermal imidization only was observed.

The thickness of the polyamic acid films deposited on silver and gold island
films was again determined by ellipsometry. Thick (several hundred angstroms)
films of silver were evaporated onto glass slides. Films of polyamic acid were spun
onto silver or gold mirrors from the same solutions and at the same speeds as used to
prepare the SERS samples. The thickness of the films was measured by using the
ellipsometer to examine the silver substrates before deposition of the polyamic acid

films and after the films were deposited and heated at 100°C for 15 minutes to
remove the solvent.
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SERS spectra were obtained using a spectrometer equipped with a Spex 1401
double monochromator, a Hamamatsu R943-02 photomultiplier tube, Stanford
Research Model 400 gated photon counter interfaced to a Hewlett-Packard Vectra
computer, and a Spectra-Physics Model 165 argon-ion laser. The slit settings of the

monochromator provided a spectral resolution of 10 cm! for the SERS spectra. The
green line of the laser (5145 A in wavelength) was incident on the sample at an angle

of about 659 relative to the normal to the sample surface for SERS experiments and
was s-polarized. Scattered light was collected using an £/0.95 collection lens and
focused onto the entrance slits of the monochromator. Spectra were obtained using a
scan speed of 65 cm™! per minute and time constant of either 2 or 10 seconds. Plasma
lines were removed from the spectra by the placement of a narrow-bandpass filter
between the laser and sample. In many of the spectra, a considerable background,
which was digitally subtracted, was observed.

Normal Raman spectra were obtained from a small amount of powdered
sample supported in a glass capillary tube using the instrument described above.
Instrumental parameters were the same as used for the SERS spectra except that the
slits were set for a spectral width of 5 cm1.

4-mercaptophenylphthalimide (4-MPP) was synthesized as follows (IJ).
Equal molar amounts of phthalic anhydride (Aldrich Chemical Co.) and 4-
aminothiophenol (Lancaster Synthesis) were dissolved in N,N-dimethylacetamide
(DMACc) and mixed together. The mixture was refluxed under nitrogen overnight at
about 160°C. Upon completion, the mixture was cooled to room temperature and the
pale yellow precipitate filtered and rinsed with ether. The precipitate was dried under
vacuum at 759C for several hours to remove residual solvent.

Gold substrates were prepared for SERS investigations as described above.
Monolayers of 4-MPP were prepared by immersing a gold substrate into a 1x10-3 M
solution of 4-MPP in chloroform for 12 hours and then rinsing the substrates
thoroughly with chloroform. Similar procedures were used to prepare samples for
RAIR and ellipsometry except that thick gold films (~1000 A) were used as substrates
instead of gold island films. SERS, RAIR, and ellipsometry were all carried out as
described above except that the 6471 A line of a Lexel 3000 krypton-ion laser was
used to excite the SERS spectra.

Results and Discussion

PMDA/ODA on Silver. Transmission infrared spectra of the polyamic acid and
polyimide of PMDA/ODA are shown in Figure 3. The strong bands near 1650, 1540,

and 1410 cm! in the spectrum of the polyamic acid were assigned to modes of the
amide groups. The band near 1510 cm-! was assigned to a stretching mode of the
CeHy rings. After imidization, the bands near 1650, 1540, and 1410 cm-l
disappeared and new bands which were characteristic of the imide groups appeared
near 1720, 1385, and 720 em-l. The band near 1720 cm-! was assigned to the
asymmetric C=0 stretching mode while that near 1385 cm"! was assigned to a mode
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Figure 3. Transmission infrared spectra of the (A) - polyamic acid and (B) -
polyimide of PMDA/ODA.
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involving mostly symmetric stretching of the C-N bond between the ODA groups and

the imide rings. The band near 720 cm-! was mostly associated with an out-of-plane
bending mode of the imide rings.

The RAIR spectra of PMDA/ODA polyamic acid films having thicknesses of
1200, 40, and 10 A which were spin-coated onto silver substrates are shown in Figure
4. The intensity of the band near 1720 cm-1 decreased in intensity as the thickness of
the films decreased. Since this band was assigned to acid groups and, perhaps, to a
few imide groups formed during drying of the films at 1000C, it was concluded that
acid groups in the thinner films interacted with silver ions in the substrate to form
carboxylate species. This conclusion was supported by the observation that the band
near 1410 cm~1 became broader as the film thickness decreased, probably due to the
appearance of a band near 1400 cm-! that was attributed to the symmetric carboxylate
stretching mode.

RAIR spectra obtained after the same polyamic acid films on silver substrates
were thermally imidized by heating at 200°C for 30 minutes are shown in Figure 5.
Comparing the intensities of the bands near 720 cm-! and 1720 cm-! in the spectra
shown in Figures 3A and 3B, it is evident that the orientation of the imide groups
changed as the film thickness decreased and that the imide rings tended to orient more
nearly perpendicular to the silver surface in the thinner films. It is also evident that
the ratio of the intensities of the bands near 1510 and 1385 cm-1 relative to that of the
band near 1720 cm-! also decreased as the film thickness decreased. Since the
transition moment for these bands is mostly parallel to the long axis of the molecules,
it was concluded that the molecular axes tended to align more nearly parallel to the
substrate surface as the film thickness decreased. Reference to Figure 3C indicates
that broad, weak bands were observed near 1600 and 1400 cm-! in spectra of the
thinnest films. These bands were assigned to the stretching modes of carboxylate
species, supporting the conclusion that the acid groups interacted with silver ions in
the substrate.

The SERS spectrum of a film of polyamic acid spin-coated onto a silver island
film from a 20% solution in NMP is shown in Figure 6. Results obtained from
ellipsometry indicated that the film had a thickness of about 1,500 A. Significant
differences were observed between the normal Raman and SERS spectra of the
polyamic acid (/3). The strongest band in the SERS spectrum was near 1620 em-1
and was assigned to a combination of the tangential ring stretching mode v(8a) of the
benzene rings and the asymmetric stretching mode of carboxylate groups (16-18).
The broad band near 1345 cm-1 was attributed to the CN stretching mode of the
amide groups. The medium intensity band near 1576 cm-1 was assigned to the CNH

stretching mode. The sharp, medium intensity band near 1178 cm-1 was related to
the CH in-plane bending mode v(9a) of the CgHy rings or to the C-X stretching mode

v(13) of the CgHy ring. Broad bands observed near 1413 and 840 cm-l in SERS
spectra of the polyamic acid were assigned to symmetrical stretching and deformation
modes of carboxylate groups (16-18). Bands near 1698, 940, and 761 cm-! which
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Figure 4. RAIR spectra of thin films of the polyamic acid of PMDA/ODA spin-
coated onto silver substrates. The film thicknesses were (A) - 1200, (B) - 40, and
(C)-10 A. (Continued on next page.)
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Figure 5. RAIR spectra obtained after polyamic acid films having a thickness of
(A) - 1200, (B) - 40, and (C) - 10 A were spin-coated onto silver and then
imidized. (Adapted from ref. 13.)
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Figure 6. SERS spectrum of a film of polyamic acid spin-coated onto a silver
island film from a 20% solution in NMP. (Adapted from ref. 13.)
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were assigned to vibrations of the acid groups of the polyamic acid were not observed
in the SERS spectra. The appearance of bands due to carboxylate salts in the SERS
spectra and the disappearance of bands due to acid groups indicated that the polyamic
acid was adsorbed onto silver films to form a carboxylate salt.

SERS spectra of the polyimide obtained by chemically curing films of
polyamic acid adsorbed onto silver island films are shown in Figure 7. The polyimide
films were obtained by spin-coating films of polyamic acid that were about 1,500,
500, and 120 A in thickness from 20%, 5%, and 1% solutions in NMP onto silver
island films, thermally curing the films at 100°C for 15 minutes and at 200°C in a
vacuum oven for an additional 10 minutes, and finally chemically curing the films in
a 1:1 mixture of acetic anhydride and pyridine for 2 hours.

There are two important aspects to the spectra shown in Figure 7. The first is
that the band intensities in all three spectra were very similar even though the
thickness of the polyimide films varied by approximately an order of magnitude.
Since the SERS signal was independent of film thickness, it was characteristic of the
interface, not the bulk films. The second is that the positions and relative intensities
of the bands were more similar to those in SERS spectra of the polyamic acid than to
those in normal Raman spectra of the polyimide. For example, the band near 1623

cm-1, which had medium intensity in the normal Raman spectrum, was the strongest
band in the SERS spectra of the polyimide and polyamic acid. The band near 1403

em-1, which was the strongest band in the normal Raman spectrum of the polyimide,
was relatively weak in the SERS spectra of the polyimide and the polyamic acid. The

band near 1345 cm"! in the SERS spectra of the polyamic acid and polyimide was not

observed in the normal Raman spectrum of the polyimide. The band near 1176 cm-1
was relatively strong and sharp in SERS spectra of the polyimide and polyamic acid
but was very weak in the normal Raman spectrum of the polyimide. Considering the
similarities between the SERS spectra of the polyimide and the polyamic acid, it was
concluded that imidization of the polyamic acid on the silver surface was inhibited by
formation of carboxylate salts with silver ions in the substrate (13). Results obtained
from SERS were thus consistent with those obtained from RAIR.

PMDA/ODA on Gold. The RAIR spectra obtained from thin films of the polyamic
acid of PMDA/ODA spin-coated onto gold substrates are shown in Figure 8. These
films had thicknesses of approximately 260, 45, and 15 A, respectively. Spectra
obtained after the same films were thermally imidized are shown in Figure 9. Once
again it was observed that the relative intensities of the bands near 1385 and 1720
em-1 and of the bands near 720 and 1720 cm! decreased as the film thickness
decreased, indicating that the molecules tended to align with their long axes parallel
to the surface and that the imide rings tended to orient more nearly perpendicular to
the surface as the film thickness decreased. However, as expected, spectra of films
formed on gold showed little evidence of carboxylate formation which would indicate
chemisorption.

A model was used to determine the orientation of the PMDA moieties on the

gold surface from the intensities of the bands near 1720, 1385, and 720 em! (see
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Figure 7. SERS spectra obtained after imidization of films of polyamic acid that
were spin-coated onto silver island films from NMP solutions having
concentrations of (A) - 20%, (B) - 5%, and (C) - 1%. The films had thicknesses
of about 1,500, 500, and 120 A, respectively. (Reprinted from ref. 13.)
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Figure 8. RAIR spectra obtained from thin films of the polyamic acid of
PMDA/ODA spin-coated onto gold substrates. The films had thicknesses of
approximately (A) - 260, (B) - 45, and (C) - 15 A, respectively. (Adapted from
ref. 14). Continued on next page.)
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Figure 9. RAIR spectra obtained after imidization of thin films of the polyamic
acid of PMDA/ODA on gold substrates. The films had thicknesses of
approximately (A) - 260, (B) - 45, and (C) - 15 A, respectively. (Adapted from
ref. 14.)
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Figure 10). The gold surface was defined as the XY plane. The tilt angle 6 was
defined as the angle between the normal to the gold surface (Z axis) and the 2-fold
symmetry axis which bisects the CNC angles of the imide groups. The rotation angle
¢ was defined as the angle by which the plane of the imide groups was rotated out of
a plane perpendicular to the metal surface. 6 and ¢ were determined quantitatively
using the following expressions:

A1385(R)/A1720(R) = [A1386(T)/A1720(T)][cot2(8)/cos2(¢)]

A1385(R)YA720(R) = [A1386(T)/A720(T)][cot2(0)/sin($)]

where A1385(R), A1720(R), and A70(R) are the absorbances of the bands near

1385, 1720, and 720 cm-! in RAIR and A;385(T), A1720(T), and A7,((T) are the
absorbances of the same bands in transmission. In order to use these expressions, it is
necessary to measure Aj385(T), A1720(T), and A720(T) for an amorphous,
unoriented sample of PMDA/ODA polyimide. We used values that were calculated
from the published spectra of unsupported thin films of PMDA/ODA polyimide that
were thermally imidized (/9). For PMDA/ODA films having a thickness of about 45
A, it was found that the tilt angle 6 was about 59.60 while the rotation angle ¢ was
about 35.70. For films having a thickness of about 260 A, the tilt and rotation angles
were about 56.70 and 38.69, respectively. Thus, polymer molecules in thinner films
were somewhat more oriented with their long axes parallel to the gold surface.

Published results indicate that for crystalline PMDA/ODA polyimide, the
angle between the long axis of the molecule and the two-fold symmetry axis of the
PMDA moieties is about 270 (20). Assuming that a similar situation exists for thin
PMDA/ODA films on gold, it can be concluded that the tilt angle for the two-fold
symmetry axis of the PMDA moieties is about 63°, which is very close to the
calculated value.

Similar expressions can be used to determine the tilt and rotation angles for
the ODA moieties:

A1500R)YA1117(R) = [A1500(T)/A1117(T)][cot2(0)/sin?($)]

A1500(R)/Ag15(R) = [A1500(T)/Ag15(T][cot2(8)/cos2($)]

In these expressions, 0 is the angle between the normal to the gold surface and the 2-
fold axis passing through the oxygen atom, aromatic ring, and nitrogen atom of an
ODA moiety. ¢ was defined as the angle by which the plane of the aromatic ring of
an ODA moiety was rotated out of a plane perpendicular to the metal surface. Using
these expressions and the published spectra of thermally imidized, unsupported thin
films of PMDA/ODA (19), it was determined that the tilt and rotation angles for the

ODA moieties for the PMDA/ODA film having a thickness of about 45 A were 58.3°0

In Multidimensional Spectroscopy of Polymers; Urban, M., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch002

July 22, 2012 | http://pubs.acs.org

2. BOERIO ET AL.  Determining the Structure of Polyimide—Metal Interfaces 29

0

2
?ﬂ}‘“
/C
_AN \
/ \(\) o

Metal surface

¢
Gy

Y

Figure 10. Model used to determine the orientation of PMDA moieties in
PMDA/ODA adsorbed onto gold.
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and 52.59, respectively. The tilt angles for the PMDA and ODA moieties were thus
similar as expected.

6FDA/ODA on Silver. Transmission infrared spectra of the polyamic acid and
polyimide of 6FDA/ODA are shown in Figure 11. The band assignments for both
polymers are similar to those for the polyamic acid and polyimide of PMDA/ODA.
Thus, strong bands near 1650, 1540, and 1410 cm-1 in the spectrum of the polyamic
acid were assigned to modes of the amide groups and the band near 1510 em-! was
assigned to a stretching mode of the CgH4 rings. After curing, the bands near 1650,

1540, and 1410 cm-1 disappeared and new bands characteristic of the imide groups
appeared near 1720, 1385, and 720 cm"1. One important difference in the spectra of
the 6FDA/ODA and PMDA/ODA polymers was the appearance of bands near 1260
and 1245 cm1 in the spectra of the 6FDA/ODA polymers which were related to
modes of the COC and CF3 groups.

RAIR spectra of 6FDA/ODA polyamic acid films having thicknesses of
approximately 320, 60, and 10 A which were spin-coated onto silver substrates from
DMF solutions were generally similar to transmission spectra and varied little with
film thickness (see Figures 12A and 12B). These spectra were characterized by
strong bands near 1720, 1500, 1385, and 720 cm~! which were characteristic of the
imide groups and by strong bands near 1260 and 1245 cm-1 which were related to
COC and CF3 stretching modes. However, when RAIR spectra were obtained from
films having a nominal thickness of only about 10 A, some important changes were
observed (see Figure 12C). Bands near 1725, 1500, 1385, and 720 cm-1 disappeared
from spectra of these films and new bands appeared near 1612 and 1410 cm-1. The
new bands near 1612 and 1410 cm1 were assigned to carboxylate species, indicating
that acid groups in molecules immediately adjacent to the substrate interacted with
silver ions in the substrate.

RAIR spectra obtained after the same polyamic acid films were thermally
imidized by heating at 200°C for 30 minutes are shown in Figure 13. Spectra of films
having thicknesses of about 320 and 60 A were similar to the transmission spectra,
indicating little preferential orientation in the thicker films. However, some
interesting features were observed in spectra of the film having thickness of
approximately 10 A. The bands near 1612 and 1410 cm-! were prominent, indicating
formation of carboxylate groups by interaction of acid groups with silver ions.
Moreover, the band near 1500 cm’l, which was characteristic of the CgHy rings,
disappeared upon imidization.

Two possibilities were considered to account for the disappearance of the
band near 1500 cm~1. One was that the disappearance of the band near 1500 cm-!
upon imidization of the thinnest films was due to an orientation effect. The transition
moment for this mode is mostly parallel to the two-fold axes. The very low intensity

for the band near 1500 cm1 in spectra of very thin films of 6FDA/ODA spin-coated
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Figure 11. Transmission infrared spectra of the (A) - polyamic acid and (B) -
polyimide of 6FDA/ODA.
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Figure 12. RAIR spectra of 6FDA/ODA polyamic acid films having thicknesses
of approximately (A) - 320, (B) - 60, and (C) - 10 A which were spin-coated onto
silver substrates from DMF solutions.
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Figure 13. RAIR spectra obtained after imidization of thin films of the polyamic
acid of 6FDA/ODA on silver substrates. The films had thicknesses of
approximately (A) - 320, (B) - 60, and (C) - 10 A. (Continued on next page.)
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onto gold indicated that the two-fold symmetry axes of the CgH4 rings were oriented
mostly parallel to the substrate surface.

Careful analysis of the RAIR spectrum shown in Figure 13 showed that the
band near 1260 cm! that was characteristic of the COC bonds also disappeared in
spectra of the thinnest films of 6FDA/ODA on gold but that the band near 1245 cm-1,
which was related to the CF3 groups, appeared with considerable intensity. The very
low intensity of the band near 1260 cm-1 and the great intensity of the band near 1245
cm-1 may indicate that the COC bonds were also oriented parallel to the surface while
the CF3 groups had a perpendicular orientation.

The second possibility that was considered to account for the disappearance of
the band near 1500 cm-1 upon imidization of very thin films of 6FDA/ODA on silver
substrates was related to thermal degradation. It is known that silver will catalyze the
degradation of thick 6FDA/ODA polyimide films during prolonged heating at
temperatures above 200°C (27). Although degradation of films having thicknesses of

several hundred angstroms does not occur at 200°C, some degradation of films
having thickness of only about 10 A may occur.

4-Mercaptophenylphthalimide (4-MPP) on Gold. RAIR and SERS have been used
to characterize monomolecular films of 4-mercaptophenylphthalimide (4-MPP)
adsorbed onto gold (/5). The transmission infrared spectrum of 4-MPP was
characterized by strong bands near 1710, 1496, 1389, and 717 cm-] (see Figure 14).
The bands near 1710, 1389, and 717 cm-! were, of course, characteristic of the imide
group while the band near 1496 cm-! was related to a ring stretching mode of the
CgHy rings. In addition, a weak band was observed near 2573 cm-l which was
related to the SH stretching mode of the thiol groups.

RAIR spectra obtained from 4-MPP adsorbed onto gold from solution in DMF
for 12 hours were much different than the transmission spectra (see Figure 15). The
band near 2573 cm-1 disappeared, indicating that 4-MPP was adsorbed onto gold as a
thiolate, as expected. The band near 1389 cm-1 was the strongest band in the RAIR
spectrum and the bands near 1710 and 715 cm™! were quite weak. Differences in the
relative intensities of the bands near 1710, 1389, and 715 cm-1 in the transmission
and RAIR spectra were attributed to preferential orientation of 4-MPP adsorbed onto

old.
# The angle between the 2-fold symmetry axis of 4-MPP and the normal to the
gold surface (tilt angle, 6) and the angle by which the plane of the imide groups was
rotated out of a plane perpendicular to the metal surface (rotation angle, ¢) for 4-MPP
adsorbed onto gold were determined using the expressions described above. It was

found that the tilt angle 6 was about 210 while the rotation angle ¢ was about 36°.
Very recently we have carried out a molecular dynamics simulation of 4-MPP
adsorbed onto gold (22). Results obtained indicated that the tilt and rotation angles

were 259 and 350, respectively. These values were in-excellent agreement with those
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Figure 14. Transmission infrared spectrum of 4-MPP. (Adapted from ref. 15.)
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Figure 15. RAIR spectra obtained from 4-MPP adsorbed onto gold from a 10-3
M solution in chloroform for 12 hours. (Adapted from ref. 15.)
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obtained from RAIR (15). To our best knowledge, this is the first time that a
polyimide with a nearly vertical orientation (small tilt angle) has been observed.

Miller and coworkers investigated the adsorption onto gold of a series of
oligomers of naphthalene - 14,58 - tetracarboxylic dianhydride and 3,3’ -
dimethoxybenzidine terminated by thiophenol groups (23). They found that the tilt
angle was approximately 600 but the rotation angle was 459, indicating no preferred
orientation with respect to rotation about the long axes of the molecules. Miller et. al.
also investigated the orientation in monolayers of similar oligomers transferred to
gold surfaces by the Langmuir-Blodgett technique (24). In that case, a tilt angle of
about 580 was found. Differences between the results of Miller et. al. and the results
for 4-MPP are undoubtedly related to differences in the structure of the oligomers.
Oligomers examined by Miller were much larger and bulkier than those considered
here.

The normal Raman spectrum of 4-MPP is shown in Figure 16. Several bands
characteristic of the imide group were observed. Thus, the bands near 1789 and 1771

cml were assigned to the symmetric and asymmetric stretching modes of the
carbonyl bonds, respectively, and the very strong band near 1395 cm-1 was assigned
to the axial imide CNC stretching mode. Very strong bands near 1604 and 1100 cm-1
were assigned to modes v(8a) and v(1) of the p-disubstituted rings. The band due to

the SH stretching mode was observed near 2581 cm-1.

The SERS spectrum of 4-MPP is shown in Figure 17. Strong bands were
observed near 1595 and 1085 cm-! due to modes v(8a) and v(1) of the p-disubstituted
rings. A medium intensity band appeared near 1390 cm-1 due to the CNC imide axial
stretching mode. The band due to SH stretching disappeared from the SERS
spectrum, confirming that adsorption had occurred through the thiol group. No bands
due to the C=0 stretching modes were observed near 1789 and 1771 cm-1.

It is possible to obtain qualitative information regarding the orientation of
surface species from the “propensity rules” for Raman scattering which were derived
by Moskovits (/7). According to these rules, modes belonging to the same symmetry
species as oz, where z is perpendicular to the surface, should appear with the
greatest intensity, especially if they involve motions perpendicular to the surface. The
next strongest lines should belong to the same symmetry species as o, and Qyz.

4-MPP has at most C2v symmetry. The imide CNC axial stretching mode and
the symmetric C=0 stretching mode both belong to the A1 symmetry species, as does
Oxx. Assuming that 4-MPP is adsorbed with the long axis of the molecule nearly
perpendicular to the surface, the axial CNC stretching mode involves motion
perpendicular to the surface while the carbonyl stretching mode involves motion
mostly parallel to the surface. That may account for the low intensity of the carbonyl
stretching mode relative to that of the CNC axial stretching mode. Modes v(8a) and
v(1) of the p-disubstituted rings both involve considerable motion parallel to the long
axis of the molecules. Assuming that 4-MPP is adsorbed with the molecular axes
mostly perpendicular to the surface, the corresponding bands should appear with
considerable intensity and that is what was observed.
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Figure 16. Normal Raman spectrum of 4-MPP. (Adapted from ref. 15.)
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Figure 17. SERS spectrum of 4-MPP adsorbed onto a gold island film from a
10-3 M solution in chloroform for twelve hours. (Adapted from ref. 15.)
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The results obtained from Raman scattering regarding the orientation of
adsorbed 4-MPP are thus qualitatively consistent with those obtained from RAIR.
However, the Raman “propensity rules” were derived assuming that the enhancement
was strictly electromagnetic and thus do not take account of chemisorption.

Conclusions

Results obtained from reflection-absorption infrared spectroscopy (RAIR) indicate
that polyimide molecules interact with silver substrates by formation of carboxylate
species but there is little evidence for formation of carboxylate species on gold
substrates. Polyimides from pyromellitic dianhydride (PMDA) and oxydianiline
(ODA), which have relatively stiff backbones, form films on silver and gold
substrates in which the molecules are oriented with their long axes mostly parallel to
the surface and the plane of the PMDA moieties nearly perpendicular to the substrate
surface. Polyimides having relatively flexible backbones, such as those from 4,4’-
hexafluoroisopropylidene dianhydride (6FDA) and ODA, mostly formed films in
which there was little preferred orientation of the polymer molecules. However,
when 6FDA/ODA films having a thickness of only a few nanometers were deposited
onto silver substrates, a preferred orientation was observed in which the CgHy4 rings

of the ODA moieties were oriented parallel to the substrate surface. Results from
RAIR also show that thiol-terminated oligoimides such as 4-
mercaptophenylphthalimide (4-MPP) interact with gold substrates by formation of
thiolate species and that the long axes of these molecules are oriented nearly
perpendicular to the metal surface such that the imide carbonyl bonds are nearly
parallel to the surface.

In surface-enhanced Raman scattering (SERS), there is a strong enhancement
of the Raman scattering by molecules adjacent to the metal surface but little
enhancement for molecules located more than a few nanometers from the surface.
Therefore, SERS is surface-selective and can be used for the non-destructive
characterization of polymer/metal interfaces. Results obtained from SERS confirm
that PMDA/ODA polyimides interact with silver substrates by forming carboxylate
salts and that carboxylate formation inhibits imidization of the polymer near the
interface. SERS also confirms that 4-MPP interacts with gold substrates by formation
of thiolates.
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Chapter 3
Raman Microscopy and Imaging of Polymers
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Recent developments in Raman spectrometers have led to great improvements in
sensitivity, imaging capabilities and instrument robustness. This paper describes a
novel design based on a single spectrograph system using CCD detection and
holographic Raman rejection filters. The facility of the instrument in the analysis
of polymers is demonstrated through a number of examples showing the
effectiveness as a microprobe system with high sensitivity. Operation of the
instrument in a basic microprobe can be extended very easily with computer
controlled optics to function in confocal and imaging modes so that polymer
structure in 2 dimensions can be obtained.

Raman spectroscopy is becoming a well established technique in the
analysis and characterisation of polymers. The reason is that the vibrational
spectrum obtained gives a lot of detailed information about the chemical and
morphological structure of the polymer. Raman also provides additional practical
advantages of being nondestructive, effectively no restriction on the sample form
and size, high spatial resolution (~1um), mode selection using polarisation for
studying oriented polymers, and resonance enhancement by coupling to the
electronic structure. There are a number of review articles on the application of
Raman spectroscopy to polymers eg (I-4). Figure 1 shows the Raman spectra of
four polymers and simply demonstrates the analytical capabilities of the approach;
the spectra contain chemical structural information describing functional groups
and local bonding specific to that polymer. If the polymer can undergo structural
ordering then features in the spectrum may be identified that are characteristic of
the physical state of the material. Figure 2 shows two spectra of polyethylene
which indicate features relating to crystalline and amorphous structure. For this
particular polymer, the technique is quantitative and for these samples the levels
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Figure 1 - Raman spectra of four polymers demonstrating the analytical capabilities of
the approach; the spectra contain chemical structural information describing functional
groups and local bonding specific to that polymer.

Arbitrary Y

N

i

N OIN AN

1300 1200 1100 1000

Raman Shift (cm-1)

Figure 2 - Raman spectra of two samples of polyethylene show different levels of
structural ordering.
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of the structural phases are (a) 30% amorphous, 68% crystalline, and (b)70%
amorphous, 15% crystalline (5); the remainder in each case has been identified as
due to an interfacial phase. With those advantages described above, Raman is
clearly an important research and analytical tool in the industrial laboratory.

Coupling a microscope to the Raman spectrometer allows the spatial
resolution of the measurement to be taken down to about 1um. The technique of
Raman microscopy was first reported in 1974 (6,7). This design, which has
changed little since first demonstrated, comprised a conventional optical
microscope coupled to a monochromator with the laser delivered through the
microscope and focused onto the sample. Figure 3 shows a schematic diagram of
a Raman microscope system. The sample is placed on the microscope stage and is
viewed and positioned in white light. Once located, the sample is irradiated with
the laser light through the objective lens. The scattered radiation is collected by the
microscope objective lens, directed through the transfer optics and onto the slit of
the monochromator. The detector system is either single channel (eg
photomultiplier tube) or multichannel (diode array detection). With single channel
detection, dispersion of the Raman scatter across the exit slit in front of the
detector is obtained by rotating the diffraction grating; spectral elements are
collected as the grating is scanned. For a multichannel system, the grating is fixed,
the exit slit is removed and the whole spectrum is simultaneously measured across
the detector. Until recently, these systems have used double or triple
monochromators which are relatively inefficient with a large number of optical
surfaces.

By using the Raman microscope system as a microprobe, the technique has
been used to study polymer fibers eg (8) and for single fiber studies, correlation
of Raman band shift with tensile strength has been determined (9). The technique
also has general analytical capabilities for studying polymer laminates and
characterising inclusions, imperfections and contaminants in polymers eg (70).

Recent developments in laser, filter, and detector technologies have led to
new instrumental designs that give much higher sensitivities and spatial resolution
(11-14). The first major advance has been in the application of holographic optical
devices (15) as narrow band filters, and beamsplitters. For the Raman
measurement this has meant improved rejection of the Rayleigh scatter, and high
throughput (about 90%). The result has been a system requiring only a single
spectrograph as opposed to a double or triple monochromator to filter the
elastically scattered laser radiation (16); apart from the obvious advantage of
reducing the cost of such an instrument, this arrangement gives a much higher
throughput system. The second major advance has been in the use of the charge-
coupled device (CCD) detector. This is a two-dimensional silicon array detector
with high quantum efficiency (up to 70%) and very low dark current (generally
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less than 0.01electrons/pixel/second). This is a major improvement over the
‘conventional' single or multichannel detectors (17,18). Currently, for this type of
system, a collection efficiency for the Raman scatter of >25% can now be
achieved (19); this is compared to <1% for the earlier Raman microscope
systems. The improvement in sensitivity gives the advantages of much shorter
acquisition times and allows the use of much lower laser powers, hence reducing
the potential effect of sample damage under the laser beam.

With the CCD detector operating in a two dimensional mode, the Raman
microscope system can be used for imaging allowing the spatial distribution of a
specific molecular species to be defined. The Raman band of a particular
component in a heterogeneous system can be selected (eg with a tunable filter) and
the Raman scatter over an area of the sample defined by the optical setup is
collected at the detector. This approach is clearly superior to point-by-point
mapping which requires the time consuming acquisition of spectra at many
positions on the sample surface followed by data reduction to produce the final
image. Raman images showing phase structure in various polymer blends with a
spatial resolution of about 1um have been reported (20).

The CCD detector and Raman microscope system described allows a
further type of measurement to be made, namely confocal Raman spectroscopy. In
the 'conventional' system, a pinhole is placed in the back focal plane of the
microscope. This has the effect of filtering out all the Raman scatter that is not in
the plane of focus of the laser in the sample; this greatly enhances the depth
resolution of the microscope and collection volumes of the order of about Spum’
can be obtained. The factors affecting the depth of resolution are the optical
properties of the sample, size of the pinhole, and the numerical aperture, focal
length and magnifying power of the objective lens. Depth profiling of thin
polymer samples at the micron level have been reported using this approach for
confocal Raman (21,22). The system based around the single spectrograph and
CCD detector described above achieves the confocal mode by 'binning' the signal
at the detector (23). Effectively, this means that the detector area is matched with
the illuminated sample area and is achieved by selecting a narrow width of pixels
across the array defining the depth of the sampled volume; this is achieved using
the instrument software and provides a depth resolution of about 2um. This
approach gets around the difficult problem of aligning pinholes to obtain the
confocal arrangement.

A problem that can occur with the Raman microscope systems described
above is laser-induced sample fluorescence which can swamp out the Raman
scatter. The intensity of the fluorescence is laser wavelength dependent (24) so by
going to longer wavelength, the effect is weakened. Common lasers used are the
Ar+ and He-Ne, both operating in the visible region. For samples displaying
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fluorescence, near infrared diode lasers operating in the range 750 - 830nm may
dispel the problem (25) though some materials will still fluoresce in this laser
range. FT-Raman systems using a Nd:YAG laser operating at 1.064pum further
reduces the probability for fluorescence. FT-Raman microscope spectrometers are
available commercially (26). A recent report has demonstrated FT-Raman using
the 1.339um line of the Nd:YAG laser (27) which further reduces the possibility
of observing fluorescence; however, in this case the instrument operates only in a
macro-Raman mode and not as a microprobe. The microscope of an FT-Raman
system is of a conventional design with the laser/Raman radiation delivery optics
being mirrors or fiber optics. However, the coupling of the microscope to the
interferometer remains a non-trivial problem and the efficiency of such systems is
poor; for a weakly scattering polymer (eg polyacrylate type), the spectrum
collection time can be several hours compared to minutes for a 'conventional'
system employing holographic beamsplitter/notch filter, single grating spectrograph
and CCD detector (28). There are further inherent problems with the FT-Raman
technique in comparison with the CCD/ single spectrograph system described
above; these include poor detector sensitivity, poor spatial resolution (about
10pum), weaker Raman scatter (varies with the fourth power of the exciting
frequency) and therefore weaker signal. The merits of the CCD/single spectrograph
approach over the FT-Raman method have been reported (29).

Experimental

The systems used in this study were a

(a)Bruker FT-Raman microscope based on the Bruker IFS66 FTIR and FRA106
Raman module with the microscope optically connected via fiber optics. The
signal was detected using a liquid nitrogen cooled Ge photodiode detector. The
laser was a 350mW Nd:YAG operating at 1.064microns. The laser energy at the
sample was about 35mW with a spot size of about 10um. The spectral range for
the instrument is ~100 - 3500cm-1. The Raman spectra were not corrected for
instrumental response because it is almost flat over the spectral range 3300cm™ to
the Rayleigh line. The system used here has been previously described (30).
(b)Renishaw Ramascope (details may be found in (31)) using a low-powered
(25mW) air-cooled laser (He-Ne or diode laser), a single spectrograph (250mm
focal length) for spectroscopy mode, a set of angle tunable bandpass filters for
imaging mode, an Olympus microscope, a Peltier cooled CCD detector (576x384
pixels), a holographic notch filter used as a beamsplitter. The holographic filter
reflects >90% of the laser energy into the microscope and is designed to reject the
back-scattered Rayleigh component while permitting the Raman scatter to be
transmitted into the spectrometer. This arrangement gives an efficiency of about
25%. The laser spot size at the sample was 1um and the laser energy was varied
between <1mw to full power (about 7mW at the sample) using ND filters. This
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system was also used in confocal and imaging modes; the experimental setup for
each of these is described below.

Resuits and Discussion

Microprobe Measurements. Raman microscopy can play a significant role in
analytical applications such as identifying microscopic unknowns (eg inclusions in
polymers) (10). The major defect types found in coatings are pinholes and craters
that can be very difficult to analyze using FTIR microspectrometry since the defect
may be too small to characterise or the spectrum of a contaminant may be
completely obscured by other components in the sampled area. However, Raman
microscopy is now providing an important tool for characterising contaminants in
these types of coating defects. Most pinholes we find in coatings are beyond the
diffraction limit of FTIR (ie <10microns). Figure 4 shows a schematic diagram of
a possible pinhole; the substrate is likely to be another coating such as a basecoat.
These types of defects are often met in automotive coatings where the environment
of application may be contaminated by extraneous material such as a silicone oil
or poorly miscible additives which are not correctly dispersed and cause defects
such as craters or pinholes on curing.

Many of these defects are caused by siloxanes; Figure 5 shows the Raman
and FTIR spectra for polydimethyl siloxane. The FTIR spectrum is dominated by
the bands at about 1020 and 1100cm™ due to Si-O-Si stretching modes with two
sharp bands either side at 800cm™ (Si-C stretching) and about 1260cm™ (CH,
deformation of Si-CH;). The Raman spectrum is dominated by the C-H symmetric
and asymmetric modes of CH, in the 2900-3000cm-1 region. The bands
characteristic of the siloxane are at 488 and 710cm™. Clearly both techniques
could provide accurate analytical methods for characterising contaminants found in
coating defects. The FTIR spectrum obtained for material found at the bottom of a
pinhole that was about 5 microns in diameter at its base, is shown in Figure 6;
the typical structure of such a defect is shown in Figure 4. An immediate problem
can be identified since the wavelength of the incident light is of the same
dimensions of the bottom of the defect. To obtain sufficient spatial resolution in
FTIR microscope, generally some form of aperture or pinhole is used (eg 0.3mm
aperture with x15 objective gives a spatial resolution of about 8yim - as in this
measurement). Any attempt to obtain a spatial resolution beyond the wavelength of
the incident light using apertures is prevented by the diffraction limit - in other
words, an IR response outside the aperture-defined region could be diffracted at
the aperture and reach the detector. The result shown in Figure 6 combines this
diffraction limitation on spatial resolution below 8um (corresponding to 1250cm™
in the spectrum) and also, a response from the coating at the edge of the defect, as
defined by the aperture, is also detected. Although the FTIR measurement may
indicate the possible presence of a silicone; the spectrum is too poor for any great
confidence in this interpretation. Figure 7 shows the Raman spectrum for the same
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Figure 3 - A schematic layout of a Raman microscope system.
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Figure 4 - A schematic diagram of a pinhole; the substrate is likely to be another coating
such as a basocyte.

In Multidimensional Spectroscopy of Polymers; Urban, M., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch003

July 22, 2012 | http://pubs.acs.org

48 MULTIDIMENSIONAL SPECTROSCOPY OF POLYMERS

60

FTIR

20 i

Transmission (%)

10 i

1.0

12

0.6 |
04 +F

Raman Intensity (au)

02}

|
|
|
osf |
|
|
i
|
|
|

o Ll

e e 'l IArtrers —arfierd hrari

4000 3500 3000 2500 2000 1500 1000 500 O
Wavenumbers (cm-1)

Figure 5 - Raman and FTIR spectra for polydimethylsiloxane.

N

0 Faray ] Py Jt.
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Transmission (%)

Figure 6 - FTIR spectrum obtained for material found at the bottom of a pinhole that
was about 5 um in diameter at its base. The sample spot size was about 8um.
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Figure 7 - Raman spectrum for the same pinhole as in Figure 6. This was obtained using
the Renishaw Raman system using a He-Ne laser with a laser spot size of 1um; the scan
time was about 2mins.
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defect with a laser spot size was about 1um. Due to the improved spatial
resolution, the Raman spectrum now clearly shows the material to be
polydimethylsiloxane - bands at 488 and 710cm™ (32); the origin of this
component was found to be an antiflow agent that was phase separating during
film formation. FT-Raman microscopy measurements with a spatial resolution of
about Sum were also made on this sample but was found to cause heating due to
low levels of carbon (<1%) used in the coating; this resulted in sample burning.

Confocal Measurements. An important area of polymer defect analysis where
use of the confocal mode of operation can be made is in the characterisation of
inclusions. Figure 8(a) shows the spectrum of an inclusion embedded in a
poly(ethylene terephthalate) (PET) preform used in bottle production. Use of the
confocal mode allowed the inclusion to be isolated spatially from the bulk polymer
and a spectrum obtained. Figure 8(b) shows a spectrum of the bulk polymer. The
differences in the C=0 band width at 1735cm™, and increase in the intensity of
the 1096 and 859cm™ bands are associated with structural ordering in the polymer
(33); the C=0 bandwidth is thought to correlate directly with crystallinity (34).

A similar type of problem was successfully solved using the same
approach. In this case there was an inclusion of a gel particle about 2um in
diameter embedded in a polyethylene film. Figures 9(a) and (b) show spectra for
the inclusion and bulk film respectively. Comparison of the bulk spectrum with
that for the inclusion indicate that defect is less crystalline than the material found
in the bulk - this can be seen by the reduction in the intensity of the band at about
1416cm™ (5). Modifications in the structural properties can have a major effect on
the final product behaviour. These types of analyses make significant headway in
the understanding of processing and production line problem solving.

The examples described above for the application of confocal operation
simply require focusing of the laser light on the inclusion with careful 'binning' at
the CCD detector to give the vertical resolution. The confocal mode can also be
used for profiling in the z-direction by focusing through the sample. Figure 10
shows an example of this approach for a 2um polyethylene film on a
polypropylene plaque. The measurement employed a 50x microscope objective,
and a CCD active area of 600 (spectral elements) x 4 (depth resolution) pixels.
Figure 10(a) shows the spectrum with the laser focused on the top surface of the
polyethylene and indicates that the spatial resolution is not perfect since features
due to the polypropylene appear. Figures 10(b) through 10(d) are Raman spectra
taken by focusing through the polyethylene layer and into the polypropylene.
Clearly as the point of focus of the laser is changed then the different polymers
may be isolated in the Raman spectrum. Figure 10(e) shows a polypropylene
spectrum for reference. Using a 100x microscope objective, an improvement in the
spatial resolution to better than the required 2um is observed; this is demonstrated
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Figure 8 - Raman spectra from (a) an inclusion in a PET preform and (b) bulk polymer.
The spectra were obtained in 40secs using a He-Ne laser operating at SmW.
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Figure 9 - Raman spectra from (a) 2um gel particle in a polyethylene film and (b) bulk
polymer. The spectra were obtained in 80secs using a He-Ne lasers operating at SmW.
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Figure 10 - Raman spectra obtained by focusing through a 2um polyethylene film on a
polypropylene placque: (a)on the surface of the polyethylene film, (b-d) through the
polyethylene film and into the polypropylene, and (e) polypropylene reference spectrum.
This was obtained using the Renishaw Raman system using a He-Ne laser at SmW, 50x
microscope objective and an accumulation time of about 4mins.
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in Figure 11(a) - there is clearly no evidence for the polypropylene bands in the
spectrum. Figure 11(b) shows the same measurement but using a 36 pixel height
on the CCD; the polypropylene bands begin to appear demonstrating the loss in
confocal operation.

Raman Mapping and Imaging. Raman mapping requires spectra to be obtained
across a grid of points on the sample of interest. To obtain the chemical map of
any of the components in the material, the data must be processed and reduced to
the appropriate form. This type of measurement can take many hours to build up a
chemical distribution map of the sample. An example of a Raman map is shown in
Figure 12 for a large white inclusion found in a clear styrenated-acrylic copolymer
film. The map was produced using data obtained on the Bruker FT-Raman

system. Spectra were obtained at 100um intervals on a grid of dimensions 500 x
500pm with the sample located manually using the vernier scale on the microscope
stage. The measurement time for each spectrum was about 30mins to obtain the
required signal/noise. Spectra for the film and inclusion are shown in Figure 13.
From these spectra the inclusion is clearly a lump of TiO,. The map was obtained
by normalising the integrated intensity of the TiO, bands in the 400-600cm™ range
against the styrene band at about 1000cm™. The time required to obtain the map is
very clearly restrictive on making this a routine measurement. An improved
method as described in the Introduction is the use of a 2-D detection system giving
a direct chemical image across a sample with resolution down to about 1pum.

The imaging measurements were made using the Renishaw system which
employs a tunable filter to select a wavelength of interest so that this can be
imaged across a sample surface. An example of imaging as an important tool for
characterising different phases in a polymer is given in Figure 14. The image
shows the distribution of the ester band at 1730cm™ of a polyester/epoxy blended
coating where clearly the ester component (white indicates high intensity, black
indicates low intensity) is spherulitic. The dimensions of the spherulites in the
image are of the order of 1-2microns. For these comparatively weak Raman
scatterers, the image took about 20mins to accumulate. Figure 15 shows a similar
coating that had undergone a different processing and in the case, the ester
component appears to be localised at the interfaces of large, epoxy-rich domains.
The white light image gives a poorly resolved distribution - this demonstrates that
the Raman image gives very much more significant information about phase
separation and chemical distribution.

For these types of results, the physical properties of the coatings can be
correlated with detailed chemical distribution information at the micron level and
can give a clearer understanding of the final coating properties.
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Figure 11 - Raman spectra obtained from the top surface of the 2um polyethylene film on
the polypropylene plaque obtained as in Figure 10 but using the 100x microscope
objective and (a) with 4 pixels height on the CCD and (b)36 pixels height on the CCD.
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Figure 12 - Raman map for the region around a large white inclusion found in a clear
styrenated-acrylic copolymer film. The map was produced using data obtained on the
Bruker FT-Raman system (Nd:YAG laser, 35mW laser power, 10x microscope objective).
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Figure 13 - Spectra for the film (a) and inclusion (b) of Figure 12.
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Figure 14 - Raman image at 1735cm™ of a bis-phenol A epoxy/poly(ethylene terephthalate)
blended polymer showing the distribution of the ester component.
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Figure 15 - (a)Raman image at 1735cm-1 for a similar coating as in Figure 14 but that
had undergone a different processing and in the case (b) white light image - the phase
structure can only just be identified, (c) and (d) Raman spectra taken in the dark (epoxy-
rich) and light (ester-rich) regions shown in the Raman image.
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Conclusions

The discussion presented above illustrates the applications currently
accessible with a commercial Raman system optimised for microprobe and
imaging capabilities. Comparison is made with an FT-Raman microscope system
which is clearly not sufficiently sensitive to provide any sort of routine
applications with a reasonable signal/noise. Consequently, the work has focused
on the applications generated using the Renishaw Raman system which can give
high quality spectra on the micron dimension within a few minutes. This
microscope can operate in a confocal mode by 'binning' the signal at the CCD
giving a spatial resolution of 1yum laterally and 2um vertically. Examples of
applications of this system operating in a confocal configuration have been
demonstrated and can be achieved with simple instrument control under the system
software. The instrument can also operate in an imaging mode with a spatial
resolution of 1pum; chemical distribution maps can be obtained within a few
minutes.
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Chapter 4
Multimode IR Analysis of Nylon 11

L. J. Fina

Department of Mechanics and Materials Science, College of Engineering,
Rutgers University, Piscataway, NJ 08855

This chapter summarizes some of the recent work on the
structure and morphology of a particular polyamide, nylon
11, as viewed with infrared spectroscopy. Attenuated total
reflectance spectroscopy is used to study the development of
dipole orientation and the existence of structural gradients
from the surface in draw and electric field poled films and
bilaminates. The new technique of two-dimensional infrared
spectroscopy is used to study the dynamic stretching properties
of melt-crystallized nylon 11. The complex absorption
behavior of the amide I region is addressed. Lastly, the
technique of trichroic infrared spectroscopy is used to
elucidate the three dimensional absorption behavior of nylon
11 films that are subjected to one-way drawing, annealing and
poling treatments.

In the group of polymers known as polyamides, difference in the number of
carbon atoms between the amide groups results in a wide range of physical
and mechanical properties. Nylons are often partially crystalline and
properties are controlled to a large extent by the amount of crystallinity, the
average crystallite size, the order, or lack of it in the amorphous phase, and
the orientation in the crystalline and amorphous phases. When a polyamide
sample is drawn, the crystallites act as cross-links, as do the amide group
hydrogen bonds and to a lesser extent the van der Waals interactions in the
amorphous phase. These influences lead to a high degree of elastic
recovery in drawn materials.

Many of the physical properties of nylons such as the high melting
point and the physical toughness result from the hydrogen bonding between
adjacent amide groups. Since polyamides often exist with crystal structures

0097-6156/95/0598—0061$12.00/0
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that maximize hydrogen bond formation(Z), the chain arrangement in the
crystals can be predicted. In the A, type of polyamides, the sense or
direction of the chains in the crystal is important to the final structure. This
is not the case for the (AB), type where a center of symmetry along the
chain removes the directional property. Broadly speaking, x-ray studies of
polyamides have revealed that two different categories of crystal forms can
exist. The form adopted depends on the type of polyamide and the method
of preparation. In the first category are the original triclinic o-like crystal
structures of Bunn and Garner(2) for nylon 6 and nylon 610. They consist
of fully extended planar zigzag chains which are completely hydrogen
bonded and the chains are either parallel or antiparallel within the hydrogen
bonded sheets. Additionally, the hydrogen bonded sheets can show either
progressive or staggered shifts with respect to one another. In the second
category are y- (or §-) like crystals. The c-axis is slightly contracted from
that of the fully extended planar zigzag due to internal bond rotation. The
distances between hydrogen bonded sheets and between chains within
hydrogen bonded sheets are approximately equal, forming a
pseudohexagonal lattice.

Nylon 11 has been found to have four and possibly five crystal
forms. Two are triclinic and two(or three) are pseudohexagonal. The
differences within each type are subtle. Nylon 11 falls into a unique group
of polyamides in that the unit cell can be prepared with a net polarization.
The odd nylons have this characteristic because the number of methylene
units between the amide groups renders the net electric dipoles associated
with the amides groups as parallel. When the crystals of a sample can be
oriented in three dimensions, i.e., when the amide planes of the crystals are
contained in the same plane and in the same direction in that plane, the
sample has a net bulk polarization. Therefore, the odd nylons fall into the
same polar group of polymers as the much more highly studied
poly(vinylidene fluoride) and can be useful in piezoelectric and pyroelectric
applications.

In this work the orientation of the amide planes and the methylene
segments in response to orientation, thermal treatments and electric field
poling is explored. The influence of the surface of thin films in the
orientation of the amide planes is studied with attenuated total reflectance
spectroscopy. The three dimensional orientation of the amide groups is also
studied with tilted film spectroscopy. Band resolution of the complex amide
I region of the infrared spectrum is improved with two dimensional
infrared spectroscopy, i.e., by the hyphenation of dynamic mechanical
analysis and step-scanning interferometry. Remnant electric field analyses
are conducted to provide information on the structural changes associated
with electric field poling.
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FTIR-ATR for Surface Gradients in Nylon 11 and Nylon
11/PVF, Bilaminates

A considerable amount of work has been done on the microstructural
changes associated with the drawing process and electric field poling in
poly(vinylidene fluoride) (PVF;). Several techniques have been used to
characterize the distribution of polarization as a function of distance from
the film surface in poled films. Past work has demonstrated that films
poled at room temperature have a low degree of polarization at the
electrode-film interfaces and the polarization reaches a maximum in the
center of the film(3,4). On the other hand, for PVF, that has been annealed
or weakly oriented, the polarization maximum is no longer in the center of
the film, but concentrated at the polymer film-positive electrode
interface(4,5). Unlike the plethora of work that has appeared on PVF,,
very little work has been done on the distribution of polarization in nylon
11. In this section variable-angle FTIR-ATR spectroscopy is applied in a
depth profiling mode to the surface of nylon 11 films that have been one-
way drawn and electric field poled, both as single films and as co-melted
pressed films of nylon 11 and PVF,.

The attenuated total reflection (ATR) spectra used in this section are
collected with a variable-angle reflection accessory in the angular range of
41-60°. An hemispherical zinc selenide crystal is used to produce an
optically simple single reflection. A wire grid polarizer is used to give
polarized light. Infrared scanning is done after the sample had been
clamped for one hour to eliminate any effects of sample aging. Figure 1
shows the axis system where the axes are defined with respect to the
polymer film. The X-direction is the draw direction, the Y-direction is
perpendicular to the draw direction and in the plane of the film, and the Z-
direction is perpendicular to the film plane. In order to use the treatment
of Flournoy and Schaffers(6) (which yields the directional absorption
coefficients), the position of the polymer is fixed on the ATR crystal, and
one set of s- and p-polarized spectra is collected. The sample is rotated by
90° with respect to the crystal and another set is collected. This procedure
yields the three directional absorption coefficients k., k, and k,, where the
absorption coefficient k is defined by the complex refractive index as
fi=n—ik. With a standard definition of the effective depth of penetration
d/7), the surface of polymers can be semiquantitatively depth profiled. A
large amount of work has been done to characterize polymer surfaces using
this treatment (8-17). At this juncture it is relevant to point out that the
effective depth is different for s- and p-polarized light collected at the same
angle of incident light, and it is not actually a distance but a measure of the
strength of interaction of the evanescent wave within the probed material.
A measure of the dipole distribution and orientation can be obtained by
using the variable-angle ATR intensities in an inverse Laplace transform as
shown previously(/2-14). However, such a treatment is not appropriate for

In Multidimensional Spectroscopy of Polymers; Urban, M., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch004

July 22, 2012 | http://pubs.acs.org

64 MULTIDIMENSIONAL SPECTROSCOPY OF POLYMERS

the analysis given here since the band intensities are too large. In fact, the
accuracy of the d, treatment for depth profiling purposes also breaks down
when the band intensities are high, albeit not as quickly. In the application
given here, past work has established the limits of the d. treatment(15).

In this study, efforts are concentrated on the 3300 cm-! infrared
absorption band which is assigned solely to N-H stretching vibrations of
many polyamides(6,/7). In nylon 11 the amide planes respond to the
external treatments of drawing and poling and therefore, the 3300 cm-!
band is ideal to follow microstructural changes. The amide I mode (~1645
cm-1) can also be very informative, although it is too intense in the ATR
spectra to apply semiquantitative methods. Figure 2 shows the ATR-
derived absorption coefficients in the three spacial directions for variously
treated samples of nylon 11 as calculated with the equations of Flournoy and
Schaffers(6) using a refractive index value of 1.53 as found from the
interference fringe pattern of a thin film infrared transmission
measurement. The depth of penetration for these conditions is in the range
of one to three microns. Figure 2 contains the depth-dependent coefficients
of nylon 11 for a drawn single film, a drawn bilaminate film (co-melt
pressed and drawn with PVF;), a drawn plus poled bilaminate film and a
drawn plus poled single film. In the bilaminates, the polymer-polymer
interface is examined after separation of the two polymers. The inverse
Laplace treatment referred to earlier was applied to the ATR intensity data
in the direction parallel to the draw direction (X-direction in Figure 1)
where the intensities fall within Beer’s Law. This serves as a quantitative
check of the accuracy of the effective depth analysis shown in Figure 2.
The result of the treatment is shown in Figure 2 as dashed lines. The close
agreement between the dashed lines and the open circles attest to the validity
of the methods.

In one-way drawn polymers it is common for uniaxial or fiber
symmetry to develop, i.e., isotropy exists in the plane perpendicular to the
draw direction (transverse plane). This is not the case in PVF, as shown
previously(/5,18). Figure 2a show the orientational properties of the
transverse plane in one-way drawn nylon 11 by the filled circles and the
open boxes. The large difference between the two sets of data points
establishes that the amide planes strongly align in the plane of the film
surface. The slight convergence of the two sets as the effective depth is
increased suggests that the amide plane alignment is a surface induced effect
that decreases in the bulk. The same trend is seen in the drawn bilaminate
of Figure 2b where the amide plane alignment is a result of the nylon
11/PVF; interface. The orientation of nylon 11 at both the air-polymer
(Fig. 2a) and polymer-polymer (Fig. 2b) interfaces is much the same.

It is commonly postulated that electric field poling of nylon 11
results in the switching of the electric dipoles associated with the amide
group into the poling field direction. A comparison of the N-H stretching
data of Figure 2a (single film, one-way drawn) and 2d (single film, one-
way drawn and poled at 1.60 MV/cm) shows that very little amide dipole
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Figure 1. Experimental coordinate system for an ATR experiment.
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Figure 2. Absorption coefficients of the 3300 cm-!1 peak of nylon
11 obtained from differently treated films as a function of
effective depth. a) drawn single film; b) drawn bilaminate film
(polymer-polymer interface); c) drawn and poled bilaminate film
(polymer-polymer interface); d) drawn and poled single film
(polymer-electrode interface). Open circles - k,; filled circles -
ky; open boxes - k;; filled boxes - isotropic equivalent value;
dashes - inverse Laplace prediction of ;.
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reorientation occurs at the air-polymer interface as a result of the poling.
Since no poling effects are detected with the N-H stretching mode, the
amide I mode is also examined for the presence of frequency shifts as a
result of poling. The frequency of the amide I mode is related to the ratio
of ordered to disordered material in polyamides, where a lower frequency
indicates a higher degree of order. Poling of single films of drawn nylon
11 results in no changes in the amide I frequencies of absorption. This data
can be explained in terms of an absence of polarization buildup near the
polymer-electrode interface when poling at room temperature. On the
other hand, a comparison of Figures 2a (single film, one-way drawn) and
2c (drawn and poled bilaminate) shows that N-H stretching dipoles have
switched into the electric field direction, i.e., the absorption coefficient
intensities increase in the field direction (open boxes) in Figure 2c at the
expense of the dipoles in the film plane direction (filled circles). The dipole
polarization in the transverse plane after poling is depth dependent as seen
in Figure 2c by the opposite slopes of the data sets (open boxes and filled
circles). It can further be seen from Figure 2c that after poling, the
absorption coefficient intensities in the transverse plane (open boxes and
filled circles) are nearly equal, outside of the depth dependence. This
suggests a nearly isotropic dipole orientation in the transverse plane as a
result of poling, an observation that is contrary to the development of
substantial remnant polarization in these nylon 11/PVF; bilaminates. The
apparent dilemma can be understood with a consideration of the amide I
frequencies. They show a lower frequency of absorption in the poling field
direction in the poled bilaminates as compared to the drawn single film.
This observation indicates that in well poled nylons the ordered amide
groups switch into the field direction whereas the disordered groups do not.
Therefore, the origin of the nearly equal intensities in the transverse plane
in the poled bilaminates is explained.

Two-Dimensional Infrared Spectroscopy of Nylon 11

Two-dimensional infrared spectroscopy (2D-IR) is a rapidly emerging new
technique for the study of dynamic mechanical behavior in polymers. 2D-
IR is based on the hyphenation of step-scanning interferometry and any
cyclic perturbation of a sample which produces dipole motion. In this work
the cyclic perturbation is dynamic mechanical oscillation. The primary
benefits of the technique come from the ability to distinguish the phase of
the movement of chemical subgroups in polymer chains, i.o.w., a
determination of which subgroups respond in-phase and out-of-phase with
the dynamic mechanical stretch. Additionally, through a correlation
analysis(19,20) it becomes apparent which subgroups are in-phase with each
other during the oscillation and which are out-of-phase. The latter
characteristic give 2D-IR spectroscopy a greatly increased spectral
resolution. For example, bands in the infrared spectrum from two different
chemical groups on a polymer chain may absorb near the same frequency
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such that in the normal transmission spectrum they are unresolvable. If the
two groups have a different phase relationship to an applied dynamic
perturbation, often a splitting of the two groups can be seen in the
correlation spectra. The splittings are usually more apparent in the
asynchronous correlation spectra.

In the recent past 2D-IR spectroscopy has been used to elucidate the
mechanical behavior in a variety of polymeric systems. The reorientational
behavior in polystyrene of the methylene groups in the main chain and the
phenyl ring side groups was separated(20). In atactic poly(methyl
methacrylate) three type of methyl and methylene groups were resolved in
the CH,/CH3 stretching region(21,22). Significantly different reorienta-
tional rates between polymers were observed in a bilaminate of poly(y—
benzyl-L-glutamate) and polypropylene(23). The in-phase dynamic spectra
of polypropylene were further analyzed in terms of dynamic mechanical
frequency, orientation and static polarization axis(24). In this chapter 2D-
IR spectroscopy is applied to melt-crystallized samples of nylon 11. The
intricacies of the complex amide I region are addressed.

Figure 3 shows the experimental set-up for conducting a 2D-IR
experiment with a step-scanning FT-IR spectrometer. In this set-up the
beam is brought outside of the main and external sample compartments by
parabolic and flat plate mirrors. The beam is passed through an optical
filter which filters out either the lower or upper half of the mid-infrared
frequency range, and is used to decrease the frequency of the laser
sampling, which decreases the scan time. The beam is next passed through
the sample film that is dynamically stretched at a frequency of 11 Hz, and
finally through a static linear polarizer in front of the detector. The
interferometer is stepped through the optical retardation range at 1 step/4
sec while the “dither” of the stepping mirror is set at 400 Hz. Two lock-in
amplifiers are used to sort out the electrical signal output from the detector.
The first acts to remove the carrier “dither” signal while the second
removes the dynamic mechanical frequency. Further details can be found
elsewhere(25).

In this chapter the 2D-IR spectra are used in order to more closely
define the sub-bands within the amide I region of the infrared spectrum of
nylon 11. The information is used to give support to the curve-fitting
procedures used in the next section of the chapter. In Figure 4 are shown
the amide I, amide II and methylene bending regions of the normal
absorbance, in-phase and quadrature spectra of a thin film of nylon 11 melt-
crystallized on a Teflon substrate. The amide I mode is primarily
composed of a carbonyl stretching motion with smaller contributions from
C-N stretches and in-plane N-H bends(26). The in-phase spectrum shows a
bisignate feature associated with both the amide I and amide II modes and
can in part be attributed to different directional reorientations associated
with the oscillatory strain. As expected, the quadrature signal shows a
considerably smaller response as compared to the in-phase signal.
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Figure 3. Optical and electronic set-up of the 2D-IR double-
modulation-demodulation experiment.
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Figure 4. Normal IR absorbance spectrum and the in-phase and
quadrature dynamic IR spectra of a thin film of nylon 11 melt-
crystallized on a Teflon substrate in the amide I-amide II region.
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According to the developments of Noda(19,20), the in-phase and
quadrature intensities can be processed in a correlation analysis, which has
the effect of highlighting the in- and out-of-phase motions between sets of
two dipoles. Figure 5 shows the synchronous correlation plot in the amide
I/amide II region which results from Figure 4. The main features of the
plot are a strong autopeak for the 1636 cm-! part of the amide I band,
occurring along the diagonal, and a cross-peak between the 1636 and the
1560 cm-1, the latter of which is a component of the amide II band. Since
the sign of the cross-peak is positive, i.e., an intensity which comes up from
the page, the reorientation of the dipoles associated with the 1636 and the
1560 cm-! bands is parallel. This can also be observed directly in Figure 4
from the positive-going peaks in the in-phase spectrum (at 1636 and the
1560 cm-1). Figure 4 further establishes that the two dipoles respond in-
phase with the applied strain oscillation.

The asynchronous correlation spectra are generally more
informative than the synchronous and this also is the case in nylon 11.
Figure 6 shows the asynchronous plot in the amide I/amide II region. The
amide I region of the spectrum covers the range from about 1610 to 1690
cm-! and the peak splits into four bands at about 1620, 1636, 1648 and 1678
cm-l. The location of the cross peaks in this region indicates that the peak
assignable to ordered or crystalline species at 1636 cm-1 is out of phase with
the three other components of the amide I band. The speed relationships
that can be derived from the sign of the asynchronous correlation peaks
-indicates that the 1636 cm-! reorients faster that the less well-ordered 1648
cm-! peak, in concurrence with other studies. Further interpretations of the
2D-IR spectra of nylon 11 can be found elsewhere(25,27).

Trichroic Infrared Transmission Spectroscopy of Nylon 11 Thin
Films

As alluded to earlier, the polyamides have an unusual response to one-way
drawing in that the planar structures formed by the amide groups tend to
align in the plane of the film. The effect is found to be induced by the
presence of the air-polymer surfaces, since the alignment decreases as a
function of distance from the surface, and by the propensity of the polymers
to form hydrogen bonded sheets. A three-dimensional alignment was also
observed in one-way drawn poly(vinylidene fluoride)(/8) for reasons that
are not yet fully understood. Trichroic infrared spectroscopy based on a
sample tilting is an informative technique to fully characterize samples
which display overall symmetry which is greater that uniaxial. Such is the
case in one-way drawn, annealed one-way drawn and electric field poled
nylon 11.

Trichroic infrared spectroscopy is conducted in order to predict the
absorption spectrum in the direction parallel to the electromagnetic
radiation, a direction that is normally lost in transmission measurements. It
is based on the fact that the intensities in three dimensions can be
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Figure 5. Synchronous 2D-IR correlation spectrum of melt-crystallized
nylon 11 in the amide I-amide II region. Cross-hatching indicates
negative intensities.
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Figure 6. Asynchronous 2D-IR correlation spectrum of melt-
crystallized nylon 11 in the amide I-amide II region. Cross-hatching
indicates negative intensities.
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represented by an intensity ellipsoid. The absorption in any direction
within one plane of the ellipsoid can be predicted when at least two other
absorptions in the plane are known. The spectrum of the sample parallel to
the electromagnetic radiation, a.k.a. the thickness or A, direction, can be
found from(28):

+A, )

where Agp, is a polarized tilted spectrum, « is the tilt angle, n is the
refractive index and Ay is an untilted polarized absorption spectrum. The
spectrum in the thickness direction can be found by tilting around the
parallel or perpendicular axes.

All nylon 11 films referred to in this section were initially prepared
in the same fashion. Nylon 11 powder was melt-pressed between aluminum
foil sheets at 210°C and melt-quenched in ice water. Films were then drawn
at a final draw ratio of 3:1 at room temperature. Subsequent annealing
treatments were done at 180°C at constant strain. For electric field poling
treatments, gold electrodes were evaporated onto both surfaces to a
thickness of ~200A. The field used is 1.50 MV/cm. All poled films were
cycled six times from +1.50 to -1.50 MV/cm to remove initial cycling
effects. Figures 7 and 8 show the three-dimensional spectra for a one-way
drawn film where the Ay spectra are calculated from A, and A, and a tilted
film spectrum. The A, spectrum is polarized parallel to the draw direction,
while A, is perpendicular to the draw direction and in the plane of the film.
The large difference between A, and the other two spectra is indicative of
the chain alignment during the drawing procedure. The frequencies of the
N-H stretching modes at ~3300 cm-! indicate that the hydrogen bond
strength between adjacent amide groups is anisotropic (Il = 3296, . =3298,
TH = 3301 cm-!). In the plane transverse to the draw direction (transverse
plane) the amide groups are more strongly hydrogen bonded in the
perpendicular direction as compared to the thickness direction. The
anisotropy in the amide group orientation and character is apparent in
Figure 8 where the lowest peak position of the amide I band at ~1650 cm-1,
which corresponds to the highest degree of ordering, occurs in the
perpendicular direction. An analysis of the intensities of the N-H stretching
and amide I bands in the transverse plane indicates that the plane of the
amide groups has a tendency to align in the plane of the film during the
drawing process, in agreement with the ATR studies shown earlier.

Annealing of the drawn nylon 11 films causes the expected effects of
peak width narrowing. The intensities of the N-H stretching and amide I
modes dramatically increase in the perpendicular direction and decrease in
the thickness direction. When the direction of the transition moments of
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Figure 7. Parallel, perpendicular, and calculated thickness direction
infrared absorption spectra for a one-way drawn nylon 11 film in the
region 3500 to 2700 cm-1.
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Figure 8. Same as Figure 7 in the region 1720 to 1490 cm-1.
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these modes with respect to the amide plane is considered, the intensity
changes establish that annealing improves the alignment of the amide planes
in the plane of the film. However, the frequency of the N-H modes in the
perpendicular direction increases with annealing, indicating weaker
hydrogen bonds. The latter can be explained by a examination of the
methylene rocking region of the spectra, which is crystal phase sensitive.
As a result of one-way drawing, nylon 11 assumes the y-crystal structure,
whereas annealing of y-crystals produces a-crystals. The y to o conversion
yields a 6% increase in the interchain spacing within the hydrogen bonded
sheets(29), which accounts for the lower strength hydrogen bonds.

The three-dimensional spectra of a one-way drawn and poled film
are shown in Figures 9 and 10. When compared with Figures 7 and 8, the
N-H stretching and amide I peaks show evidence for the switching of the
amide planes into the thickness (poling field) direction. Both peaks decrease
in the perpendicular direction and increase in the thickness direction. A
comparison of the methylene stretching regions in the poled and unpoled
films suggests that the methylene spacers between the amide groups are not
affected by poling treatments.

The amide I mode can be curve-resolved into four components of
order and disorder based partly on previously used procedures(30) and the
2D-IR results shown earlier in this chapter. A Gaussian band shape was
chosen because all preliminary trials where the band shape was a variable
showed over 90% Gaussian character. The parallel, perpendicular and
thickness direction spectra of all samples were curve-fit. The relative
amount of order in these films was calculated by summing the curve-
resolved areas and normalizing to the total area. The drawn films have
32% ordered material, the drawn and annealed 45%, the drawn and poled
38%, and the drawn, annealed and poled 45%.

Information about the orientation of the amide groups in the
transverse plane can be obtained from the curve-resolved intensities using:

9=tan“[ 4‘3’—"—] ()

L

where 6 contains information about the dipole orientation and the breadth
of the orientation distribution. In the draw films, the ordered amide groups
show a 6 value of 36°, demonstrating the tendency for the amide planes to
align in the plane of the film. However, since the presence of the air-
polymer interface is central to the formation of the alignment, the center of
the distribution of the ordered amide groups is the plane of the film. This
is also the case in the annealed films, but 6 decreases to 28°, demonstrating
the tendency to further align in the plane of the film. In the poled films the
center of the orientation distribution becomes the thickness direction and 6
assumes a value of 59°. All disordered amide I curve-resolved peaks show
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Figure 9. Three-dimensional spectra of a drawn plus poled nylon 11
film in the region 3500 to 2700 cm-!.
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Figure 10. Same as Figure 9 in the region 1720 to 1490 cm-1.
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Figure 11. Schematic representation of the orientation distribution of
ordered hydrogen bonded amide planes before and after poling. The
angle associated with each cone is the width of a model Gaussian
orientation distribution function.

near random order in the transverse plane as do the methylene stretching
peaks in these remnant polarization studies.

Further analysis of the polarization properties in these materials can
be realized by a separation of the effects on the infrared intensities of the
width and center of the orientation distribution. This can be accomplished
by the application of:

A =[[ f(a,0)M}dod® ©))

to model the intensities. A Gaussian distribution function for f where the
width and center of the distribution can be varied is used. Simulated values
of 0 (as defined in eqn. 2) are generated with eqns. 2 and 3 and compared
with the @ values calculated from the spectra. Following this procedure, a
90° rather than a 60° switching mechanism in the ordered regions is
considered to be the primary mode of polarization switching in nylon 11.
A schematic of the poling process in the transverse plane is shown in Figure
11 where the cones represent the infrared-determined widths of the
orientation distributions.
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Chapter 5

Rheophotoacoustic Fourier Transform IR
Spectroscopy To Study Diffusion and
Adhesion in Polymers

B. W. Ludwig, B. D. Pennington, and Marek W. Urban!

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

The utilization of photoacoustic FT-IR (PA FT-IR) spectroscopy in the
studies of polymeric materials and processes has numerous advantages.
In this chapter, we discuss selected applications of PA FT-IR
spectroscopy applied to diffusion and adhesion studies of polymeric
systems. It is demonstrated that, with a proper PA FT-IR experimental
set up and theoretical foundations, it is possible to quantify diffusion of
small molecules through polymer networks and elucidate crosslinking
kinetics of polymer network formation. Furthermore, the utility of
rheo-photoacoustic (RPA) FT-IR will be disclosed in its application to
quantitatively determine the work of adhesion.

Photoacoustic Fourier transform infrared (PA FT-IR) spectroscopy provides several
advantages in the characterization of materials over conventional infrared
spectroscopy techniques, adding a multi-dimensional character to the analytical
process. For example, while the ability to obtain molecular level information without
altering a specimen is one of the appealing features, determination of the
stratification and degradation processes in polymers (7,2), non-equilibria processes
(3,4), or crosslinking of thermosetting polymers (5,6) add another dimension.

A schematic diagram of the basic PA FT-IR experimental setup is presented
in Figure 1A. In this experiment, modulated infrared light enters an acoustically
isolated photoacoustic cell, and those wavelengths of incident modulated radiation
which correspond to vibrational modes of chemical bonds are absorbed. As a result
of reabsorption, energy is given off in the form of heat. As heat reaches the surface,
pressure variations in the coupling gas over the sample are induced at the frequency
of modulated light. These pressure fluctuations are detected by the use of a sensitive
microphone, and the signal is Fourier transformed into an infrared spectrum (7).

1Corresponding author
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© 1995 American Chemical Society

In Multidimensional Spectroscopy of Polymers; Urban, M., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch005

July 22, 2012 | http://pubs.acs.org

5. LUDWIG ET AL.

Rheophotoacoustic FTIR Spectroscopy

ODULATED
IR LIGHT

MICROPHONE

%

COUPLING
GAS P Sutvivie

LIGHT

Figure 1A. A schematic diagram of the PA FT-IR cell.
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Figure 1B. A schematic diagram of the rheo-photoacoustic (RPA) FT-IR cell.
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Figure 1C. A schematic diagram of the RPA FT-IR cell with “photoacoustic
umbrella”.
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In an effort to further expand the versatility of the PA FT-IR method, our
research group has introduced two new concepts to the basic PA experiment. The
first involved the development of the rheo-photoacoustic (RPA) technique (8),
which enables collection of the PA spectra from uniaxially elongated samples held at
fixed elongations during spectral acquisition. A schematic diagram of the
experimental setup is illustrated in Figure 1B, and appears to be sensitive to the
interchain bonding of poly(p-phenylene terephthalamide) (PPTA) fibers. Other
applications were also demonstrated (8,9). More significantly, this approach enables
the determination of the strength of molecular level interactions which contribute to
adhesion between polymeric materials (9-11).

The RPA FT-IR setup also opened the opportunity to monitor diffusion of
small molecules from polymeric materials (72-14). In this approach, an aluminum
“photoacoustic umbrella” was utilized, which allows determination of the
concentration of gas-phase species over a solid sample. This is depicted in Figure
1C. Because theoretical (15) and experimental details (73,/6) were presented
elsewhere, the following sections will highlight selected applications relevant to
polymer morphology and diffusion, followed by molecular level quantitative
approaches to polymer-polymer adhesion.

RPA FT-IR Spectroscopy and Diffusion

Poly(vinylidene fluoride). When external forces are applied to semi-crystalline
polymers, interactions of tie molecules with crystals, which are generally considered
to be impermeable to organic diffusants, inhibit lateral contraction. As crystallites are
drawn apart, amorphous regions widen and their volume increases, giving rise to an
increase of fractional free volume (FFV). This, in turn, leads to the enhancement of
the transport properties through the network (77,18). At higher elongations, it is
anticipated that the diffusion coefficient may decrease due to the formation of
microfibrillar structures in semi-crystalline polymers. Tie molecules stretched tightly
between the crystallites compress the amorphous phase, causing a decrease of the
FFV and therefore, permeability through the polymer network (79).

With these considerations in mind, we examined a poly(vinylidenefluoride)
(PVDF) network, and the behavior of ethyl acetate (EtAc) molecules migrating
through this polymer, using a combination of the rheo-photoacoustic and
photoacoustic umbrella techniques shown in Figures 1B and 1C. The mobility of
ethyl acetate in PVDF is of particular interest because EtAc is known (20) to
plasticize PVDF. Furthermore, when PVDF is elongated, the film morphology
changes from spherulitic to fibrillar structures, and the monoclinic o phase
undergoes transformation to the orthorhombic B phase (27,22), resulting in a
modification of the film's transport properties. A portion of the film, which has
undergone plastic deformation to the fibrous B form, is referred to as the “neck” of
the film,

With this background in mind, let us go back to the experimental setup
depicted in Figure 1C, saturate PVDF with EtAc, and use the C=0 stretching band
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of EtAc to monitor its migration to the gas phase. The absorption band at 1768 cm™
attributed to the carbonyl normal vibration of EtAc in the vapor phase, can be used
to quantify the amount of EtAc present in the photoacoustic cell by calibrating the
cell with a known amount of EtAc. It appears that a linear response of the
photoacoustic intensity can be obtained when a photoacoustic umbrella is used to
eliminate contributions of EtAc present in the polymer (72).

The effect of elastic deformations on the permeability can be examined by
monitoring EtAc diffusing out of the polymer, as a function of strain for films
containing various amounts of EtAc. When PVDF films are elongated to induce
elastic elongation, the concentration of EtAc in the vapor phase initially increases,
followed by its steady decrease. As seen in Figure 2, a maximum rate of diffusion
occurs at 1.7% elongation for samples with a high EtAc concentration. Specimens
treated in the same manner, but which have a low EtAc concentration, do not exhibit
a maximum diffusion rate until 4.2% strain is reached. Based on these observations
two competing processes which determine the amount of EtAc diffusing from the
film and entering the vapor phase can be identified. Since the PVDF samples are
initially saturated with EtAc, the decreasing concentration of EtAc within the film as
the experiment proceeds tends to decrease the amount of EtAc diffusing out of the
network. However, as the film is elongated, an increase of the FFV of the
amorphous phase results in an increase in the rate of evaporation, followed by a
rapid decline of EtAc diffusion due to a limited supply of EtAc.

When a polymer film is elongated beyond the range of elastic deformation,
plastic deformation is encountered. In this elongation range, PVDF experiences so-
called neck formation, which can be envisioned as a narrowing of the center of the
specimen as a result of elongation. The increase of EtAc exudating during the initial
elongation stage, before the neck begins to form, is attributed to the opening of
spherulitic structures and subsequent increase of FFV. Because above 4.2% strain
the FFV changes in the regions not undergoing neck formation cease, subsequent
deformations occur in the film regions that undergo transformation to fibrous
morphology. Elongations up to 5% result in a whitening of the film due to the void
formation between spherulites. The voids’ effect on the transport properties of
PVDF is demonstrated in Figure 3. When elongation reaches 6.7%, a completion of
the void formation in regions that form the initial neck is achieved. The voids
provide less obstructed diffusion pathways, greatly enhancing transport properties of
the network. Thus, the increasing intensity of the 1768 cm™ band due to EtAc in the
gas phase is attributed to the opening of the spherulitic structures, which increase
FFV and void formation. These data indicate that the permeability of the films
reaches a maximum at 6.7% elongation. Extended strains induce no change in the
polymer morphology, which could further increase the rate of diffusion, making the
amount of EtAc diffusing out of the network dependent upon the EtAc
concentration.

Quantitative Analysis. RPA FT-IR experimental setup makes it possible to obtain
quantitative data, which may yield not only information about the diffusion rates, but
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Figure 2. Diffusion monitored in PVDF film undergoing elastic deformation:
Integrated intensity of the EtAc carbonyl band in the vapor phase (1768 cm™)
for films strained 0-10%, and allowed to dry prior to experiment for: (A) 30
min.; (B) 60 min.; (C) 120 min.; (D) 240 min. (Reproduced with permission
from ref. 12. Copyright 1992 Butterworth-Heinemann Ltd.)
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Figure 3. Diffusion monitored in PVDF undergoing plastic deformation:
Integrated intensity of the EtAc carbonyl band in the vapor phase (1768 cm™)
for films strained 0-10%, and allowed to dry prior to the experiment for: (A) 15
min.; (B) 30 min.; (C) 60 min.; (D) 150 min. (Reproduced with permission from
ref. 12. Copyright 1992 Butterworth-Heinemann Ltd.)
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also the changes in polymer morphology. It has been recognized for a long time that
the rate of diffusion of small molecules in polymer networks is exponentially related
to the diffusant concentration (79). In our case, the following relationship can be
used to relate diffusion to the intensity of a photoacoustic signal

PA = A exp[x(-t"?)] ¢))

where: PA is the photoacoustic intensity of the IR band of the diffusant in the vapor
phase, t is the time at which the spectrum was collected (for a saturated sample, t =
to), A is a pre-exponential term representing the log of the integrated photoacoustic
FTIR intensity at t = 0, and x is the diffusion parameter, which is related to an
independently determined desorption diffusion coefficient, D4, given by equation 3.
The natural log of the intensity plotted as a function of the square root of time
results in a slope equal to x, a parameter that depends on polymer morphology. The
x values obtained for stressed and non-stressed PVDF are listed in Table I. It is
apparent from this data that, for PVDF films in a spherulitic form, application of
stresses results in the increased rate of diffusion. This is illustrated by the higher x
values obtained for the strained films. In contrast, stress decreases the rate of
diffusion from the specimens with a fibrillar structure, which is demonstrated by low
x values for strained fibrous PVDF.

Diffusion and Polymer Crystallinity. While a qualitative assessment provides one
dimension in the analytical process, quantitative analysis becomes essential in multi-
component systems. In order to quantitatively measure diffusion processes in PVDF,
it is desirable to examine a series of specimens with a crystalline content ranging
from 22 to 43% (13). While X-ray diffraction measurements can be used to quantify
the amount of crystalline phase, the desorption diffusion coefficient can be
determined (23,24) using equation 2

D4 =0.05 (LY tin) )]

where: Dy is the desorption diffusion coefficient, L is the sample thickness, and t,,
is the desorption half-time.

Figure 4 represents a plot of diffusion coefficients, obtained from equation 2,
plotted as a function of x, obtained for the same specimens using equation 1. The
relationship between x and D, was found to be

Dsx 10°=A +Bx 3)

where: A =-3.34 and B = 21.78 are system dependent experimental constants. Since
x can be detérmined from RPA FT-IR experiments, equation 3 allows the
determination of Dy by measuring the elution of vapor in the RPA FT-IR cell. Such
an approach makes RPA FT-IR spectroscopic evaluation of Dy in PVDF, as well as
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in other polymers, possible. The previously reported method of determining D4 using
transmission spectroscopy (25) is limited in that respect.

It has been reported in the literature (26) that the diffusion rates in polymers
are inversely related to the content of crystalline phase. In order to establish the
relationship between the diffusion coefficient Dy and the crystalline fraction (o) for
the PVDF/EtAc system, the diffusion coefficients determined from the relation
shown in Figure 4 were plotted as a function of o. This is shown in Figure 5. The
correlation coefficient between D and o is better than 0.995, and this relationship
formulates the basis for the assessment that the diffusion coefficient of EtAc in
PVDF is proportional to the concentration of the amorphous fraction in the film.

In contrast to other polymers, poly(tetrafluoroethylene) (PTFE) exhibits unusual
behavior; it thickens upon uniaxial deformation. This phenomenon is commonly referred
to as a negative Poisson’s ration (NPR). In an effort to determine the morphological
changes, RPA FT-IR measurements of permeability as a function of elongation were
conducted concurrently with X-ray diffraction experiments (74). The permeant used as a
probe of PTFE morphology was perfluoromethylcyclohexane (PFMCH). In this case, the
integrated intensity of the 976 cm™ band, attributed to a C-F deformation of the fluorine
group attached to a cyclohexane ring (27), was used to determine the concentration of
PFMCH within the RPA cell, allowing the determination of the diffusion rate of PFMCH
in PTFE.

Curves A and B of Figure 6 present the relative permeability of PTFE films at
various elongations which were determined by monitoring the desorption of PFMCH
from samples held at constant strains. Curve C represents the integrated intensity of the
X-ray peak at 17.7° 2@ attributed to the 1010 plane in the PTFE crystal (28). Because
this plane will only contribute to the diffractogram when the crystal plains are horizontal,
it is a sensitive measure of the proportion of crystals which are parallel to the film
surface.

In order to understand the origin of two minima in the diffusion rate curves, and
eliminate concerns resulting from the influence of rapidly changing concentration of the
diffusant molecules in the early stages of evaporation, the data in curve B of Figure 6 was
collected. This data represents specimens which were not saturated with PFMCH.
Because saturated (curve A) and unsaturated (curve B) specimens exhibit transitions at
the same elongations, kinetic effects due to the decreased concentration of PFMCH in
the film as a function of time are therefore eliminated.

Although the initial, rapid decrease of the diffusion rates up to 4% strain depicted
in curves A and B of Figure 6 is somewhat surprising, this behavior is likely attributed to
intercrystalline amorphous phase chains being pulled taut, limiting the mobility of other
amorphous phase chains, and thereby, causing a decrease of the PTFE free volume.
However, another possibility is that the decrease of the diffusion rate with increasing
strain is due to a reorganization of the polymer morphology, such that more crystals are
oriented parallel to the plane of the film. As more impermeable crystals align parallel to
the plane of the film, diffusants take longer paths around them in order to reach the film
surface. As shown in Figure 6, curve C, the intensity of the X-ray peak at 17.7° 20
increases when going from 0 to 4 % strain, indicating the increased number of crystallites
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Table L

Values for the diffusion parameter (x), obtained from
Equation 1 for PVDF samples under various conditions

87

Diffusion time
0-140 min. 140-300 min.
PVDF Sample x* nA* x InA
Spherulitic form
0% elongation 0.198 8.70 0.105 7.60
1.7% elongation 0.214 8.86 0.108 7.60
5% elongation 0.232 899 0.122 1.73
Fibrous form
0% elongation 0.168 8.09 0.099 7.26
1.7% elongation 0.167 8.02 0.087 7.09
*Exponent in equation 1
*Intercept of the integrated intensity axis at time = 0
1.70

5

£ 120}

E

L

©
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a
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X

Figure 4. Diffusion coefficients, D4, determined from equation 1, plotted as a
function of x. (Reproduced with permission from ref. 13. Copyright 1993

Butterworth-Heinemann 1.td.)
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Figure 5. Diffusion coefficients, D,, determined from the relation in Figure 4,
plotted as a function of percent crystallinity. (Reproduced with permission from
ref. 13. Copyright 1993 Butterworth-Heinemann Ltd.)
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Figure 6. Relative diffusion rates recorded using RPA FT-IR, plotted as a function
of x obtained from equation 1. (left Y axes): A-saturated PTFE; B-unsaturated
PTFE, exposed for 30 min. before measurements; C-Integrated intensity of the
17.7° 2@ peak (right Y axis). (Reproduced with permission from ref 14.
Copyright 1994 Butterworth-Heinemann Ltd.)
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lying horizontal to the film plane. Increased order in the amorphous regions, as well as an
enhanced tortuosity of the diffusion path due to the alignment of crystallites, account for
the slower diffusion rates during the first stage of deformation.

Further analysis of the results presented in Figure 6 indicates that, between 4 and
12% strain, a rapid increase of the diffusion rate is observed. This observation
corresponds well with the decrease of the 17.7° 2@ peak, and is attributed to the
restructuring of the polymer morphology as more tie molecules are pulled taut. A
significant fraction of crystals, not aligned parallel to the film surface, rotate
perpendicular to the film surface, as they move to assume orientations preferentially
parallel to the draw direction. The disruption caused by these rotating crystals is
demonstrated in Figure 6, curve C, showing a decrease of the 17.7° 2@ peak, which
indicates that a portion of the crystals which were parallel to the draw direction, are
displaced from their parallel alignments. The rotation of the crystals perpendicular to the
draw direction will increase the thickness of the film, resulting in a NPR.

A third transition in the diffusion and X-ray diffraction data is detected between
12 and 17% strain. As illustrated in Figure 6, permeability decreases rapidly during this
stage of deformation. The corresponding increase of the 17.7° 20 intensity is also seen in
curve C of Figure 6, indicating that a greater number of crystals oriented parallel to the
plane exists. With more crystals now oriented parallel to the draw direction, the diffusion
paths are more tortuous, and with a significant fraction of the crystalline rotations
completed, there are fewer disruptions of the amorphous phase. As a result, an overall
increase of the density occurs. The increased density, which corresponds to a decreased
free volume, in addition to the greater overall orientation of the crystalline phase, results
in decreased diffusion rates observed at approximately 17% strain.

When the degree of strain reaches 17%, there are regions within the network
which have attained such a high degree of alignment that crystal slippage and chain
rupture are the means available of stress relaxation. These mechanisms result in the
formation of microvoids within the film and a decrease in the overall order, as illustrated
by the decreased intensity of the diffraction peak at 17.7° 2@ (Figure 6, curve C). It is the
microvoid formation that provides unhindered pathways through the network, greatly
enhancing diffusion rates. The overall order of the film increases between 20 and 40%
strain.

Quantitative Analysis of Crosslinking Processes. In our previous studies (29), we
demonstrated that the photoacoustic effect is sensitive to crosslinking reactions, such
as the formation of a polydimethylsiloxane elastomer network. While network
formation reactions lead to thermal property changes affecting intensity of the PA
FT-IR signal, side reactions may also occur. For example, during reactions leading
to the formation of polyurethane networks, side reactions, such as a reaction
between water and isocyanate are not uncommon. This reaction, yielding an unstable
carbamic acid which dissociates to form carbon dioxide and an amine, is shown
below (30,31):
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R—N=C—0+ H,0—=[R—N—C—0—H] —> R—NH,

Because the evolution of gaseous products within the urethane film may not
be desired, it is important not only to be able to detect, but also to quantify the
amount of CO, generated in polyurethane formation as a function of time. The first
step in this development was to construct a calibration curve. Figure 7 illustrates the
relationship between PA FT-IR intensity of the 667 cm™ band due to C = O bending
mode in CO,, plotted as a function of the CO, concentration introduced into the cell.
Using this calibration curve, the amount of CO; evolved at any time during the
polyurethane formation can be quantified. An example of the amount of CO,
evolving from a crosslinking polyurethane as a function of time is depicted in Figure
8, and was obtained using the experimental setup depicted in Figure 1C. A
correlation of the band intensity with the calibration curve allows a quantitative
assessment of the amount of CO; produced during the reaction.

RPA FT-IR Spectroscopy and Adhesion

Measurement of adhesion in a bilayer system is strongly influenced by physico-
chemical changes at polymer interfaces. Although RPA FT-IR spectroscopy has
been utilized in the studies of polymer-polymer interfacial interactions, no
correlations have been made between spectroscopic data and the work of adhesion.
Using the experimental setup shown in Figure 1B, one can induce interfacial stresses
in a bilayer polymer system and determine the work of adhesion. Before such
correlations can be made, it is necessary to develop theoretical foundations leading
to assessment of the work of adhesion.

Theoretical Considerations of Vibrational Energy Changes and Work of
Adhesion. A typical bilayer experiment is designed in such a way that a substrate
is stretched and an adhered top film resists deformation. Therefore, shear stresses
are induced at the polymer-polymer interface. If the interfacial interactions are
significant, the potential energy of bonds involved in adhesion will change. If this is
the case, vibrational frequencies of chemical bonds involved will also change, and the
correlation between the wavenumber changes resulting from stresses induced at the
interface and the work of adhesion can be made.

The total potential energy for a bilayer system can be expressed as a sum of
the following interactions

VTotal = V11 + (Vinp12 + V22 O]
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Figure 7. Calibration curve: PA FT-IR intensity of the 667 cm™ band plotted as
a function of CO; concentration.
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Figure 8. The amount of CO, generated from a polyurethane system plotted as
a function of time.
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where: (Vipt)12 is the interfacial interaction potential between a polymer substrate
[1] and a top polymer layer [2], and V] and Vp are the interaction potentials

between respective molecular layers.

The total force at the interface experienced by the bilayer can be determined
by differentiating the total potential energy with respect to the change in bond
distance to give

(@VTotal/011)=(@V11/811) + (@ (Vinp12/011) ®)

The total force is equal to the force in the unperturbed substrate molecules and the
force resulting from 1-2 interactions. For example, the intermolecular potential for
an outer diatomic segment of a substrate will change as a result of interactions with a
top film layer. Therefore, a vibrational frequency perturbation is anticipated. Because
dispersive, repulsive, dipolar orientational, and inductive interactions have a
significant effect on the net potential energy, let us estimate each of the energies and
establish their contributions to the work of adhesion.

The dispersion forces are created by the Coulombic interactions of electrons
and nuclei in atoms. This motion produces an instantaneous dipole that induces a
secondary dipole in the neighboring atoms which can be estimated using the London
relationship (32)

Vdispersion = (X102 / R120) (112 / 11 + 1) ©)

where: (] and oty are the bond polarizabilities of polymers 1 and 2 in the bilayer
system, I} and Iy are the bond ionization energies, and Ry is the "effective"
interbond distance.

The interaction between two molecules at the polymer-polymer interface,
one with a permanent dipole moment and another with a zero dipole moment, will
result in a secondary (induced) dipole due to the electrical field existing around the
first molecule. The attraction energy between the dipole-induced dipole was shown
by Debye (33) to be

Vinduction = (M12&2 + up21) / (R126) )

Another interaction is a dipole-dipole interaction, in which molecules with a
permanent dipole moment interact with each other. The energy of this interaction for
the dipolar orientation of species 1 and 2 can be expressed as

Vdipolar orientation = (H1H2/ R @ ®

where: [ and [ is the bond dipole moments, and @ is the orientation factor.
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The repulsion component between the electrostatic charges in two
interacting molecules can be determined from

Vrepulsion = 2 exp(-b R12) ®)

where: a and b are empirical constants. The repulsive component results from the
force due to the overlap of the electronic orbital structure between the two
molecules.

The force for each type of interaction can be determined by taking the
derivative of each potential energy term with respect to ry, giving the overall force

F =Fatt + Frep = (V'dis * Vior * V'ind) + V'rep (10)

As a result of perturbation, the vibrational frequency will change. At the
same time, however, the bond distance, as well as the force constant, will also
change. To account for these changes, one can adopt an approach similar to that
proposed for solute-solvent interactions. It is assumed that the substrate frequency
shift produced by the attractive and repulsive forces of the surrounding medium are
proportional to the changes in the bond length (34, 35)

Av/vg=-a(ry/1¢) (11)
a =re [-3/2(g/f) + (G/F)] (12)

where: G is the ensemble average for the cubic force over the perturbation
coordinates, and g is the cubic force constant. The proportionality constant, 4,
depends on the properties of the two interacting molecules. The g/f term can be
determined by utilizing Badger's rule (36), whereas the G/F term can be evaluated
using empirical correlation from Oxtoby (37) and Herzfeld (38).

From the above relationships, AW will be determined by integrating the force
of interaction, F, over the limits of equilibrium bond distance to oo, giving the work
of adhesion

= -] Vigis + Vior + Vind + V'rep dr (13)

where: F is represented as the ensemble average of the quadratic force over the
perturbation.

Experimental Results of RPA Analysis. In order to set the stage for
spectroscopic measurement of adhesion and correlation of spectral changes with the
theoretical derivations shown above, the photoacoustic response to tensile
elongation was examined. Figure 9 illustrates PA FT-IR spectra of acrylic-coated
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Figure 9. Acrylic / PE RPA FT-IR spectra in the 3000 to 2750 cm™ region.
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polyethylene in the 3000-2750 cm™ region elongated from 0 to 6%. The bands at
2930 and 2855 cm™ are due to the polyethylene C-H asymmetric and symmetric
vibrational stretching modes, respectively. The spectral features at 0% elongation
illustrate the initial conditions of the unperturbed state, while the spectra recorded at
various increasing elongations exhibit the development of polyethylene bands. As a
tensile force is applied to the substrate, the bilayer system is being stretched and
becomes thinner. Should the interfacial attractive forces be strong enough, the
acrylic coating will follow the deformation of the polyethylene substrate, causing the
thickness of the top layer to decrease. A linear increase in the polyethylene bands
would be expected from an uniform elongation, since the sampling depth has
remained constant. However, a significant increase of the polyethylene bands at
2930 and 2855 cm™ with elongations exceeding 5% occur, while the C-H stretching
band due to acrylic at 2959 cm™ is diminished. A sudden increase of the PE bands is
attributed to the presence of interfacial voids which provide a means for heat to
escape without passing through the top-coat. This will result in a substantial increase
of the substrate band intensities at the point where interfacial failure occurs.

As the bilayer system is elongated, in addition to the intensity changes,
vibrational energies of specific bands also change. As seen in Figure 9, as the acrylic-
PE bilayer system is elongated, a change of the substrate vibrational energy is
reflected in a shift of the bands at 2930 and 2855 cm™. The CH, symmetric band is
shifted from 2857 to 2855 cm™, while the CH, asymmetric frequency changes from
2932 to 2930 cm™ for elongations up to 6%. It appears that the magnitude of the
wavenumber shift of the C-H stretch is affected by the degree of elongation of the
substrate, adhesive properties of the bilayer, and the nature of interactions. For
example, shifts up to 16 cm” were detected for a PDMS-PE bilayer (/). The
apparent overlap with the acrylic C-H stretching bands is resolved by correlating the
reduced intensity of the 2959 cm™ band due to the thinning process. Since our
previous studies (8) have shown that elongation of the substrate alone does not
produce any changes in the vibrational energy (71), the effect of the interfacial forces
accounts for this shift. This information can be used to quantify the data in
conjunction with the theoretical considerations presented above (equations 4-13).

Although studies of several bilayer systems showed similar trends, and the
substrate bands were detected at various elongations, the full extent of interfacial
failure was detected at the point where the substrate band intensity remains
unchanged. In the case of epoxy-PP, this elongation occurs at 16%, epoxy-PE at
12%, acrylic-PE at 5%, and acrylic-PP at 6%.

Measurement of Bilayer Interactions with RPA FT-IR. The effect of different
intermolecular forces on the work of adhesion is of our central focus. As changes in
the substrate bond length produced by elongation occur, vibrational energy changes
are induced. At the same time, the potential energy changes with the bond distance.
Because the most outer segments of a molecule will be affected by the surroundings,
the C-H stretching vibrational energy is expected to be sensitive to environmental
changes. Indeed, in all systems we studied, the C-H asymmetric stretching mode is
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Table IL
Calculated Work of Adhesion Values

V(is)  V(rep)  V(or)  V(ind)  Wy(total)

ergs * ergs * ergs * ergs *

1016 1010 1018 10
ACRYLICPE 113 141 0 3.02
ACRYLIC/PP  1.10 139 417 3.77
EPOXY/PE 1.12 145 0 2.98
EPOXY/PP 1.09 1.44 4.14 3.71

9.82

8.56

7.49

4.68
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often the most sensitive to interfacial stresses. Similar observations were accounted
in the studies of solute-solvent interactions (34). If one envisions that the repulsive
and attractive components of the overall work of adhesion are in a state of
equilibrium, the intermolecular distance will determine to what extent each
component dominates. This is shown in Figure 10. For an equilibrium situation, the
attractive and repulsive forces will be equal. As external forces are imposed on the
system, the bond distance decreases, and the repulsive component will dominate. In
contrast, as the bond distance increases from the initial equilibrium bond distance,
the attractive forces will prevail.

The experimentally measured frequency shifts can be used in equation 11
with the constant @ to determine the change in the C-H bond distance from
equilibrium. The ratio of the cubic force constant to the quadratic force constant
(g/f) can be determined by Badger's rule, with the corresponding forces (G/F) from
the empirical correlation expressed by equation 12, to give the proportionality
constant, d. With the corresponding potential energy, the quadratic force for each
contributing component to the total potential energy function can be determined
from equation 10. In view of the above considerations, and according to equations
6-8, there are dispersive, dipolar orientational, and inductive intermolecular forces.
However, these attractive forces are not the only ones that are responsible for
interfacial interactions. If substrate and film molecules approach each other, the
interfacial distance (r) decreases, and at some point, the repulsive forces will
counteract attractive forces. Having established each potential energy component
contributing to the interfacial interactions, the actual work of adhesion can be
calculated from the frequency shifts of vibrational bonds sensitive to interfacial
interactions. Using the results from equations 6-9 and combining with equation 13,
the estimated value of the work of adhesion for each bilayer system can be
determined. Table II summarizes work of adhesion values obtained for selected
systems. Since polymeric materials are not expected to strongly adhere, the work of
adhesion values are expected to be small in relation to other systems, for example
polymer-metal interfaces.

In summary, RPA FT-IR spectroscopy, with a proper experimental setup,
can be utilized to monitor diffusion processes in polymers, morphology changes, and
interfacial interactions induced in bilayer polymer systems. With proper calibration
curves, RPA FT-IR can be used for quantitative analysis of processes at the ppm
level. Monitoring changes on the molecular level during substrate elongation allows
attractive and repulsive interfacial forces to be related to changes in the substrate
bond distance and utilized in the measurement of work of adhesion.
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The paper reviews the application of dynamic infrared spectroscopy to
the study of the molecular and sub-molecular (functional group)
origins of the macroscopic rheological properties of organic polymers
and liquid crystals and particularly the responses of polymer films to
modulated mechanical fields and of liquid crystals to modulated (AC)
or pulsed (DC) electric fields. The emphasis is on the use of step-scan
FT-IR spectroscopy for these measurements. Two examples of
applications, one to dynamic mechanical analysis of a tri-block co-
polymer and the other to the study of the electro-reorientation
dynamics of a low molecular weight nematic liquid crystal, are
presented to illustrate the power of the step-scan method.

Dynamic spectroscopy can conveniently be divided into experiments that use the
impulse-response technique (time-resolved, or time domain, spectroscopy) and those
that use modulation-demodulation techniques (phase-resolved, or frequency domain,
spectroscopy). In the impulse-response mode the response of the sample is measured
as an explicit function of time, whereas in the modulation-demodulation mode, it is the
phase of the sample response with respect to that of the perturbation that is detected.
For dynamic spectroscopy in the near-IR, visible and UV regions, the high intensity of
sources, and the high speed of detectors allow great flexibility for dynamic
measurements. However, in the mid-infrared the relative weakness of broad band
sources and slowness of detectors dictate that virtually all broad spectral range
measurements, both static and dynamic, use the multiplex and throughput advantages
of Fourier transform infrared (FT-IR) methods. Conventional continuous-scan, or
rapid-scan, FT-IR is remarkably effective for static measurements, but its applications
to dynamic spectroscopy are limited generally to time domain measurements with typ
2 1 s and frequency domain measurements with f > 1 kHz (although some faster time
domain measurements have recently been demonstrated by both synchronous and
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asynchronous sampling). These limitations are basically a consequence of the time
dependence of the spectral multiplexing (inherent in the constant velocity operation of
the interferometer mirror), which must be separated from the time dependence of the
sample signal, and by the practical limitations on mirror velocities. This is especially a
problem for frequency domain measurements when the modulation frequencies are in
the range of the natural Fourier frequencies of the continuous-scan interferometer, as
well as for certain ranges of repetition rates and time resolutions in time domain
experiments. Although dramatic progress has been made in recent years in dynamic
IR measurements by means of pump/probe laser methods; in terms of both time and
spectral resolution, as well as sensitivity, FT-IR retains an important advantage in
cost, ease of operation, and when the ms-ns dynamic response of the sample over a
wide range of wavelengths must be measured.

Step-Scan FT-IR. The limitations of the continuous-scan FT-IR method for
dynamic spectroscopy are avoided by the use of the step-scan mode of data collection
(1,2). In step-scan FT-IR, data are collected while the retardation is held constant (or
while it is oscillated about a fixed value). Thus the time dependence of the spectral
multiplexing is removed. For modulation-demodulation experiments the step-scan
mode is particularly powerful, especially when modulation frequencies below 1 kHz
must be used. The advantages of step-scan operation include the ability to apply
virtually any modulation frequency to the IR radiation and to carry out multiple
modulation frequency experiments. In addition, the use of lock-in amplifiers (or of
digital signal processors (DSPs))(3) provides a high degree of noise rejection,
analogous to the Fourier filtering effective in the continuous-scan mode. Another
advantage is the easy retrieval of the signal phase, which is possible because the in-
phase and in-quadrature components of the signal are easily obtained as outputs of a
two-phase lock-in amplifier (or DSP), and because both components have the same
instrument (beamsplitter) phase. These vector components can either be used
individually or used to calculate the phase spectrum (as in photoacoustic spectral depth
profiling) or to calculate a frequency correlation function (as in the 2D FT-IR analysis
of dyr)namic polymer rheology and liquid crystal electro-optical data described in this
paper).

The capabilities of step-scan FT-IR are particularly appropriate for the frequency
domain study of the molecular reorientations associated with mechanical and electrical
field perturbations in polymers and liquid crystals since the modulation frequencies
used are typically below 100 Hz. The IR spectrum offers information on the
microscopic (molecular, sub-molecular, and functional group) origins of macroscopic
rheological behavior, and FT-IR allows high sensitivity with high spectral resolution
and a broad spectral range for these measurements. Finally, step-scan FT-IR
provides access to the real-time dynamics of these processes. The analysis of these
data by frequency correlation methods can be used to create 2D FT-IR spectra (4,5).

In addition to its use in frequency domain measurements, the step-scan mode of
FT-IR can also be used very effectively and flexibly for time domain (impulse-
response) experiments. Whereas both synchronous (stroboscopic) and asynchronous
sampling in the continuous-scan mode are constrained, with respect to usable
repetition rates, by the available range of mirror velocities, the step-scan mode is not.
Since the retardation can, in principle, be maintained constant indefinitely in the step-
scan mode, data may be coadded from any desired number of repeated pulse
sequences at any desired repetition rate. In the conventional time domain configuration
with the temporal response to the perturbation pulse monitored by the IR emission or
absorption, the time resolution is limited only by the speed of the detector, the speed
and capacity of the data collection and processing electronics and the strength of the
signal. With respect to detectors, standard (photoconductive) mercury-cadmium
telluride (MCT) detectors allow practical time resolution of ~1 us, whereas
photovoltaic MCT's are available with rise times of < 10 ns. The limit of current
standard 16 bit analog/digital converters (ADC's) is ~5 ys; faster digitizers (e.g., 8 bit)
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are required in order to take advantage of the speed of the faster detectors. Time
resolution below 1 ns does not seem likely in either step-scan or continuous-scan FT-
IR without the introduction of pump/probe techniques and the use of a ps wide-band
probe pulse, such as recently demonstrated in asynchronously sampled continuous-
scan FT-Raman by Sakamoto et al. (6).

2D FT-IR. The concept of 2D correlation spectroscopy was originated by I. Noda
(7). In the 2D analysis, the in-phase and in-quadrature responses of a sample to a
synchronously modulated perturbation (as monitored, for example, by the change in
the IR spectrum) are used in a cross-correlation analysis analogous in some respects to
that of 2D nuclear magnetic resonance techniques. The original 2D IR work was
based on spectra obtained over limited wavelength ranges by use of dispersive
instrumentation and was applied to the study of polymer rheology through a
combination of infrared spectroscopy and dynamic mechanical analysis (DMA) (8).

The first 2D FT-IR data were published in 1991 (9). FT-IR is especially valuable
for 2D analysis when making correlations over a wide wavelength range because of
the technique's well-known multiplex and throughput advantages; however, as
mentioned above, the step-scan method of FT-IR data collection is particularly
important for the low-modulation frequencies appropriate for studies of molecular
reorientation. As pointed out by Noda, this type of analysis can be used on a wide
variety of modulation-demodulation dynamic measurements in correlating responses to
either the same stimulus or two different stimuli (4).

The specific rules for analysis of the 2D IR plots have been detailed by Noda (4).
Briefly, in the experiments described here, the cross peaks in the synchronous
correlation indicate which pairs of transition dipoles (and thus which pairs of
functional groups) are reorienting in phase with each other in response to the
perturbation and whether this reorientation is mutually parallel or perpendicular. In
contrast, cross peaks in the asynchronous correlation indicate mutually out of phase
reorientation and the relative rates of reorientation of different transition dipoles, or
functional groups. In effect, these 2D plots accentuate the relative phases of the
responses of those functional groups associated with the various bands in the spectrum
and thus provide a view of the relative sub-molecular dynamics of the molecular
reorientation process.

Experimental

Instrumentation. The FT-IR instrumentation developed for the original polymer
and liquid crystal sub-molecular rheology work in our laboratory has been described
previously (10). In this instrument (an IBM-Bruker IR-44 converted to optional step-
scan operation) phase modulation (path difference modulation) is used with dual lock-
in feed-back loops both to control the retardation and to provide for accurate stepping.
As a result, this instrument is particularly adapted to frequency domain measurements,
although somewhat limited for time domain experiments. The frequency domain
techniques used with this instrument for the modulated mechanical field studies of
polymer films (Z,11—13) and the modulated electrical field studies of liquid crystals
(1,15) have also been described. In both types of experiment, sample modulation
frequencies in the range of 10-30 Hz are used. In order to take advantage of the
sensitivity of the MCT detector, a higher frequency, usually on the order of 400 Hz, is
used as a carrier. For reasons previously discussed (Z0), this carrier frequency is best
provided by path difference modulation (phase modulation) of the interferometer.

In the usual step-scan modulation/demodulation experiment the data are
demodulated sequentially. The first stage demodulation at the 400 Hz carrier
frequency yields the static absorption spectrum of the sample. This output is also split
to the second stage lock-in amplifier, where two-phase demodulation (at the frequency
of the mechanical or electrical field modulation) yields the in-phase and in-quadrature
components of the dynamic response to the perturbation. Although high-frequency
polarization modulation can also be added (4), this was not used in the examples
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included in this paper. However, the signal is enhanced by prior orientation of the
sample and the use of static polarization of the IR beam. The dynamic in-phase and in-
quadrature single beam transmission signals are normalized to the static transmission
spectrum and then converted to the corresponding components of the dynamic
absorption spectrum. It is these data which are used to calculate the 2D
FT-IR frequency correlation maps described above. A schematic of the experimental
setup is given in Figure 1.

For the time domain experiments the commercial step-scan modification of the
Bruker Instruments IFS 88 spectrometer was employed. The general design and
operation specifications of this instrument have been described (15). For the results
presented here, the instrumental set-up is illustrated in Figure 2. The time-resolved
data for these relatively slow molecular reorientation processes were collected by use
of the standard 16-bit ADC, although a dual 8-bit ADC internal transient digitizer
circuit, which has the capability of 5 ns/200 MHz speed, is available when higher time
resolution is needed.

The master clock for the experiment is the SRS Digital Delay/Pulse Generator
Model DG 535, which pretriggers the bench (TTL) to start data collection before the
perturbation is applied. In this way the reference interferogram is collected as pre-
pulse time slices alternating with the response (post-pulse) time slices at each step of
the interferometer. The DG 535 also is used to set the voltage (perturbation) pulse
profile and repetition rate by triggering the Data Pulse 100 pulse generator after a
suitable delay time for reference point collection. The Data Pulse 100 provides either a
short pulse (typically 10 V) followed by a longer delay (0 V) during which the sample
recovers. Alternatively, a symmetrical or unsymmetrical square wave can be applied,
with or without a DC offset, depending on the nature of the sample response. This
process is repeated as many times as required to achieve the desired signal-to-noise
ratio, at each data collection point of the interferogram. The free spectral range and
spectral resolution are determined, as in the continuous-scan mode, by the spacing of
the data points and the total change of retardation (length of the interferogram),
respectively. After each step, a mirror settling time of 20-50 ms is allowed before the
reference data are collected.

Polymer Rheo-Optics. For the polymer rheo-optical studies, films, typically
~50 um thick, are subjected to a sinusoidally modulated tensile strain of amplitude
~50 um and frequency between 10 and 50 Hz. In this combination of infrared
spectroscopy and dynamic mechanical analysis the amplitude of the deformation is
typically less than 0.5 % of the length of the sample and is confirmed to produce only
a linear response. In order to enhance the dynamic signal due to the reorientation, the
IR light transmitted by the sample is polarized parallel to the direction of the modulated
deformation. The micro-rheometer has been described previously (/4) and is
schematically represented in Figure 3.

Liquid Crystal Electro-Reorientation. In the liquid crystal electro-reorientation
studies, liquid crystal films, typically ~10-20 pm thick, are placed between germanium
plates which have been surface-treated so as to induce as nearly as possible, a single,
homogeneous phase. The surface treatment involves coating the surface of the plate
with a 0.1% aqueous solution of polyvinyl alcohol (PVA) and then rubbing the
residual PVA film unidirectionally with a cotton swab. The two surface-treated plates
are placed face-to-face, anti-parallel, and separated by a ~10 um spacer, in the
controlled-temperature cell. The pathlength between the plates is determined by the
use of the infrared interference fringe pattern produced by the empty cell. The liquid
crystal is injected between the plates, where it is drawn and held by capillarity. The
desired degree of orientation of the homogeneous phase, that is, that a single domain
has been formed, is verified by measuring the static polarization ratio of characteristic
bands in the spectrum which are indicative of orientation of the director. For example,
a well-aligned cyanophenyl mesophase sample will have a ratio Aj/A | of ~3 for the
C=N stretching band. (The parallel direction is the rubbing direction of the plates and
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Pulse Generator #1
(SRS Model 535)
Trigger Pulse Generator #2 (~ 4 V)
lTempmmn'e Control.lm1
Trigger Bench (~ 4 V)
Bruker 88 Step-scan FT-IR Bench
o _
0 o—-X4
| Pulse Generator #2
(Data Pulse 100)
Sample Perturbation (~ 10 V)

Figure 2. Step-scan FT-IR experimental set-up for time domain liquid crystal

electro-reorientation experiments.

/

A Beam

Figure 3. Micro-rheometer schematic.
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is also the orientation of the polarizer during the time-resolved measurements.) A
schematic representation of the variable temperature liquid crystal dynamic FT-IR cell
used in the work reported here is shown in Figure 4. It is a modified Harrick
controlled temperature cell and is capable of + 0.2°C control between 25 and 85°C.

In the frequency domain studies the periodic transition to the homeotropic phase
is achieved by application of an AC potential, typically 5-10 V, across the germanium
plates. In some cases a DC off-set is used in order to compensate for a threshold
voltage effect and thus achieve the maximum response with the minimum AC
potential. However, the AC potential may also be applied without an off-set. The
zero off-set technique is useful for mesophases which are sensitive to DC fields
because of ionic or other impurities. Because of the dependence of the director
orientation on the square of the electric field, the signal may be usefully detected at the
first harmonic of the modulation frequency in these instances. For nematic
mesophases the AC frequency used is on the order of 5-15 Hz. The molecular and
sub-molecular dynamics of the reorientation process are monitored by the same
techniques as in the polymer rheology experiments (above), and the normalized in-
phase and in-quadrature signals used to calculate analogous 2D frequency correlation
maps.

For the time domain studies the same sample preparation techniques and
temperature-controlled cell as used for the frequency domain experiments are used.
The appropriate voltages are determined by preliminary continuous-scan spectra
measured as a function of applied DC voltage, as in the frequency domain studies, and
are typically on the order of 10-20 V. The appropriate pulse profile and repetition rate
are determined from initial trials in which the approximate voltage-on and voltage-off
response times are observed with the aid of an oscilloscope.

For the nematic liquid crystal experiments a typical pulse sequence is as follows:
after the settling time, 250-400 data are collected at 1 ms intervals, 20 reference data
before the perturbation pulse is applied and then 230-380, during and after the pulse,
sufficient to follow the entire response cycle. The voltage pulse may be short with
respect to the response time of the mesophase or may be maintained until the sample
has reached a reorientation maximum (homeotropic state). Typically, there is a
hysteresis in the homogeneous/homeotropic transition, and the voltage-on pulse is
followed by a much longer voltage-off period, during which the sample relaxes to the
homogeneous state.

For the time domain nematic liquid crystal results presented here, the step-scan
data were collected at 4 cm-! spectral resolution with an undersampling ratio of 4 (data
point spacing of 2AHeNe; free spectral range of 3950 cm1), with a phase resolution of
64 cm"1, Mertz phase correction, Blackman-Harris apodization and 4 orders of zero-
filling. A 3950 cm-! low-pass optical filter was used to prevent aliasing. The <1 ps-
rise time liquid nitrogen-cooled MCT detector was DC-coupled and the offset was
carefully zeroed before each scan.

The packed interferogram comprised 1888 retardation points, each consisting of
250 temporal points at 1 ms intervals, which were each the average of the response to
50 voltage pulses. The packed interferogram was unpacked and each temporal
component was transformed by use of the standard Bruker (Opus) software. The
transforms (single beam transmission spectra) were averaged in groups of 10 to
further increase the SNR, and then those collected after the initial pulse-on were
ratioed to the average of those acquired before (reference slices) to yield AA(V,t)
spectra at 10 ms intervals (where -log[I(V,t)/Io(V)] = AA(V,t)). The sequence of
AA(V 1) spectra follow the entire homogeneous-homeotropic-homogeneous transition
process.

Results and Discussion
Modulated Mechanical Field Responses of Polymer Films. The

combination of dynamic mechanical analysis and infrared spectroscopy is a well
established technique of polymer rheology (/6). The analysis of DMA/IR data to
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produce 2D IR spectra was introduced by Noda (4,7). The power and utility of the
method has now been illustrated in numerous studies of polymer films by both
dispersive and FT instrumentation (/,8,9,11-13,17—21). As mentioned above, the
ability to apply FT-IR instrumentation to these investigations has been linked to the
development of reliable and practical methods of step-scan data collection.

As an example of the application of step-scan FT-IR to dynamic polymer film
theology, Figures 5a and 5b show the synchronous and asynchronous 8 cm-1
resolution 2D FT-IR correlation spectra of a film of the micro phase-separated tri-block
copolymer Kraton D1102 (styrene-butadiene-styrene; butadiene:styrene = 72:28
weight %), solvent-cast on a Teflon supporting substrate. These 2D spectra were
calculated from the changes in the polarized transmission spectrum that were in-phase
and in-quadrature with a 23.5 Hz sinusoidally modulated uniaxial tensile strain applied
by the micro-rheometer. The data were first demodulated at the 400 Hz phase
modulation (carrier) frequency. The output of this lock-in amplifier was split, one part
to be transformed to the reference transmission spectrum and the other to provide input
to the second lock-in, which was referenced to the micro-rheometer frequency. The
outputs of the second lock-in amplifier, i.e., the I and Q interferograms, were
transformed and then ratioed to the (400 Hz) transmission spectrum. The resulting
dynamic absorption vector components were then used to produce the 2D spectra
shown. Only the region of the asymmetric CH; stretching frequency is shown since
this is the region of most significant dynamic response.

In the CH stretching region (3200-2800 cm?) of the static spectrum of the Kraton
three sub-regions can be distinguished (22). The aromatic CH stretching modes of the
polystyrene (PS), as well as the vinyl CH stretch of the polybutadiene (PB) are
localized between 3100 and 3000 cm-!. The CH, stretches of both PB and PS are
very closely overlapping, with the symmetric modes occurring at 2840 and 2855 cm-l,
respectively, and the asymmetric stretches at 2918 and 2932 cm'!, respectively. In
both PS and PB the asymmetric CH, mode is the most intense of the CH stretching
bands. However, the 72:28 PB:PS weight ratio in the tri-block copolymer, combined
with the structures of the two components, predicts an approximately 10:1 dominance
of the CH; region in the static spectrum of the copolymer by the vibrations of the PB.
The 2:1 ratio of vinyl protons to aromatic protons in the copolymer suggests a more
equal sharing of the intensity in the region above 3000 cm! between the CH modes of
the two components.

In the dynamic 2D maps virtually all the intensity is confined to the region of the
asymmetric CH, modes, a region, as pointed out above, dominated by absorption in
the PB phase in the static spectrum. Curiously, neither the region of the symmetric
CH; modes nor that of the vinyl/aromatic CH modes shows any detectable diagonal
peaks in the synchronous 2D map. The only suggestion of dynamic response in these
modes is the appearance of weak off-diagonal peaks coupling them to the strong
asymmetric CHz modes in both the synchronous and asynchronous maps. The fact
that at room temperature PS is below its glass transition temperature, whereas PB is
not, could explain the absence of dynamic response in the aromatic CH region. This
would suggest that the deformation of the phase-separated block copolymer is
concentrated essentially in the rubbery PB phase, while the glassy micro-domains of
PS remain essentially rigid bodies with little internal reorganization. However, the
relative lack of response from the vinyl CH and symmetric CH; modes (also
concentrated in the PB phase) is puzzling.

The most intriguing feature in the dynamic spectra is the existence of the multiple
bisignate peaks in the region of the asymmetric methylene CHj stretching band
centered at 1920 cm'l. The 2D FT-IR synchronous and asynchronous correlation
maps in Figure 5 enhance the resolution of this structure and clearly suggest the
existence of sub-structures in the PB phase which have different temporal response to
the modulation of the tensile strain. The synchronous correlation (Figure 5a) shows a
positive cross peak between components at 2935 and 2918 cml, and the lower half of
the asynchronous correlation (Figure 5b) shows negative peaks between
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Figure 5. Step-scan 2-D FT-IR spectra of Kraton film response to sinusoidally
modulated tensile strain. a. Synchronous correlation; b. Asynchronous
correlation. Shaded peaks are negative. Reference spectra along the top and
side of each correlation map represent the static absorbance and the dynamic
magnitude x60 (structured spectrum).
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components at 2935 and 2918, between 2935 and 2932 and between 2924 and 2918
cm-l, as well as a positive cross peak between components at 2932 and 2924 cm-l.
No structure is evident in the corresponding static (1D) spectra (shown at the top and
right of each 2D spectrum), nor c?u d any be resolved by Fourier self-deconvolution
of the band centered at 2920 cm-1. (The structured spectrum also shown at the top
and side of the 2D correlation maps is the dynamic magnitude, M = (I2 + Q2)12))

These data thus illustrate the two most important aspects of the enhancement
provided by the 2D IR analysis. The dramatic difference in the intensity of the peaks
for PS and PB in the dynamic in-phase and in-quadrature spectra (that is, that the PS
bands appear to be essentially null), suggests that the two major components of the
copolymer are virtually independent in their rheological response. And the appearance
within the otherwise unresolved (predominantly PB) CH; asymmetric stretching band
centered at 1920, of a complex pattern of bisignate cross peaks in the asynchronous
2D spectrum suggests the presence of microdomains in the PB component which
respond out of phase with each other to the modulated strain. It is likely that these
domains are differentiated with respect to their degree of association with the surfaces
of the micro phase-separated, glassy and relatively unresponsive PS domains within
the structure of the copolymer.

Electric Field Reorientation of Liquid Crystals. The use of dynamic infrared
measurements to study the molecular reorientation processes associated with electric
field effects in liquid crystals has also become an area of rapidly growing interest
(22,23). An example of the study of the sub-molecular reorientation dynamics of
nematic liquid crystals by step-scan 2D FT-IR is illustrated in Figures 6a and 6b. The
synchronous and asynchronous 2-D FT-IR frequency correlation maps derived from
the in-phase and in-quadrature IR responses, respectively, of a 12.5 pm film of the
nematic mesophase SPCH [1-(4-cyanophenyl)-4-pentylcyclohexane] toa+ 8 V, 7.5
Hz AC field at 42 + 0.2°C are shown. The 2-D spectra show the correlation of
transition dipole responses related to the the sub-molecular dynamics of the
homogeneous-homeotropic transition, as the liquid crystal molecules "flip" back and
forth between parallel and perpendicular alignment to the germanium window-
electrode surfaces. The zero DC off-set technique was used because of the observed
long-term instability of this mesophase to DC fields. In this method the in-phase and
in-quadrature data used to calculate the 2D frequency correlation maps were detected at
the first harmonic of the AC frequency (15 Hz) because of the dependence of the
director orientation on the square of the electric field vector.

In the synchronous correlation map (Figure 6a) the strong off-diagonal peaks
connecting the C=N (2227 cm!) and phenyl C-C (1607 and 1494 cm"!) modes
confirm that these transition dipoles reorient in-phase with each other and thus that the
cyanophenyl part of the 5PCH molecule reorients as a rigid rod in the switching
process. However, in the asynchronous map (Figure 6b) cross peaks between the
vibrational bands that correspond to the functional groups of the cyanophenyl group
and those of the rest of the molecule show that the rigid and flexible parts of the
molecule reorient out of phase with each other in response to the AC field. The signs
of the cross peaks in the asynchronous map, specifically those connecting the CHa
deformation peak at 1467 cm-1 with the C=N and phenyl C-C stretching bands at
2227 and 1607/1494 cm-1, respectively, indicate that the pentyl "tail" of 5SPCH leads
the rigid portion of the molecule in some part of the reorientation process. This is
consistent with the results of similar and related experiments on the reorientational
dynamics of SCB (4-pentyl-4'-cyanobiphenyl) (14,22,24) and with preliminary results
on 5PCH (1,25).

As noted in our earlier report (/), this appearance of cross peaks in the
asynchronous 2D FT-IR map of 5PCH is a clear indication in itself of out of phase
response of the rigid and flexible portions of the molecule, and the sign information
does indicate that the flexible part responds first. However, the 2D results do not
allow any conclusion as to whether the flexible "tail" responds first as the voltage is
increased, or as it is decreased, during the sinusoidal modulation. Similar ambiguity
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Figure 6. Step-scan 2-D FT-IR spectra of nematic liquid crystal SPCH
response to sinusoidally modulated (AC) electric field. a. Synchronous
correlation; b. Asynchronous correlation. Reference spectra along the top and
side of each correlation map represent the static absorbance. (Continued on
next page.)

In Multidimensional Spectroscopy of Polymers; Urban, M., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch006

July 22, 2012 | http://pubs.acs.org

112

Wavenumber v,

MULTIDIMENSIONAL SPECTROSCOPY OF POLYMERS

b
U U
L — Gl T <=
o 3
9 0
| ¢
2000
1800

1400+

1600 ° e-pL m-ﬁ f
- B o o-€2 . . o e——— [
& 8
o = &

W:v

[ B
B2

12004 _ . . °
1000+ !!
% 0 o &‘-JQ}
80 1 1 T T T T T 1 T T 1 1 1 U
800 1000 1200 1400 1600 1800 2000 2200

Wavenumber v,

Figure 6. Continued.

In Multidimensional Spectroscopy of Polymers; Urban, M., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.




Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch006

July 22, 2012 | http://pubs.acs.org

6. PALMER ET AL.  Step-Scan FTIR Studies of Polymers 113

is encountered in the analogous dynamic polymer rheology experiments, such as that
described above. However, in contrast to the polymer stretching experiment, since the
liquid crystal reorientation process essentially "has no (macroscopic) moving parts”, it
is equally as easy to carry out a pulsed, time domain, experiment as to do the
synchronously modulated, frequency domain, experiment. In the time domain
experiment, not only is it possible to separate the "rise” dynamics from the "decay”
dynamics, but induction times can be measured, quantitative response rates determined
and there is the possibility of detecting complex responses involving intermediate
forms. Preliminary time domain measurements by use of the stroboscopic continuous
scan technique allowed an inference that the differential response occurs in the voltage-
off part of the response (25). However, the constraints of the stroboscopic method as
regards repetition rate and pulse structure make the step-scan mode more flexible for
investigating the complete cycle of voltage response.

The results of time domain step-scan FT-IR investigation of electro-reorientation
dynamics of 5SPCH are summarized in Figure 7 and Table 1. In Figure 7 the voltage
pulse profile for the experiment is correlated with the intensity response curves for the
various bands. As described above, each data point represents the averaged value of
AA(V,t) for 10 consecutive 1 ms time slices. It should be noted that all of the data for
each sample were collected in a single scan, that is, with simultaneous temporal and
spectral multiplexing. The total data collection time was approximately 6.5 hours.

As seen in Table I, SPCH responds with a t;; of < 2 ms when the voltage pulse
is applied. On the other hand, the recovery (voltage off) process, after the
30 ms, 11 V pulse, is much slower, requiring almost 200 ms. However, the most
interesting result is that the t;; for the response of the pentyl CHy deformation mode
at 1467 cm-! in the voltage off, homeotropic-to-homogeneous, transition is
approximately 3 times shorter than the corresponding response times for the modes
associated with the rigid part of the molecule (t;/2 = 6.3 ms vs. 2 15 ms). At the time
resolution and voltage of these experiments it does not appear that a comparable
differential response occurs in the voltage-on process (nor, incidentally, does there
appear to be any significant induction time after the pulse is applied before the
reorientation begins).

Thus the ambiguity of the frequency domain measurements, that is, in what part
of the electro-reorientation process does the pentyl "tail" get out of phase with the rigid
part of the molecule, is clearly resolved by the time domain results. Although both
parts of these low molecular weight liquid crystal molecules respond together (ti2 < 2
ms) when the voltage is applied, the flexible "tails" of the molecules reorient faster
than the rigid part as the mesophase returns (relatively slowly) to its homogeneous
state after the electric field is removed. Analogous experiments on the biphenyl
analogue of 5PCH, 5CB (4-pentyl-4'-cyanobiphenyl), indicate that, although the
relaxation (voltage off) response rate of 5CB is approximately 3 times slower than that
of SPCH for all segments of the molecule, the flexible (pentyl) tail leads the rigid part
of the molecule by roughly the same factor as for 5SPCH in the return to the
homogeneous state (A. Fuji, unpublished data).

Previous dynamic infrared studies of 5CB have also detected a differential
response between the rigid and flexible parts of the molecule to an applied electric
field. In the first such work the stroboscopic continuous-scan FT-IR method was
applied (24). This was followed by the first report of the use of the step-scan FT-IR
technique to study liquid crystal electro-reorientation dynamics, which also focused on
5CB (I4). In that work it was confirmed that there is a differential response between
the rigid and flexible segments of the molecules, and that the flexible pentyl "tail" leads
the response of the rigid segment of the molecule at some phase of the reorientation
cycle. Subsequently in a more extensive investigation of SCB by both stroboscopic
continuous-scan and by step-scan FT-IR (22) evidence was found that in the recovery,
or voltage-off, homeotropic-to-homogeneous, process the pentyl chain undergoes a
fast local motion in addition to the rotational relaxation of the entire molecule. This
conclusion was drawn primarily from careful analysis of the dynamic response in the
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Figure 7. Step-scan time domain data for selected IR bands in SPCH. Each
point represents an average of 10 1-ms AA(V,t) data, each from 50 co-added
pulse sequences (see text). Corresponding voltage profile for each pulse
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Table I. Step-scan time domain electro-reorientation half-lives for
selected IR bands in SPCH

Wavenumber (cm!)/ t 112, voltage-on (ms) t 12, voltage-off (ms)
Assignment
2227/CN stretch 1.5 14.9
1607/phenyl CC stretch 1.4 18.4
1503/phenyl CC stretch 1.4 15.7
1467/pentyl CH, deformation 1.9 6.3
1445/cyclohexyl CH, deformation 1.5 10.3
832/phenyl CH deformation 1.5 18.1

C-H stretching region of the spectrum. Although the differential t;;, values for the
various transition dipole responses were not given, it would appear that under the
specific conditions of that study, the relaxation period of the rigid segment of the
molecule observed in that study is somewhat shorter than has been observed in our
laboratory, but this may be due to the use in that study of a pulse width of only 10 ms,
compared to the 30 ms used in our experiments on both 5CB and SPCH. The
difference in the voltage used (10 V vs. 11 V) is not considered significant. However,
from numerous experiments with both 5CB and 5PCH, as well as with other low
molecular weight liquid crystals, it is clear that exact values of threshold voltages,
induction times and reorientation rates are highly dependent on the details of sample
preparation, as well as pulse voltages and widths.

Such differences in sample preparation may explain the particularly divergent
results recently reported for SCB in which band intensity changes several orders of
magnitude smaller than those illustrated and discussed above were observed by use of
time-resolved dispersive IR techniques (26). However, in common with the time-
resolved FT-IR results, the dispersive data show a clear difference in segmental
response and suggest that it has its origin in the relaxation (voltage-off) process.

That the more flexible segments of these mesogenic molecules should return to
their equilibrium (homogeneous) state more rapidly than the rigid parts correlates with
the relative degrees of conformational freedom available to the different segments,
which promotes a more rapid thermal relaxation of the pentyl "tail" compared to the
rigid segment. This suggests that for SPCH, the cyclohexyl group, with an
intermediate degree of conformational freedom between that of the pentyl tail and the
cyanophenyl group, might show an intermediate relaxation rate. In fact, this appears
to be the case, as seen in the values of t;, in Table I. In addition, there is preliminary
evidence that calculation of the relative phase spectrum, &(Vv) =—arctan[Q(V)/I(V)],
from the frequency domain in-phase I(V) and in-quadrature Q(V) data may provide
the resolution necessary to make such a distinction even more clearly. If this result can
be verified and shown to be general, it will provide even stronger support for the
complementary relationship of frequency- and time-domain techniques for these liquid
crystal dynamic electro-reorientation studies.
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Evaluating the Weatherability of Polyurethane
Sealants
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Photoacoustic-FTIR (PAS-FTIR) and thermogravimetry (TG) have
been used to study the effect of UV-radiation and/or water exposure
for up to 8000 hours on three polyurethane-based sealants. The three
sealants were found to contain calcium carbonate and/or titanium
dioxide and different types of urethane polymer. One material
appears to be chemically less stable than the others; under water
exposure significant break-down occurs. It undergoes substantial
changes in less than 1000 hours. PAS-FTIR results indicated that,
for this type of exposure, sealant PUl was the least stable
chemically. Water exposure was found to have induced significant
breakdown of the urethane groups. Combined UV/water exposure
caused significant changes to occur in less than 1000 hours. PU2 and
PU3 were found to undergo small changes after water exposure. The
most noticeable observation was an increase in hydroxyl absorption.
Substantial change in chemical composition was observed to occur
between 1000 and 2000 hours of combined UV/water exposure.

Polyurethane sealants have been in use since the early 1970's. In 1994, they are the
second most used high-performance sealants in the building industry. Polyurethane
sealants are produced by reacting an isocyanate group with a polyol (see scheme I).
They are available as one- or two- component materials and as high or low-

O H
ol

R-N=C=0 + R-OH -5 R-O-C-N-R Scheme I

0097—6156/95/0598—0117$12.00/0
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modulus formulations. A typical formulation for a urethane sealant is shown in
Table I. It is relatively complex since fillers, plasticizers, and other minor additives
are present in addition to the polymer. Generally, urethane sealants exhibit excellent
elasticity, good flexibility (down to -54 °C), excellent chemical resistance, good
recovery (~90%), and good weathering properties. The disadvantages include poor
water immersion resistance (i.e., adhesion failure), yellowing when exposed to UV-
light and fading of light colours (1-2).

Table L Typical Polyurethane Sealant Formulation

Component Amount (%)
Polymer 35-45
Fillers 30-40
Plasticizers 15-25
Solvent 1-4
Pigments 23
Adhesion Additives 1-3
Thixotropic Agents 1-2

The weatherability of polyurethane sealants, will be affected by the pigments,
plasticizers, etc. Different methods can be used to analyze the weathering effects of
construction materials (e.g., tensile strength, elongation, color changes,
spectroscopy, etc.) (2-9). Obviously, after weathering one can easily look for visual
changes such as surface crazing and discolouration. Visual changes, however, may
not affect the actual service performance of the material but may constitute an
aesthetic failure. The performance of the materials can be verified by studying the
mechanical properties. Changes in the mechanical properties will inform the
manufacturer and user that the material has changed. However, the mechanical data
will not help in explaining why the changes took place. Changes at the micro level
may not necessarily be observed upon visual inspection yet can dramatically affect
the performance of the material.

Durability or service-life of construction products is of concern to designers,
owners and users. Upon weathering, polyurethane sealants may, due to the
synergistic effects of solvent evaporation, ozone attack, migration of plasticizers,
ultraviolet radiation, water immersion, etc., undergo crosslinking or loss of
plasticizer. This may lead to embrittlement, thus reducing movement capability and
causing the sealant to fail. It is therefore essential to evaluate the weatherability of
sealants. Natural weathering is an option but requires much patience.
Manufacturers are not able to wait 15 years to evaluate the weatherability of a
product. Artificial weathering is an alternative requiring less time. Unfortunately,
the artificial weathering may not replicate the actual degradation of the material in
question since other parameters, e.g., physical aging, may also be a factor. FTIR
spectroscopy allows for the monitoring of the material degradation at a molecular
level. It is possible to compare natural and accelerated weathering and evaluate the
relevancy of the weathering programme. However, construction materials, such as
polyurethane sealants, cannot be characterized by FTIR transmission or reflection
techniques because they are black, gray or opaque and thick. ATR is not suitable
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because after aging there is no intimate contact between the sealant and the crystal.
Photoacoustic-FTIR (PAS-FTIR), however, is capable of providing spectral
information for this type of material with minimal, if any, sample preparation.

In recent years, there has been a growing interest in photoacoustic-FTIR
spectroscopy as a tool to study samples of irregular morphology. Moreover, carbon
black, a highly absorbing filler used in many construction products, does not
present problems (if less than 15% is present) (10). Photoacoustic spectroscopy
makes possible the simultaneous study of sample surface and bulk (11). It has been
demonstrated to be a useful technique for obtaining mid-infrared spectra of solid
samples with minimal preparation (12-15). PAS-FTIR is particularly useful for
measuring the spectra of compounds that suffer from structural alteration (16,17)
arising from sample preparation. The applications of this technique are quite
widespread and include the evaluation of accelerated weathering for polyester-
urethane coatings (18), cured paint media and weathering of alkyd paints (19).

Another family of techniques useful in the characterization of weathered
materials is thermal analysis (20). This includes the classical methods such as
thermogravimetry (TG), differential thermal analysis (DTA) and differential
scanning calorimetry (DSC), as well as the modern thermoanalytical methods, e.g.,
dynamic mechanical analysis (DMA) and thermomechanical analysis (TMA). TG
provides information on any reaction involving mass change as a function of
temperature and/or time; thus information on the heat stability and composition of
the sample can be obtained. DTA provides information on the temperature
difference between a reference and a sample while they are subjected to a common
temperature program. The main application of DTA is in establishing thermal
events associated with chemical changes such as oxidative stability, chemical
reactions, phase transitions, enthalpies, melting point, etc. Today, simultaneous
thermal analysis (STA or TG/DTA or TG/DSC) is popular because data from two
thermoanalytical techniques, TG and DTA (or DSC), are acquired simultaneously,
by the same instrument on a single specimen (i.e., physical and chemical changes
are recorded simultaneously). Simultaneous measurement helps to circumvent
problems related to the inhomogeneity in building materials.

In this paper, PAS-FTIR and TG are used to evaluate the weatherability of
polyurethane-based sealants. More specifically, the chemical changes that occur
during UV-radiation and/or water exposure up to 8000 hours are monitored.

Experimental

Artificial Weathering. Three commercially-available sealants were weathered in a
xenon arc Weather-o-meter up to 8000 hours. One series of samples was exposed
to water and the other series was exposed to water and light. A piece of each
sealant was taken every 1000 hours. Samples were weathered under the following
conditions:
Irradiance: 0.37 Wm” nm
Black panel temperature: 63 °C
Relative humidity arcon:  50%
Lightcycle: 3.5 hours on, 0.5 hours off
Specimen spray cycle: When arc was off
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Photoacoustic-Fourier transform infrared (PAS-FTIR) spectroscopy. The
weathered sealants were analyzed by PAS-FTIR spectroscopy. Infrared spectra
were measured on a Nicolet 170SX instrument equipped with an MTEC Model 200
photoacoustic detector. For sampling, disks of 8 mm diameter were cut with a cork
borer. In a few cases, where samples were too thick, the thickness was reduced by
slicing with a scalpel. Conditions used for recording the spectra were: resolution 8
cm''; mirror velocity setting 4; number of scans 512; helium purge; Happ-Genzel
apodization, standard phase correction. Along with the weathered samples, two
specimens of each material were analyzed before exposure and used as controls. All
spectra were ratioed against a background recorded earlier the same day with
carbon lampblack (Fisher Scientific, Cat. No. C-198) or with a carbon black
membrane standard reference.

Spectra were recorded for control and samples exposed for 1000, 2000, 4000,
6000 and 8000 hours. However, only those that showed significant changes are
discussed.

Thermal analysis. The weathered sealants at 6000 hours were analyzed by
Simultaneous Thermal Analysis (STA). The analysis was performed using the Seiko
Simultaneous Thermal Analyzer (STA) model TG/DTA320 and data acquired with
the Seiko SSC5200H disk station. Approximately 7-8 mg of sample was heated
under a nitrogen atmosphere (100 mL/min.) from 40 °C (no weight loss observed
before 40 °C) to 900 °C at 10 °C/min. Unweathered sealants were also analyzed as
controls. All samples were run in duplicate.

Results and Discussion

In general, the sealants showed four weight losses. The first weight loss occurred in
the 140 to approximately 340 °C region and can be attributed to the loss of solvent
and plasticizer. The second weight loss is in the 340-500 °C region and is probably
due to the decomposition of the polyurethane polymer (i.e., breakage of the
urethane linkages). A small weight loss in the 500-600 °C region may result from
the release of other additives. The last major weight loss occurs above 600 °C
region and is due to the decomposition of calcium carbonate. The weight losses are
summarized in Table II.

PUL. The spectrum of the unexposed material is given in Fig. 1. The pigment used
for this sealant is probably titanium dioxide, giving the broad absorption from 700-
500 cm”. The polymer appears to be a polyether urethane, for which some of the
bands may be assigned as follows: N-H stretching at 3300 em’; C-H stretching at
2970, 2928, 2857 cm’; urethane carbonyl at 1729 cm’'; aromatic ring stretching at
1589 cm”; amide II (C-N stretch plus N-H deformation) at 1539 cm’; polyether
C-O-Cat 1113 cm”.

Spectra of samples exposed to water only for 2000 and 8000 hours are shown in
Fig. 1 (2000W and 8000W). Small but progressive changes occur, notably: an
increase in OH absorption (3600-3200 cm'l); a decrease in the amide II band at
1539 cm'l; an increase in the band at 1435 cm'l; a change in the relative intensities
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Table II. Weight Loss for Polyurethane Sealants in Nitrogen

Sample Weathering Weight Loss
(hr) %)
Liw* w 140-325 | 325405 | 405-600 | 600-900 Total
OC OC OC OC
0 0 42.7 283 79 4.4 83.8
PU1 6000 - 68.0 9.7 3.6 819
6000 - 69.8 7.4 4.0 81.7
Sample Weathering Weight Loss
(hr) %)
Liw* w 160-340 | 340-500 | 500-600 | 600-900 Total
°C °C °C °C
0 0 39.0 235 26 11.5 77.1
PU2 6000° 374 18.9 438 10.2 71.8
6000 37.6 22.1 3.2 11.7 75.7
0 0 18.6 474 31 12.6 82.3
PU3 6000 16.9 34.0 1.6 210 74.7
6000 18.5 41.0 1.2 16.7 78.4

Lw = light and water; W = water

of the bands at 1146 and 1113 cm™. It is clear that some changes in chemical
composition are occurring, involving breakage of urethane crosslinks (see Ref. 4
for possible mechanisms).

The spectra of samples exposed to light and water also undergo change (Fig. 1
1000L, 2000L and 8000L). After only 1000 hours, substantial change in the
chemical composition has occurred. The changes are greater than after 8000 hours
exposure to water only. The shape of the 1800-1500 cm’ region has changed
completely. After 2000 hours, further change has occurred, as can be seen
particularly from the decrease of the band at 1100 cm’. Beyond this point, change
in chemical composition continues (increase of absorption at 1700-1600 cm’) ata
more gradual rate. Overall, the change in chemical composition appears to be more
drastic than for the other polyurethane samples.

The PU1 sealant series showed the first weight loss around 140-405 °C. The
unexposed sample (Fig. 2) showed two unresolved weight losses. The first one
(~42%) occurred in the temperature range of 140 to ~325 °C and the second (29%)
between 325 and 405 °C. The derivative thermogravimetry (DTG) curves for
exposed samples showed only one major weight loss in the same region; however,
the DTG showed more than one weight loss occurring at slightly lower
temperatures than the major weight loss (~300-308 °C). This is more clearly seen in
the DTG curve of the sample exposed to water only (Fig. 3). The series shows two
more weight losses, one in the 405-600 °C region and the other in the 600-900 °C.
region. The sample exposed to UV/water (Fig. 4) showed a ~10% weight loss in
the former region whereas the unexposed sample and the sample exposed only to
water showed similar weight losses (7%). The total weight loss for the series is
~2% higher for the unexposed which implies that some components may have been
lost during weathering.
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Figure 1. PAS-FTIR spectra of polyurethane sealant PU1: control, 1000L (UV
and water exposure), 2000W (water exposure only), 2000L (UV and water
exposure), 8000L (UV and water exposure) and 8000W (water exposure only).
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PU2. The spectrum of the unexposed sample is given in Fig. 5. It is different from
the previous case. The main pigment seems to be titanium dioxide (700-500 cm'l),
but there is probably a small amount of calcium carbonate (weak peaks at 2513,
1794, 876 cm'l). The strong ester band at 1733 cm’ suggests a polyester urethane,
but the ether band near 1100 cm” is also strong. The sharp peak at 1634 cm™
indicates polyurea linkages from moisture curing. The N-H band at 3321 cm’” is
stronger than in the previous cases.

Exposure to water up to 8000 hours has little effect on the general appearance
of the spectrum (Fig. 5). There is some variation in relative band intensities (e.g.
1733/1634 cm”, polyurethane/TiO3), but not much change in the nature of the

bands themselves.

Exposure to light and water has a greater effect (Fig. 5). Although the changes
are small after 1000 hours, between 1000 and 2000 hours there is a drastic change.
A strong broad OH band appears (3600-3200 cm’) and a strong band appears at
1632 cm”. However, as in the case PU1, change is much more gradual between
2000 and 8000 hours.

The PU2 series start to lose weight at ~140 °C (Figs. 6-8). The series showed
four weight losses. The first one, not completely resolved, occurs in the 100-335 °C
region. The weight loss in this region is almost the same for the unexposed (39%)
and exposed samples (39 and 38%). The DTG curves for the unexposed sample
(Fig. 6) showed a second unresolved weight loss in the first peak of the DTG
curve. This unresolved peak becomes less apparent in the exposed samples (Figs. 7-
8). The weight losses in the first and second temperature regions showed similar
peak-heights for the unexposed sample and the sample exposed to UV/water.
However, a large increase is observed in the sample exposed to water only. This is
probably due to the breaking of urethane linkages by the hydroxyl group and
formation of new products. The second distinctive weight loss of the series takes
place in the 335-500 °C region. In this region, the unexposed samples showed 2%
higher weight loss than the sample exposed to UV/water and about 5% more than
the sample exposed to water only. The third weight loss in the 500-600 °C region is
quite small for all the samples (between 3 and 5%). The last weight loss (600-
900 °C) remains almost the same for the unexposed and exposed samples. The total
weight loss for the series ranges from 77% (unexposed), 72% (exposed to
UV/water) to 76% (exposed to water only). This series is more heat resistant than
PU1.

PU3. The spectrum of the control sealant is given in Fig. 9. It contains calcium
carbonate but little if any titanjum dioxide. The strong band at 1114 em” suggests a
polyether urethane. Exposure to water has little effect after 2000 hours and only a
slight effect after 8000 hours, namely a broader band at 1640 cm” and a weaker
band at 1014 cm” (Fig. 9). Exposure to light and water brings about a decrease in
polyurethane absorption compared to carbonate. After 1000 hours, changes are
small, but between 1000 and 2000 hours a strong band appears at 1646 cm’.
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Figure 5. PAS-FTIR spectra of polyurethane sealant PU2: control, 1000L (UV
and water exposure), 2000W (water exposure only), 2000L (UV and water
exposure), 8000L (UV and water exposure) and 8000W (water exposure only).
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Figure 9. PAS-FTIR spectra of polyurethane sealant PU3: control, 1000L (UV
and water exposure), 2000W (water exposure only), 2000L (UV and water
exposure), 8000L (UV and water exposure) and 8000W (water exposure only).
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Beyond 2000 hours, changes are more gradual. No carbonate bands were present in
the spectrum of the sample exposed for 4000 hours; however, the bands did appear
after 8000 hours of weathering. This is probably due to a variation in composition
rather than a degradation effect.

The specimens of the PU3 series start to lose weight at ~160 °C. As in the
previous series, the weight losses in the first two temperature regions are not
completely resolved. The DTG curves for the series showed smaller weight losses
than in the previous cases for the first two losses. The unexposed (Fig. 10) and the
sample exposed to water only (Fig. 11) showed a similar weight loss (19 and 20%
respectively) in the 140-340 °C region. The sample exposed to UV/water (Fig. 12),
however, lost ~2% less weight-than the other two. This implies that the UV/water
weathering had a greater effect on these specimens than on specimens exposed to
water only. A similar trend was observed from the DTG curves for the largest
second weight loss (340-500 °C region). In this region, the unexposed sample loses
~5% more weight than the sample exposed to water only (42%) and ~ 13% more
than the one exposed to UV/water. The series also showed a small weight loss
between 500 and 600 °C. Again, the weight loss for the exposed samples is ~1/2 of
that of the unexposed. A fourth weight loss occurred in the 600-900 °C region. An
opposite trend is observed for the weight loss in this region. The unexposed sample
showed the lower weight loss (13%) followed by the sample exposed to water only
(16%). The sample exposed to UV/water showed the greatest weight loss (21%) in
this region, which may indicate that more calcium carbonate may have been
present. The total weight loss for the series showed the same trend as individual
weight losses: 82% for unexposed, and 75 and 78% for the samples exposed to
UV/water and water only, respectively.

Summary

The three polyurethane-based materials contain different types of urethane polymer,
along with calcium carbonate and/or titanium dioxide. PU1, appears to be
chemically less stable. The most prominent change in the FTIR spectra was an
increase in hydroxyl absorption. The other changes included: a decrease in the
amide II band; an increase in the band at 1435cm’; a change in the relative
intensities of the bands at 1146 and 1113 cm™. It is clear that some changes in
chemical composition involved breakage of urethane crosslinks. Under light/water
spray exposure, the substantial changes observed between take place in less than
1000 hours. The other two (PU2 and PU3) show generally similar behaviour on
weathering. For water exposure up to 8000 hours, only slight changes are observed
in the spectra. The same is true for light/water spray exposure up to 1000 hours,
but between 1000 and 2000 hours substantial change in chemical composition
occurs (as determined by IR). Between 2000 and 8000 hours, change in chemical
composition continues but at a slower rate. It is interesting to note that PU1, the
only sealant which contained no calcium carbonate, was the most sensitive to
weathering.
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Chapter 8

Diffuse and Specular Reflectance
Measurements of Polymeric Fibrous Materials

M. Papini

Institut Universitaire des Systémes Thermiques Industriels, Unité
Associée au Centre National de la Recherche Scientifique 1168,
Université d’Aix-Marseille I, Centre de Saint-Jérome, 13397 Marseille
Cedex 20, France

Polymeric fibrous materials generally present a rough surface.
Measurements of the total and diffuse near-normal hemispherical
reflectances over two wavelength ranges (0.25-2.5 pm and 2.5-20 pm)
have been performed with two spectrophotometers fitted with
integrating spheres. The results obtained on commonly used polymer
fibers show that radiative properties vary with the interrelated
following factors a) the wavelength: the obtained spectrum allows a
non destructive analysis of the sample, it represents its spectral
fingerprint, b) the orientation of the fiber: this produces a variable
pathlength and then, the insulating property or the radiative heat
transfer will be angular dependent, c) the size of the fiber: absorption
and scattering are function of particle size.

Vibrational spectroscopy appears as an important, very useful and destruction free
tool providing for information on the chemical composition and physical structure of
polymer surfaces. Fibrous materials are commonly used as fabrics or insulating
materials. The knowledge of the optical characteristics of materials represents a large
interest especially for applications involving radiative heat transfer. Fibers have a
large surface-to-volume ratio and their radiative properties depend on parameters such
as the surface structure or the aspect ratio of the fibers. Heat transfer can occur by
radiation, convection or conduction. Only radiative transfer through fibrous polymeric
materials is considered in the present paper.

When an incident beam impinges on a layer, radiation undergoes specular
reflection, scattering, refraction and absorption in varying proportions before exiting
the surface. These effects attenuate the energy of each spectral component of the
resulting radiation and concern each fiber in the case of fibrous materials. The
reflected radiation contains both specular and diffuse components; nevertheless, some
rays can be transmitted directly through the voids between the fibers if not too closely
arranged.

The resulting beam contains information on the chemical composition, the
surface roughness and the particle size. The shape and intensity of the obtained

0097-6156/95/0598—0137$12.00/0
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spectra depend in a wide range on the composition of the material. The specular
component of the reflected beam is small for a matte surface while the diffuse
component is high. Integrating spheres are useful in the case of highly textured
materials, the resulting radiation being reflected towards random directions (I-2). The
reflectance is predominantly diffuse for currently used materials like fabrics and
insulating materials, each fiber represents a scattering center for.

Experimental Measurements

Spherical particles scatter radiation into all directions spanning the 4 7 steradian solid

angle while cylindrical fibers scatter radiation along a diffusion angle ¢ equal to the
angle between the incident beam and the fiber axis: the scattering is anisotropic in this

case, it propagates along a cone surface whose half apex angle is ¢(3).

Fibers can be modelled as a collection of discrete cylinders arranged in specific
or random directions in space. Several diffuse and specular reflectance studies have
been performed in the two wavelength ranges: 0:25-2.5 um and 2.5-20 pm to learn
out the properties of polymer fibers.

Measurements of the near-normal hemispherical spectral reflectance were
accomplished with two kinds of spectrometers. For the first wavelength range, a
Beckman UV 5240 dispersive spectrophotometer fitted with an integrating sphere
coated on the inside with a diffuse rough barium sulfate white paint was used; the
sample was located in the center of the sphere. For the second wavelength range we
used a Digilab Fourier transform infrared (FTIR) spectrophotometer fitted with an
integrating sphere whose inner surface is gold-coated and diffuse; the sample was
placed on the sphere wall in this case. In the first wavelength range, two detectors are
used: a photomultiplier for the visible wavelengths and a lead sulfide detector for the
near infrared (NIR) wavelengths. Measurements of the near-normal hemispherical
spectral reflectance for the 2.5-20 pm region (MIR) was performed using a liquid air
cooled mercury cadmium telluride (MCT) detector. The reflected rays undergo
numerous reflections inside the sphere before reaching the detectors, and then, no
information concerning the sample is lost. In spite of the low efficiency of the
integrating sphere, the method is a convenient means for determining radiative
characteristics of materials presenting various surface states with little or no sample
preparation. Atmospheric carbon dioxide and water vapor are reduced by an
appropriate purging of the compressed air circulating inside the experimental set up.
In order to eliminate the specular radiation, a light trap is placed in the direction of the
specular component. Total and diffuse radiations are measured and the specular
component is deduced from the difference between the two spectral data. The black
trap eliminates not only the specular radiation but also the scattered rays resulting
from successive reflections on the surfaces of the fibers and transmissions through the
fibers and arriving to the trap with the same direction as the specular ray: in this
direction, it is impossible to discriminate between the true specular and the diffuse
components.

The transmitted rays contain structural information about the sample while the
true specular radiation provides for little information about it. Fabrics were studied
without any preparation and fibers loaded in cells constituted successively by a KBr
window, ten polytetrafluoroethylene (PTFE) rings 1 mm thick and a black non
reflecting surface for the bottom. 256 scans were signal-averaged in order to improve
the signal-to-noise ratio and a resolution of 4 cm-! was used. All the spectra were run
at room temperature.

Reflectance values R for the solar radiation spectrum in the 0.25-2.5 pum
wavelength range are evaluated by integrating the product of the experimental
spectral values R by the blackbody curve. We then ratio the calculated values to the
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integrated blackbody curve over the chosen spectral region. The blackbody is
considered at 5800 K, which is the surface temperature of the sun.

Results and Discussion

A few examples are given hereunder to illustrate how radiative properties vary with
the interrelated following factors: wavelength, surface state of the sample, orientation
and diameter of the fibers. Assignments of main bands were accomplished through
published data in the NIR (4-9) and in the MIR (/0-13) wavelength ranges. The
calculated R values are representative of the specific arrangement of the fibers in the
studied sample. They may be considered as indicative for the sample with its
arrangement.

Wavelength. Radiative properties are spectrally dependent: absorption bands are
observed mainly in the NIR and MIR regions.

Absorption bands are due to the vibration of chemical bonds: they correspond to
fundamental vibrational modes occurring in the MIR region and to overtone and
combination bands of fundamental vibrational modes in the NIR region. The
absorption peaks are broad and weaker in the NIR than in the MIR and they involve
only vibrations of light atoms entering in strong hydrogenic bonds such as C-H, N-H
and O-H bonds. The spectrum is the fingerprint of the sample. It reflects all its
physical and chemical characteristics with a minimal sample preparation. Figure 1
illustrates the variation of the near-normal hemispherical spectral reflectance of a
commonly used manufactured acrylic fabric, mainly composed of polyacrylonitrile
units but also containing other constituents, here polymethylmethacrylate. Different
assignments can be made concerning the C-H, C=N and C=O stretching bands at
2939.6, 2243.3 and 1933.6 cm-! respectively while CH bending band appears at

1453.6 cm-! for example. Combination and overtone bands for the C-H and C=0
bonds appear in the NIR spectrum of the acrylic sample drawn in Figure 2.
Assignments of principal bands were accomplished with published data. The
calculated R value is 0.29.

Some fabrics like tweed are made of blends between natural and synthetic
polymers; let us take the case of a wool/polyester blend. The obtained spectra give the
radiative property of the sample as shown in Figures 3 and 4 where spectra of natural
wool and polyester (PET) are also drawn to show that absorption bands of the two
constituents are found for the blend in the NIR and MIR wavelength range. The shape
of the spectra in the UV and visible region depends on the colour of the sample. In the
MIR spectra: for PET, the C-H, C=0, C-O-C stretching vibrations for instance are
respectively present at 2968, 1743.5 and around 1340 cm-!; for wool, a large
absorption area is found between about 3600 and 2900 cm-1 due to the N-H and C-H
stretching vibrations; other absorption bands at 1685 and 1565 cm-! are assigned to
the C=O0 stretching and NH bending vibrations. It is clear that for the blend, the large
absorption area for wool between 3600 and 2900 cm-! softens off the spectrum of the
blend in this region, masking the peaks of the PET, while peaks appear again when
the reflectance of wool is higher. In the NIR wavelength range, the absorption bands
in the spectra also constitute a fingerprint of the samples and can be assigned to the
different bonds existing in the samples. They agree with the published data. The
calculated reflectance values R are 0.59, 0.28 and 0.31 for wool, PET fibers and a
wool/PET blend respectively.
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Figure 1. Total near-normal hemispherical spectral reflectance R versus
wavenumbers (cm-!) of a fabric composed of acrylonitrile and
methylmethacrylate units.
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Figure 2. Total near-normal hemispherical spectral reflectance R versus
wavelength (um) of the same fabric as in Figure 1.
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Figure 3. Total near-normal hemispherical spectral reflectance R versus

wavenumbers (cm-1) of fabrics composed of: curve 1, wool; curve 2, PET;
curve 3, wool/PET blend.
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Figure 4. Total near-normal hemispherical spectral reflectance R versus
wavelength (um) of fabrics composed of: curve 1, wool; curve 2, PET; curve
3, wool/PET blend.
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Surface State. It has been shown that reflectances vary with size for spherical
particles. This behavior is wavelength dependent: reflectances increase with particle
size in the NIR wavelength range while they decrease in the MIR (/4). The limit case
corresponds to the bulk material having a plane smooth surface with large peaks in
the NIR and none in the MIR region as shown in Figures 5 and 6 for a polypropylene
sample. The behavior of a bulk material differs then from that of particles: the surface
state appears as another factor influencing reflectances of materials.

Orientation. Fibrous materials can be oriented in specific directions: parallel or
perpendicular to cell boundaries or randomly oriented in a plane or in space. The
cross-section varies with the orientation of the fibers in the medium. Radiative
properties were then shown to be angular dependent. Backscattering is important for
fibers oriented parallel to cell boundaries and small for fibers oriented perpendicular
to the cell boundaries (15). Then, the radiative energy transport is high for this last
orientation and low for the parallel orientation. The scatter of measured values is
significant for different orientations of the fibers as shown in Figures 5 and 6 for
polypropylene fibers. The calculated R values are 0.44 and 0.31 for horizontally and
perpendicularly oriented fibers respectively. The R value for the bulk material is 0.42.

Absorption and scattering affect radiative properties. Fabrics composed of the
same material can present different surface states and therefore spectra have different
intensities. This effect is illustrated in Figure 7 for three samples of polyester fabrics,
a) fibers woven horizontally in a plane, b) a velvet with obliquely oriented long
fibers, and c) a velvet with near-perpendicular short fibers. Reflectances are higher in
the case of horizontal woven fibers. The evolution is the same in the NIR region. The
calculated R values are: 0.44, 0.29 and 0.15 respectively. The effect of the orientation
can be observed when rotating a sample through different angles, maintaining it in the
same plane with respect to the incident radiation. Variations are also observed and the
obtained spectra are within the limits presented in Figures 8 and 9 for the two
wavelengths regions. The calculated R values are 0.26 and 0.29.

Diameter. Short polyamide fibers have been used to describe the influence of the
diameter in the case of randomly oriented fibers. Polyamide threads 0.108 and 0.215
mm in diameter d were used. They were cut regularly at the following lengths 1 =
1.27, 1.95 and 2.32 mm using a special tool built in our laboratory. The intensities of
the absorption peaks were found to change with the diameter of the fibers. This seems
to have, in this case, a greater effect on the reflectance than their length has, as
illustrated in Figure 10 where curves are displayed in two groups corresponding to the
diameter but not to the length of the fibers. The following explanation can be given:
though fibers were statistically randomly dispersed, the KBr window influences the
orientation of the small thin fibers near the surface; in fact the arrangement of the
fibers was not completely random. The calculated R values vary from 0.34 (d = 0.215
mm, 1 = 2.32 mm) to 0.40 (d = 0.108 mm, 1 = 1.27 mm).

Conclusion

The results obtained on commonly used polymer fibers have shown that radiative
properties vary with different parameters. The obtained spectrum allows a non
destructive analysis of the sample, it represents its spectral fingerprint. The surface
state, the orientation and the size of the fiber greatly influence radiative properties: the
angular and size dependence of radiative properties have been demonstrated. The
choice of a given material will be determined knowing the variations of its properties
with the above-mentioned factors.
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Figure 5. Total near-normal hemispherical spectral reflectance R versus

wavenumbers (cm-!) for a bulk sample of polypropylene (curve 1); fibers
perpendicular (curve 2) and parallel (curve 3) to the cell boundaries.
(Reproduced with permission from ref. 15. Copyright 1994 Society for Applied
Spectroscopy.)
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Figure 6. Total near-normal hemispherical spectral reflectance R versus
wavelength (um) for a bulk sample of polypropylene (curve 1); fibers
perpendicular (curve 2) and parallel (curve 3) to the cell boundaries.
(Reproduced with permission from ref. 15. Copyright 1994 Society for Applied

Spectroscopy.)
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Figure 7. Total near-normal hemispherical spectral reflectance R versus
wavenumbers (cm-1) of polyester fabrics: curve 1, fibers woven horizontally
in a plane; curve 2, velvet with long fibers and curve 3, velvet with near-
perpendicular short fibers.
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Figure 8. Total near-normal hemispherical spectral reflectance R versus
wavenumbers (cm-1) for a bundle of polyester fibers: curves 1 and 2 are
obtained for two perpendicular orientations of the fibers maintained in the
same plane.
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Figure 9. Total near-normal hemispherical spectral reflectance R versus
wavelength (um) for a bundle of polyester fibers: curves 1 and 2 are
obtained for two perpendicular orientations of fibers maintained in the same
plane.
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Figure 10. Total near-normal hemispherical spectral reflectance R versus
wavenumbers (cm-1) for polyamide fibers: curves 1 and 2 are for fibers with
a diameter d = 0.108 mm and a length 1 = 1.27 and 2.32 mm respectively;
curves 3 and 4 are for fibers with d = 0.215 mm and 1 = 2.32 and 1.95 mm
respectively.
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Chapter 9

Monitoring Polymerization Reactions
by Near-IR Spectroscopy

Shih Ying Chang and Nam Sun Wang

Department of Chemical Engineering, University of Maryland,
College Park, MD 20742

The following overview is an investigative survey on the
feasibility of near-infrared (NIR) spectroscopy as an on-line
process analytical technique for control and optimization. The
review focuses on current developments in the field of
polymerization monitoring. A brief background description on
instrumentation and methods of data analysis leads to suggestions
for further investigation. After NIR’s introduction in the early
1950s, it remained unnoticed by polymer chemists and engineers
through the 1960s and 1970s. NIR recaptured chemical engineers’
attention in the late 1980s for two major reasons: (1) the
development of advanced optical fiber materials and solid state
detectors and (2) the incorporation of recent progress on
multivariate data analysis algorithms. A review of the current
trends in reactor monitoring strategies comprises the last
section.

NIR spectra, like the mid-infrared spectra, are the result of light absorption by certain
chemical bonds in molecules. In the NIR region of the spectrum, which covers the range
from 780 nm (12,820 cm-!) to 2500 nm (4,000 cm-1), the absorption bands are the
result of overtones or combinations originating in the fundamental mid-infrared region
of the spectrum (4,000~600 cm-!). Because of energy considerations, the majority of
the overtone peaks seen in the NIR region arise from the R-H stretching modes with the
fundamental vibrations located around 3000 cm-! (O-H, C-H, N-H, S-H, etc.). Other
fundamental vibrations manifest in the NIR region only as higher-order overtones that
are generally too weak to provide useful analytical information. Another characteristic
of NIR spectra is the large number of overlapping bands. For a given molecule, many
active overtone and combination bands are typically present in a narrow NIR region
and force the peaks to overlap significantly.

Because of the aforementioned weak absorptivity and highly overlapping peaks in
the NIR region, NIR analysis, in comparison to its mid-IR counterpart, was largely

0097—-6156/95/0598—0147812.00/0
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neglected by spectroscopists before the 1960’s. After the 1960’s, as NIR spectroscopy
was emerging as a rapid, nondestructive method in the agricultural field, relatively
few investigations in NIR applications dealt with polymers. Probable reasons for the
lack of interest included difficulties in resolving overlapping bands and complex band
assignments in the NIR region and the establishment of mid-IR spectroscopy as a
standard and reliable polymer analysis technique.

Currently, agricultural analyses comprise the majority of established NIR applica-
tions. Other applications are found in pharmaceutical, biomedical, textile, and petro-
chemical industries. For a pertinent review, some references are available (1-6).

INSTRUMENTATION AND DATA ANALYSIS

NIR Instrumentation

Recent advances in NIR instrumentation have undoubtedly contributed to its increased
use in quality analysis and process monitoring. Since the first NIR spectrophotometer
of Dickey-John and Neotec in 1971, tremendous progress has been made in several
aspects of instrument design towards a high signal-to-noise ratio and a stable spectral
measurement. Improved design features include better optical configuration, faster
scan rate, superior detector, implementation of sample averaging, and simplified sample
presentation. These features are summarized in Table I (7).

Figure 1 displays the primary building blocks of a typical NIR spectrophotometer. It
is a predispersive, single monochromator-based instrument in which light is dispersed
prior to striking the sample. It employs a tungsten-halogen lamp as the light source,
a single monochromator with a holographic diffraction grating, and an uncooled lead
sulfide (PbS) detector. Interchangeable gratings allow experimentation with different
holographic diffraction to achieve wavelengths from 400 to 2500 nm. The wavelength
resolution is approximately 1~10 nm. Both transmittance and reflectance modes are
offered in most instruments. Because of different requirements, some contemporary
spectrophotometers incorporate advanced diode array detectors, NIR emitting diode
sources, Hadamard mask exit slits, acousto-optical tunable filters (AOTF), ultrafast
spinning interference filter wheels, tunable laser sources, and interferometers with no
moving parts (7).

Modern NIR-based on-line process monitoring often benefits from advances in optical
fiber techniques. Several types of optical fibers that can efficiently transmit light
throughout the entire NIR region are presently available. As a result, remote sampling
is now feasible with an NIR spectrophotometer coupled with optical fibers. A specific
type of measurement configuration is called transflectance. In this configuration, light
travels through a relatively thin layer of sample where a reflecting surface such as a
ceramic disc or a metallic mirror forms the opposite physical boundary. After reflection,
light subsequently transmits through the sample back toward the detector. This type of
measurement is generally suitable for liquid samples or slurries.

Spectral Pretreatment

In the measurement process, a spectrophotometer records as raw data the fraction of the
transmitted or reflected energy of the sample. The signal level is generally referenced to

In Multidimensional Spectroscopy of Polymers; Urban, M., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch009

July 22, 2012 | http://pubs.acs.org

9. CHANG AND WANG  Near-IR Monitoring of Polymerization Reactions 149

Table I. Design characteristics of NIR instrumentation

1. Optical configurations
A. Interference filters
B. Moving diffraction grating(s)
C. Prism(s)
D. Near-infrared emitting diodes (NIR-EDs)
E. Interferometer (Michelson, etc)
E Acoustooptical tunable filters (AOTF)
G. Fixed grating
H. Diode array detector (fixed grating)
2.  Scanrate
A. Slow (60-90 sec, or longer, for full range)
B. Medium (10-60 sec for full range)
C. Fast (0.1-10 sec for full range)
3. Source
A. Infrared (Globar ,Nernst glower, Nichrome wire, tunable laser)
B. Near-infrared (tungsten-halogen monofilament, NIR-ED)
4. Detector type
A. Infrared thermal type (thermocouples, thermistors, etc)
B. Infrared photon detectors (semiconductors such as InAs, PbS, InSb)
C. Near-infrared photon detectors (such as InGaAs, Pbs, and InAs)
5. Sample averaging technique
A. Spinning or rotating cup
B. Stepwise averaging of long-path cell
C. Integrating sphere
6. Sample presentation technique
A. Noncontact reflectance (telescoping optics)
B. Near-infrared transmittance (NIRT)
C. Near-infrared reflectance (NIRR)
D. Reflectance and/or transmittance (NIRR/NIRT)
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Figure 1 Diagram of a predispersive grating spectrophotometer
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an appropriate standard. Before the calibration step, raw data may require pretreatment
to linearize the optical response or to enhance the signal-to-noise ratio. Either an
electronic device or a mathematical treatment program accomplishes the pretreatment
task. Various algorithms appear in several excellent review articles (2,8,9). Below, we
briefly summarize the main features of some common ones.

In transmission spectroscopy of homogeneous and nonscattering samples, the Beer-
Lambert law describes the theoretical relationship between concentration ¢ and ab-

sorbance A quite well (10)
cx A=log (—I) =log (T) ¢))]

where I is the light intensity measured by a spectrophotometer’s detector, and I is the
intensity of the reference signal. Together, they yield transmittance, T'. This lineariza-
tion treatment of the directly measured light intensity via logarithmic transformation is
universally accepted.

For diffuse-reflectance measurements, the most common choice of data pretreatment
is the apparent absorption defined by log(1/R). The concentration of the absorber
should closely correlate to the reflectance.

co log (%) 2)

Unlike the Beer-Lambert Law governing light transmission, the above argument lacks
theoretical rigor because the functional relationship between ¢ and log(1/R) remains
to be developed. Nevertheless, the use of the above empirical relation is popular in
practical applications.

Another widely accepted expression for the theoretical description of diffuse-
reflectance signal is the Kubelka-Munk function (K-M function) (11):

— 2

in which the ratio of an absorption coefficient, K, and a scatter coefficient, S, is given
in terms of R, where R,, is the reflectance from an infinitely thick sample. With strong
variation in the light scatter, the K-M function after scatter correction seems to perform
better than the log(1/R) transformation (12).

fR)=

The following operation based on spectral intensities at three consecutive wavelengths
(Xo» A1, and ),) generates the numerical approximation to the corresponding second-
derivative.

Y, =Y, -2V, +Y, @

By repeating the process at each wavelength with a moving window that covers three
wavelengths, a derivative spectrum results, wherein, the derivative operation eliminates
baseline shifts and helps resolve overlapping peaks. The gap width,i.e., AA=X— A1 =
A1 — Ao, may be adjusted for optimal performance.

Further references to mathematical treatments can be found in the literature (12,13)
for special sample systems, e.g., multiplicative scatter correction for a highly scattering
medium.
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Data Analysis

Progress in spectral analysis is perhaps the major reason behind improvements and
extended applications of NIR spectroscopy. Modern multivariate regression methods
play acritical role in both qualitative and quantitative spectral analyses. One can refer to
many particularly pertinent statistical textbooks for details on some common regression
methods, such as multiple linear regression (MLR) and principal component regression
(PCR) (14,15).

Partial least squares (PLS) regression is presented here as a member of the bilinear
class of regression methods. The aforementioned PCR is another popular example of
these bilinear methods. These methods are powerful and flexible approaches to multi-
variate calibration. The PLS differs from PCR in that it actively utilizes Y (dependent
variables, e.g., concentrations or material properties to be predicted) during the data
compression of X (independent variables, usually spectral intensities). By balancing
information contained in X and Y, the method reduces the impact of large, but irrelevant
X-variations in the calibration model.

A simplified PLS model consists of a regression between the scores for both the X
and Y data blocks. The model consists of two outer relations of X and Y blocks and
an inner relation that links the two data blocks. The outer relation for the X block,
which decompose the original data into k significant components (similar to PCA) is as
follows:

X=TP+E=) tp,+E )
h

where T is the score, P is the loading, and F is the residual not explained during the
decomposition process. The outer relation for the Y block is similarly constructed:

Y=UQ+F=) ug+F 6)

‘We must accurately describe Y by forcing the error term F to be as small as possible.
At the same time, we also shall establish a good correlation equation between X and Y
by regressing each component of U, the score of the Y block, against the corresponding
component of T, the score of the X block. The simplest model for such a relation is a
linear one:

u, = byt )

where b, = u,t,/t,t, is simply the coefficients from 1-dimensional least squares regres-
sion.

Various models of PLS have been developed since its inception in 1975 by Herman
Wold as a practical solution to concrete data-analytic problems in econometric and social
sciences (16). During the late seventies, S. Wold and H. Martens’ groups pioneered the
PLS method for chemical applications. The PLS model described above is basically
the algorithm published by Geladi and Kowalski in 1986 (17).

Finally, there is significant progress in specialized algorithms for tackling nonlinear
systems. These include the locally weighted regression (18), nonlinear PLS models
(19,20), and neural networks (21). In an attempt to assign NIR absorbance to specific
contributing bonds or functional groups, several researchers have recently studied the
cross-correlation of two different spectroscopic methods, e.g., NIR-Raman (22) or NIR-
IR (23). Furthermore, new studies investigate the potential of NIR image analysis for
classification (Y. R. Chen, USDA-ISL, personal communication, 1994).
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POLYMER CHARACTERIZATION

Material Characterization

NIR is a newly emerging method of characterizing polymer materials. Earlier appli-
cations include unsaturation content determination (24), ethylene/propylene ratio mea-
surement for ethylene-propylene elastomers (25,26), monomer residue in poly(methyl
methacrylate) (27), and hydroxyl number determination (28). Recent applications in-
clude polyurethane (29-31), high density and low density polyethylene (32), polyethy-
lene tetraphthlate and polycarbonate (33), and epoxy resins (34). A couple of review
articles (9,35) contain details pertaining to this field of application.

Polymerization Monitoring

A long-recognized weak link in the polymer reactor control scheme is undoubtedly
on-line instrumentation. Since feedback control of the polymer quality is not possible
without some form of on-line polymer characterization/monitoring, there have been
numerous attempts to achieve it. Such attempts utilize the material’s various chemi-
cal/physical properties: densitometry (36-39), refraction and dielectric constants (40),
light scattering and turbidity (41), Raman and light scattering (42-44), and fluorescence
(45). Various unresolved problems such as sampling loop clogging, measurement
delay, and limited number of monitored variables continue to challenge researchers.
Some estimation methods, like Kalman filter, have been applied to solve the problem
of unavailable or delayed measurements (46,47); however, the lack of adequate ki-
netic models with valid kinetic parameters and the limited filter observability remain
problematic. Reference (48) addresses this topic.

Until recently, there have been few reported NIR applications on polymerization
monitoring. Powell et al. (49) followed the bulk polymerization of styrene in a 2.54 cm
pathlength cell and noted an increase in the transmission at 1211 nm as the reaction
proceeded. Significant work by Miller and Willis dealt with the composition ratio in
butadiene/styrene copolymers and the determination of methyl methacrylate monomer
residue in its polymer counterparts (27). Without presenting quantitative results, they
also entertained the possibility of following methyl methacrylate reaction and measuring
the molecular weight of polyethylene oxide. Crandall et al. (50) reported monitoring the
imidization reactions involving a series of polyimides following an amide band around
2300 nm and an amine band around 1950 nm. Crandall and Jagtap (51) tabulated the
absorption bands for the most common step-reaction polymers. Pomerantseva et al.
(52) recently monitored various copolymerizations of olefins. Based on the terminal
epoxide C-H band around 2207 nm, Qaderi et al. (53) followed the second-order curing
reaction of epoxy in the presence of amine and acid groups, as well as solvent and other
species. Most reports successfully demonstrated feasibility for monitoring reactions
with NIR; however, there is room for more vigorous quantitative treatments.

MODERN APPLICATIONS

This section reviews the latest applications of NIR to polymerization studies over the
last decade. We will compare the methods of collecting NIR spectra and the algorithms
of quantifying the reaction contents.
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The renaissance of NIR in polymerization reaction monitoring and control appli-
cations began with Buback’s group in the kinetic study of ethylene polymerization
(54-56). In his study of thermal, laser, and chemically initiated high-pressure and high-
temperature ethylene polymerizations, Buback used a specially designed transmission
optical cell. The cell with two sapphire windows was machined from stainless steel for
operation up to 350°C and 3300 bar. The optical pathlength was approximately 12 mm.
The temperature variation within one polymerization experiment was less than 0.5°C.
The reaction vessel was removed from the irradiation assembly and introduced into the
spectrophotometer before NIR or UV spectra were recorded.

A typical NIR spectrum is shown in Figure 2. The peaks around 1115 nm (8960 cm™1)
and 1144 nm (8730 cm-1), which were attributed to C-H stretching of monomeric ethy-
lene, decreased over the course of polymerization, while the formation of polyethylene
was responsible for the increase in the 1211 nm (8260 cm-!) peak. Another set of
peaks around 1629 nm and 1761 nm were used as well, the latter region being the first
overtone of C-H stretching. Ethylene concentration was determined from the integrated
absorbance of the short wavelength half-band, which is defined as:

/ AO)dA=Cp -1 - / €NA=C;-1-By ®)

where A()) is the absorbance at wavelength ), C; is the ethylene concentration, ! is
the optical pathlength, and By is the so called half-band molar integrated intensity.

Because the empirical constant By had to be determined in separate experiments, the

absolute accuracy of the ethylene concentration, Cg, thus determined was estimated
to be £3%. Another significant contribution of Buback’s work was the possibility
of obtaining structural information about polyethylene from the difference between
consecutive absorbance measurements AA. The component around 1190 nm, which
was assigned to methyl groups, indicates the formation of polymer materials either with
a lower molecular weight or with a higher degree of short chain branching.

Laurent et al. at British Petroleumn Chemicals patented a process of NIR reaction
monitoring (57). Primarily aimed at polyolefins, this invention covered extending an
FTIR spectrophotometer to operate in the 1100~2500 nm NIR range and an appropriate
sampling loop to separate samples from the reaction mixture. They recorded absorbance
at 2~20 separate wavelengths and correlated the measured signal to polymer properties
with multivariate regression. Transmission, reflection, and a combination thereof were
listed in the patent as optional measurement methods. Laurent et al. - suggested that
polymer properties, including composition, density, viscosity, and molecular weight,
might be successfully analyzed by the apparatus.

Aldridge et al. reported the use of short-wavelength NIR to monitor bulk poly-
merization of methyl methacrylate (58). A special sample cell with a retroreflective
array, much like that used in traffic signs, was constructed to reduce the lensing effect
caused by considerable changes in the refractive index during polymerization. The cell
consisted of a microassembly of corner cube reflectors that broke the incident light
beams into an array of subbeams. Being able to cajole the subbeams to travel through
the sample by traversing exactly the same path backward, this device counteracted the
beam-bending effect caused by local variations in the refractive index. With the distor-
tion largely eliminated, the spectra were treated with a second derivative transformation
and referenced to the initial monomer spectrum. Figure 3 illustrates second deriva-
tive difference spectra that were obtained by subtracting the initial second derivative
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Figure 2 Near-infrared absorbance of a laser-induced high-pressure
ethylene polymerization. (Reproduced with permission from ref. 54.
Copyright 1986, Hiithig & Wepf Verlag.)
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Figure 3 NIR second-derivative spectra of methyl methacrylate bulk
polymerization using a photodiode array spectrophotometer. (Reproduced from
ref. 58. Copyright 1994 American Chemical Society.)
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spectrum from all the remaining spectra. Two intensities at 868 nm and 922 nm were
selected to build up a multilinear regression model.

Gossen et al. applied UV-Visible and NIR spectroscopy to analyze a copolymer
latex system of styrene and methyl methacrylate (59). For experimental tractability,
they designed the latex batches to achieve variations in particle sizes, polymer fractions
with either high or low molecular weight, and different copolymer ratios. Allowing
the reagents to convert completely (i.e., 100% conversion), they were able to follow
emulsion polymerization from pre-designed input charges and simplify the characteri-
zation of the latex products. The NIR spectra were obtained with an optical fiber probe
that was directly immersed in the samples. The probe had a reflective mirror tip and
a 3 mm gap, which effectively yielded a 6 mm pathlength. They recorded absorbance
spectra and employed principal component analysis to group the spectra into an initial
stage and a final stage along the reaction trajectory. Absorbance readings in the entire
UV-Vis and NIR regions were used to develop separate PLS calibration models for
each reaction stage. Difficulties in eliminating the interference from scattering latex
particles led to relatively poor performance during the final stage compared to the good
predictions achieved during the initial reaction stage.

Long et al. utilized a fiber optical probe in the range 1000~2500 nm to monitor
in real-time the reaction kinetics of anionic polymerization of styrene and isoprene in
polar and nonpolar solvents (60). The probe tip was equipped with a rhodium reflective
surface that provided a pathlength of approximately 1 cm. They assigned the absorp-
tion peak of two pairs of vinyl carbon-hydrogen bonds at 1624 nm. In the absence
of independent experiments, this assignment is probably based on comparison with
the literature. A semilog plot of peak absorbance at this wavelength versus reaction
time confirmed the reaction rate to be first-order. They did not disclose the details
on concentration determination. They also monitored copolymerization reaction with
NIR; however, a time plot of peak absorbance, rather than concentration, reflected their
difficulties in quantitative determination. They emphasized that the successful appli-
cation of on-line spectroscopic polymerization monitoring required clear separation of
the absorbance bands of the monomer, polymer, and solvent. This requirement, though
preferable, seems unrealistic, especially in view of the highly overlapping NIR spectra
and the complex environment in which industrial polymerization normally proceeds.
Nevertheless, methods of modern multivariate analysis can successfully tackle this
problem.

Finally, through several studies in the authors’ own laboratory, we have successfully
demonstrated the feasibility of NIR as an on-line process analyzer for polymerization.
In two types of batch solution polymerizations, namely methyl methacrylate in ethyl
acetate and styrene in toluene, we were able to predict simultaneously the concentrations
of the monomer and its polymer counterpart based on NIR spectra taken with a 1 mm
transmission optical cell (61). In one study, samples were taken out from the reactor
periodically and were measured by NIR and referenced to independent gravimetry
methods. Figures 4 and 5 show the difference spectra for methyl methacrylate and
styrene polymerization reactions, respectively, obtained by subtracting out the pure
solvent spectrum under the same conditions during the course of reaction.

The method of partial least squares was numerically applied to spectral deconvolu-
tion. Compared to the classical least-squares regression methods, PLS has the following
advantages: (1) the problems of absorption peak broadening and shifting resulting from
changes in the sample compostition (unrelated to instrumentation drift/malfunction)
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can be addressed; (2) redundant but relevant absorbance readings help reduce over-
all measurement errors. The C-H stretching of methylene and vinyl carbon bonds at
1670~1770 nm and the combination bands of C-H at 2100~2300 nm yielded the best
model. The prediction accuracies during the two polymerization processes, in terms of
the relative mean squared errors based on independent primary off-line measurements,
were 95% and 98% for methyl methacrylate and poly(methyl methacrylate), respec-
tively; and 94% and 87% for styrene and polystyrene, respectively. The scatter plots
of Figures 6 and 7 illustrate the prediction accuracies. Other runs resulted in similar
error levels; thus, the calibration model seemed quite stable. Alternatively, a PLS
model was built from data taken in a previous run and subsequently predicted another
run conducted under the same set of conditions. It gave conversion predictions that
were as accurate as those from a PLS model calibrated with completely independent
measurements.

Further investigations into the characteristics of the spectra showed that a highly
linear relationship between absorbance and concentration generally led to a reliable
PLS model. We found high linearity between the raw spectra and the PLS components
in the selected regions around 1700 nm and 2200 nm. In addition, absorbance in these
two spectral regions also exhibits much sensitivity to concentration variation. Linearity
and sensitivity together form the foundation of a successful PLS calibration model.

In another one of our polymerization studies, we collected spectra with a fiber op-
tical probe inserted directly into the reaction media. Figure 8 shows the setup for this
on-line measurement. NIR served not so much as an analytical instrument for polymer
characterization but as an on-line process analyzer for process control and optimization.
This approach demands speed, accuracy, and reliability. From the operational stand
point, we prefer a sensor system without a sampling loop, as most polymerization media
are highly viscous. Spectra were taken every 5~10 minutes during the polymerization
reaction. We developed a method of temperature compensation to account for the dif-
ference in temperature between the on-line reaction samples and calibration samples. In
addition, we formulated a weighting algorithm that automatically selected the optimum
spectral regions to build up a calibration model. Figure 9, which shows satisfactory
prediction of various methyl methacrylate polymerizations, confirms the feasibility of
the method. Applications to heterogeneous reaction systems are in progress.

Using a similar probe configuration, DeThomas et al. (62) also collected spectra
directly from the processes media. They attached an optical probe (1 cm pathlength) to
the process stream of a polyurethane reactor and monitored the isocyanate concentration.
They formulated a correlation equation based on only one second-derivative absorbance
at 1648 nm and reported good prediction results.

CONCLUSIONS

Through NIR spectroscopy and appropriate spectral analysis, rugged and fast on-line
polymerization monitoring can provide chemical information in-situ. This real-time
information helps an engineer control and optimize a polymerization process. The
benefits of NIR spectroscopy include increased manufacturing yield, better product
quality control, and greater savings. Various examples cited in this article firmly
support the notion that NIR is an excellent on-line analyzer for the polymer industry.
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Figure 6 NIR measurement of MMA conversion during polymerization
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Chapter 10

UV—Visible Spectroscopy To Determine Free-
Volume Distributions During Multifunctional
Monomer Polymerizations

Kristi S. Anseth, Teri A. Walker, and Christopher N. Bowman

Department of Chemical Engineering, University of Colorado,
Boulder, CO 80309—0424

Efforts have focused on developing a spectroscopic technique to
characterize the microstructural heterogeneity and free volume
distribution during the polymerization of multifunctional monomers.
The technique uses UV-Vis spectroscopy to monitor the trans to cis
conformational changes in photochromic probes. Since the
absorbance spectra of the two conformations are significantly
different, UV-Vis spectroscopy can be used to monitor the
isomerization rate of the probe by measuring the absorbance at certain
wavelengths. The photoinduced forward isomerization of the
photochromic probe is a sensitive measure of the local microstructure
and free volume. Therefore, this experimental technique which
combines UV-Vis spectroscopy and photochromic probes provides a
method to monitor the free volume distributions in situ during the
polymerization. The analysis has been discussed in detail, and results
are presented for a series of multiethylene glycol dimethacrylate
polymerizations. The photochromic probes studied were azobenzene,
m-azotoluene, stilbene, and 4,4'-diphenylstilbene.

This work develops a technique using UV-Visible (UV-Vis) spectroscopy to
characterize the microstructural evolution and volume distributions of a polymer
network by examining trans to cis conformational changes in photochromic probes
during the polymerization. Since the absorbance spectra of the two probe
conformations are substantially different, UV-Vis spectroscopy can be used to
monitor the isomerization rate of the probe by measuring the absorbance at certain
wavelengths. The photoinduced forward reaction of photochromic probes (trans to
cis isomerization) has been found to be a sensitive measure of the local free volume
and microstructure and has been used to establish volume distributions by others
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studying physical aging in linear polymer systems (/-7). Unlike the previous
studies, this experimental technique provides a method for monitoring the free
volume distributions in situ during the polymerization by monitoring the absorbance
changes of the probe with a UV-Vis spectrophotometer while simultaneously
photopolymerizing the system (8).

Photopolymerizations have been extensively used in the coatings industry to
rapidly cure liquid, multifunctional monomers (typically diacrylates) at room
temperature into highly crosslinked, polymer networks. Other commercial
applications for light induced polymerizations include dental restorative materials,
aspherical lenses , and optical fiber coatings (9-1/). Depending on the structure and
functionality of the monomer as well as the reaction conditions, the crosslinking
density and the microstructure of the system will vary. This crosslinking density and
local microstructure of the polymer control many of the macroscopic material
properties, such as the dimensional and thermal stability and the swelling (or
resistance to swelling) of the polymer. Thus, it is important to develop techniques to
characterize the structural evolution of the polymer and to determine the effects of
reaction conditions and monomer type on this evolution. These formation-structure
relationships provide insight into many of the macroscopic properties of the network.

While the macroscopic properties of the polymer are strongly dependent on the
microstructure of the network, the polymerization behavior of multifunctional
monomers is extremely complex, and the resulting network structures are very
difficult to characterize either experimentally or theoretically. The primary reason
for this difficulty is the structural heterogeneity that develops (9). The
inhomogeneities that occur during the polymerization of multifunctional monomers
are microgels of highly crosslinked material formed within regions of a much lower
crosslinking density (/2-14). The heterogeneity results from unequal reactivity of
functional groups in the reaction medium. In general, this reactivity is not only
unequal, but changes with conversion in the system. As the reaction begins, the high
concentration of pendant double bonds in the vicinity of the active radical leads to
their higher reactivity. This higher reactivity produces increased crosslinking and
cyclization and the formation of the microgel regions.

Near the end of the reaction, the pendant double bonds lose their enhanced
reactivity as the unreacted pendant bonds (formed earlier in the reaction) are shielded
from the active radicals by the already formed polymer network. Then, the relative
reactivity of the monomeric double bonds increases. Kinetic gelation simulation
results (/5,16) indicate that pendant double bonds can be up to 50 times more
reactive than monomeric double bonds early in the reaction because of their
proximity to the radical location. This enhanced reactivity leads to the formation of
microgel regions which can significantly decrease the mechanical properties of the
polymer network when compared to a homogeneous network. Hence, controlling
the reaction conditions that minimize the heterogeneity in the polymer network
structure will greatly enhance the ability to improve and predict the final network
properties.

As a result of the inhomogeneous nature of the polymerizations of
multifunctional monomers, a free volume distribution develops in the polymer
network. Therefore, many of the free volume based theories for linear
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polymerizations that assume a homogeneous distribution of free volume throughout
the system do not accurately describe or predict the free volume in crosslinking
polymerizations. Since the reaction behavior and the material properties are strongly
influenced and controlled by the local free volume, it is desirable to develop
techniques to measure and quantify the local free volume distribution.

Electron spin resonance spectroscopy (ESR) (/7,18), positron annihilation
lifetime spectroscopy (PALS) (/9-21), and x-ray scattering (SAXS and WAXS)
(22,23) have all been used to study the microstructure and volume distributions in
polymers. While these techniques have been successfully used in studying effects
such as aging on the polymer microstructure, the time scale of these experimental
techniques makes them improbable for studying the microstructural evolution during
a photopolymerization. For example, PALS experimental accumulation times range
from several hours to days, while a photopolymerization is complete in seconds.

Alternatively, Torkelson and coworkers (/-4) have developed a technique based
on photochromic probes which quantifies volume distributions during physical aging
in linear polymer systems. Some of the first studies of photochromic probes in
polymer systems were done by Gardlund (24) and Gegiou et al. (25) in the late
1960's. In particular, Gegiou (25) reported a dependence on the amount of cis
isomer at the photostationary state related to the polymer viscosity. It was suggested
that for the probe to isomerize, the local environment around the probe must have
enough mobility, or alternatively, a minimum volume. Since these early studies,
several researchers have investigated the isomerization process of photochromic
probes in polymer systems. Several studies have focused on the thermal back
reaction (cis to trans isomerization) as well as the photoinduced forward reaction
(trans to cis isomerization). In general, it appears that the photoinduced forward
reaction is more easily interpreted and related to the behavior of the polymer than the
thermal back reaction.

Sung and coworkers (5-7,26,27) have studied the trans to cis isomerization of
azo-probes and azo-labeled polymers in solution, as well as in the rubbery and glassy
state. In solution, they found the isomerization to exhibit first order kinetics, but in
the rubbery or glassy state, the isomerization was described by the sum of two first
order processes. The first process exhibited a characteristically fast isomerization of
the probe in the liquid-like environment, and the second process was a slow
isomerization dependent on the local viscosity. They found the first order decay
constant for the slow isomerization to be nearly 100 times smaller than the decay
constant for the fast isomerization. Sung and coworkers (5-7,26,27) also studied the
mobility of chain ends, side chains, and backbone polymer by site-specific labeling
with azobenzene chromophores. Horie ef al. (28) and Mita e? al. (29) developed a
kinetic based model for the isomerization process based on three different
environments in the polymer. The three environments were identified as follows:
liquid-like allowing isomerization as easily as in solution, isomerization controlled
by the polymer mobility, and no isomerization. They also found a dependence of the
probe size on the mobility or ability of the probe to isomerize in the polymer.
Torkelson and coworkers (/-4) have greatly expanded on this work by incorporating
several probes into different linear polymer systems (e.g. polystyrene, polycarbonate,
poly(methyl methacrylate)). Furthermore, they quantified the minimum critical
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volume required by the probes to isomerize. By monitoring the trans to cis
photoisomerization process, they also found the extent of isomerization to depend
on the size of the probe. Additionally, they studied the effects of physical aging on
the mobility of the probe and the cumulative volume distribution of the polymer.
Interestingly, the volume distributions obtained by Torkelson through the
photochromic technique were found to have a similar shape when compared to those
obtained by PALS (79).

Expanding on the previously described techniques, we have used photochromic
probes to study the microstructure and volume distributions during a polymerization
(8. In particular, this work uses UV-Vis spectroscopy coupled with a series of
photochromic probes to establish free volume distributions during
photopolymerizations. This technique allows the determination of the degree of
heterogeneity and the free volume distribution as a function of polymerization
conditions, e.g. temperature, number of double bonds, initiation rate, monomer
properties and polymerization time. Because of the known heterogeneous nature of
polymerizations of multifunctional monomers (9,12-14), i.e. monomers with
multiple double bonds per monomer, our research has focused on using this
technique to characterize free volume distributions in these polymerizations.

Experimental

A series of multiethylene glycol dimethacrylate monomers was chosen for this study:
ethylene glycol dimethacrylate (EGDMA), diethylene glycol dimethacrylate
(DEGDMA), triethylene glycol dimethacrylate (TEGDMA), poly (ethylene glycol
200) dimethacrylate (PEG(200)DMA), and poly (ethylene glycol 600)
dimethacrylate (PEG(600)DMA) (Polysciences Inc., Warrington, PA). All
monomers were used as received. Polymerizations were initiated with the
photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA; Ciba Geigy,
Hawthorn, NY). The photochromic probes chosen for these studies were azobenzene
(AB; Aldrich, Milwaukee, WI), m-azotoluene (AT; ICN Biomedical Inc., Aurora,
OH), stilbene (SB; Aldrich, Milwaukee, WI), and 4,4'-diphenylstilbene (DPS;
Aldrich, Milwaukee, WI). Torkelson and coworkers (/-4) have previously
calculated the critical volume required for the isomerization of these probes.
Azobenzene, m-azotoluene, stilbene, and 4,4'-diphenylstilbene require a minimum of
127A3, 202;«3, 224A3, and 575A3 to isomerize, respectively.

By choosing to study the multiethylene glycol dimethacrylate monomer series,
the effects of crosslinking density and monomer mobility on the microstructural
evolution of the network was studied. By changing the number of ethylene glycol
units between the methacrylate double bonds, the concentration of double bonds in
the system as well as the relative reactivity of the pendant functional group changes.
This reactivity of the pendant functional group will strongly influence the formation
of microgels in the network. In addition to the effects of monomer type on the
polymer structure, the effects of double bond conversion and rate of polymerization
were also studied. The rate of polymerization can be controlled by such parameters
as the initiator concentration, temperature, and light intensity.
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Samples were prepared by dissolving 0.1 wt% of a given photochromic probe
and 1.0 wt% DMPA in each monomer. To prepare thin films of the liquid mixture
for analysis, a cover slip was mounted on a quartz microscope slide with a tape
spacer (approximately 30 um) between the two. The monomer mixture was drawn
by capillary action between the slide and the cover slip creating a thin film. This
slide was then place in a temperature controlling device that circulated a reservoir of
water behind the slide. The reservoir was sealed on one side by the microscope slide
and on the opposite side by a quartz window, providing a path for the UV-Vis beam
to pass through the sample.

The thin film of monomer-probe-initiator was then cured using a 365 nm 6 W
UV light source (Cole-Parmer, Chicago, IL). The UV light also served to induce the
trans to cis conformational changes in the photochromic probes. The polymerization
was performed in the UV-Vis spectrophotometer where the absorbance was
monitored in situ during the polymerization. Thus, the absorbance in the
polymerizing system as a function of time was obtained. In addition to this curve,
the absorbance of the probe as a function of time in a monomer system, without
polymerization but with isomerization, was measured. This measurement was
obtained by dissolving the probe in the appropriate monomer without initiator and
exposing the system to the UV light to monitor the isomerization. The wavelength
that was monitored was chosen near the peak absorbance of the trans isomer (320 nm
for AB, 324 nm for AT, 308 nm for SB, and 340 nm for PS). These two curves
provide the information required to determine the fraction of probe that is mobile as
a function of polymerization time. When identical experiments are repeated, the
fraction of mobile probes is generally reproduced within one percent at short times
but may deviate by up to several percent as the isomerization time increases. The
increased error results from the inherent difficulties in calculating the slope of the
nonpolymerizing system as the slope approaches zero.

To determine the probe mobility as a function of conversion, the polymerization
was monitored with a differential scanning calorimeter with a photocalorimetric
accessory (Perkin-Elmer DSC-DPA 7; Norwalk, CT) under identical reaction
conditions (temperature and light intensity). From the rate profiles, the double bond
conversion as a function of polymerization time was determined. The theoretical
heat evolved per methacrylate double bond was taken as 13.1 kcal/mol (30-32).

Analysis

Establishing a free volume distribution within a polymerizing sample is dependent
on determining the state of a given photochromic probe molecule. The four possible
states for any given photochromic probe are the trans and mobile (or free) state, the
trans and immobile (or bound) state, the cis and mobile state, and the cis and
immobile state. Here, mobile refers to a molecule surrounded by a local volume that
is greater than the volume the molecule requires to isomerize. A molecule is
considered immobile when the local volume is smaller than this critical volume to
isomerize and the probe becomes locked in a single conformation.

The probe molecule may undergo any of the following reactions during the
polymerization;
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Here, t represents the trans state, ¢ represents the cis state, f refers to the free or
mobile state, and b is the bound or immobile state. If all the probes molecules are
mobile in the liquid monomer, then reactions 2 and 3 would not exist in the absence
of polymerization. During polymerization, all of the probe reactions 1-3 are
occurring in parallel with the polymerization reaction.

For a monomer system (i.e., a system containing only monomer and probe but
no initiator), the transformation of a probe molecule from the trans to the cis state
may be monitored by UV-Vis spectroscopy by measuring the system absorbance as a
function of time. The system is exposed to the curing light in the absence of initiator
(no polymerization occurs), and the rate of trans to cis isomerization is monitored at
a wavelength for which the probe has a high absorbance. The absorbance of the
probe in the monomer state is then related to the trans and cis concentrations by

A,.-sﬁf+8¢kf (4)

Here, € is the molar absorption coefficient of the respective state, 1 is the sample
thickness, m refers to the monomer system, and A is the absorbance.

In a polymerizing sample, a similar equation exists for the absorbance as a
function of the state of the probe molecule. In a polymerizing system not all of the
probe molecules are mobile, and the fraction of probe that is mobile changes with
polymerization time (or conversion). Thus,

A‘, - e,l(tf +ip) + e}(cf +cp)+A; 5)

where p refers to the polymer system and A; is the absorbance of the photoinitiator.
The initiator absorbance as a function of the polymerization time was measured by
polymerizing a sample without the photochromic probe. This absorbance was then
subtracted from the absorbance of the polymerizing probe system to isolate the
effects of the probe conformations on the polymer absorbance. Generally, Aj was
not significant above 300 nm for the photoinitiator concentrations used.

Assuming first order reactions for the first three equations, the differential
balances on each probe state may be written for a monomer and a polymerizing
system. For the polymerizing system, the kinetic constants in equation 1 were
assumed to be independent of double bond conversion in the sample. This
assumption will be addressed in the following paragraph. From physical principles,
the kinetic constants for equations 2 and 3 should be the same and represent the rate
of conversion of any mobile state to a bound state. Now, defining a variable z which
is the fraction of probe molecules that are mobile
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where the total concentration of the probe in the sample is [P]. Then,

dlnz

P Y

The above analysis reduces to a system of 8 equations and 8 unknowns: tg, c, tp, Cb,
ki, k2, k3, and z; however, a simple, analytical solution for z in terms of
experimentally measured quantities provides that

‘m aAE /ot ®
Am | )y constant

To address the assumption that the free probes in a polymerizing sample will
behave as those in a monomer sample (i.e. k; and k> are not functions of conversion
in the sample), a series of experiments were conducted. Samples were prepared by
dissolving 0.1 wt% photochromic probe and 1.0 wt% thermal initiator in a monomer.
Samples were thermally cured for 0 minutes, 10 minutes, 30 minutes, and 8 hours.
Thermally curing the sample insured that the probe remained in the trans state until
UV-Vis analysis, and the complication of simultaneous polymerization and
isomerization present in photopolymerizations was eliminated. The absorbance
versus time was monitored for each sample (i.e., the probe isomerization rate was
monitored at different polymerizations times or double bond conversions).
Assuming first order kinetics of the isomerization, the decay time of the probe in
each sample was independent of conversion (less than 1% variation in the decay time
for samples polymerized different times).

This conclusion might appear contrary to the earlier works of Sung and
coworkers (5-7,26,27), Horie et al. (28), and Mita (29) et al. , but not if the time
scale of our experiments is considered. Essentially, we are monitoring and
distinguishing between the probe molecules that are in a liquid-like environment
from those that are in a region of restricted mobility. We do not distinguish between
probe molecules that have completely restricted motion and those that isomerize
dependent on the polymer mobility. This second type of molecule is considered
immobile during the time scale of our experiments (typically less than 5 minutes).

Results and Discussion

Figure 1 shows typical experimental results for the absorbance versus time in
systems with and without photoinitiator. The absorbance is measured at the
wavelength corresponding to the peak absorbance of the trans probe in all of the
following time dependent experiments. At low reaction times the conversion in the
polymerizing sample is close to zero, so the probes are freely mobile in both the
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monomer and polymerizing sample. Therefore, early in the reaction the slopes for
each curve are equal, and z is one (equation 8). With continued UV exposure, the
polymerization begins to autoaccelerate and conversion increases. As conversion
increases, some probe molecules become locked in the trans state which leads to a
higher absorbance in the polymerizing system. Finally, when the polymerization is
complete (after 300s in Figure 1), the slope of the polymer curve reduces to the same
exponential decay as the slope of the monomer curve, but the polymerizing sample
has a different preexponential factor which accounts for the trapped probe molecules.
Thus, z, which is a ratio of the two slopes, reduces to a constant value that represents
the fraction of probe molecules that remain mobile in the polymer system.

In Figure 2, the absorbance spectrum of the probe stilbene is plotted as a
function of wavelength. Three curves are drawn which represent the absorbance of
the probe in a monomer system before isomerization, the absorbance of the probe in
an unpolymerized system isomerized for 10 min., and the absorbance of the probe in
a system polymerized and isomerized for 10 minutes. Comparing equal
isomerization times in the monomer and polymerized sample, it is clear that a
significant amount of probe is locked in the trans state in the polymerized sample.
The higher absorbance in the polymerized sample is indicative of the higher
concentration of trans probe (which is immobile) in the polymer.

To determine the fraction of probe that is mobile in a system that remains the
same throughout the isomerization (e.g. a preformed polymer), the extent of
isomerization in the polymer system and a fully mobile system (e.g. a monomer or
solvent) must be known. In both of these systems, the extent of isomerization is
calculated by

1- A
Y-_.;A::'_a'ﬂ. ©)
1- ClS
€trans

where A is the absorbance at the photostationary state in the system (e.g., fully
mobile or polymer), Aans is the absorbance of the trans probe before isomerization,
and ecjs and eqrans are the molar extinction coefficients at the wavelength that the
absorbances were measured. The fraction of mobile probe is the extent of
isomerization in the polymer system divided by the extent of isomerization in the
fully mobile system.

This analysis can be applied to thermal polymerization (where isomerization is
not coupled with polymerization), but is not applicable to photopolymerizations.
The disadvantage of this method in studying the photochromic probe mobility during
a polymerization is that several separate experiments are required. Several samples
must be polymerized to different conversions, the polymerization quenched, and the
probe subsequently isomerized. From each sample, z is determined for a single
conversion. In contrast to this technique, we photopolymerize and isomerize the
sample simultaneously. By monitoring the absorbance with time, we are then able to
determine z as a continuous function of conversion with a single experiment.
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Figure 1. A typical absorbance versus time curves for a monomer system and a
polymerizing system.
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Figure 2. Absorbance of stilbene versus wavelength in (a) an unpolymerized
system before isomerization, (b) a system polymerized and isomerized for 10
minutes, and (c) an unpolymerized system after 10 minutes of isomerization.
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In Figure 3, z is plotted as a function of double bond conversion for AB, SB,
AT, and DPS during the polymerization of DEGDMA at 25°C with 1 wt% 1651 and
365 nm UV light at an intensity of 0.2 mW/cm2. Even at low conversion, the
fraction of probe molecules that are mobile is decreasing for all the probes. A
plausible explanation for this decrease at such low conversions is that some probe
molecules are trapped in the microgel regions. Recall that microgels are regions of a
much higher crosslinking density and lower free volume as compared to the
macroscopic system. As the polymerization continues and conversion increases, the
average free volume of the entire system decreases, and an increasing number of
probe molecules become trapped. The result is a more rapid decrease in z with
increasing conversion. Finally, the free volume in the system becomes so low that
the mobility of the reacting specie limits further polymerization, and maximum
attainable double bond conversions are reached (33-35).

When the fraction of mobile probes in AB, AT, SB, and DPS is compared for a
given double bond conversion, AB is the most mobile at all conversion followed by
AT, SB, and DPS, respectively. The final fraction of mobile probe in the polymer
structure is 0.75 for AB, 0.57 for AT, 0.46 for SB, and 0.10 for PS. This mobility is
related to the critical volume (i.e., the minimum volume required) for each probe to
isomerize which is 127 A3 for AB, 202 A3 for AT, 224 A3 for SB, and 575 A3 for
DPS. By incorporating several probes that require different free volumes to
isomerize, the volume distribution in the polymerizing sample as a function of
conversion may be determined as discussed in detail later.

In addition to studying the effect of critical isomerization volume on the probe
mobility in the polymer, the effect of polymerization temperature on this mobility
was studied. Figure 4 provides z as a function of conversion for AB and SB during
the photopolymerization of DEGDMA at 25°C and at 40°C while the light intensity
and initiator concentration remained constant at 0.20 mW/cm2 and 1.0 wt%,
respectively. As the temperature of the system was increased, the average free
volume and mobility in the system increased. These effects were seen as the mobile
fraction of both AB and SB increased with higher temperature at all conversions.

In this temperature range, the increase in mobile probe fraction for SB was
much greater than the increase for AB. The small critical free volume required for
AB to isomerize might suggest that these molecules become immobile primarily in
the densely crosslinked microgel regions. Thus, increasing the temperature from 25
to 40°C has little effect on the free volume and mobility in these regions. At much
higher double bond conversions when the average free volume of the system is
greatly reduced, a slight increase in the mobility of the AB probe is seen where some
probe might be locked in the macroscopic network (e.g. in the interstitial regions
between the microgels). In contrast, the increase in z for SB is observably greater as.
early as 10% conversion. One possible explanation for this observation is the larger
critical free volume required for SB to isomerize. At a much lower double bond
conversion, SB may become immobile in the network outside the microgel regions.
The system has reached macroscopic gelation, but a significant amount of unreacted
double bonds and monomer remain. As the temperature is increased, the mobility of
the loosely crosslinked polymer (swollen in unreacted monomer) will be enhanced
much more than that in the highly crosslinked microgel regions.
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Figure 3. Fraction of probes that are mobile as a function of double bond
conversion of DEGDMA polymerized with 0.2 mW/cm2 of UV light and 1 wt%
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Figure 4. Fraction of probes that are mobile as a function of double bond
conversion of DEGDMA polymerized with 0.2 mW/cm?2 of UV light and 1 wt%
DMPA at two different temperatures. (———, 25°C), (— — —, 40°C)
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The effects of monomer size and crosslinking density on the mobility of the
probe were also studied. These results are shown in Figure 5 where z is plotted
versus conversion during the polymerization of DEGDMA, PEG(200)DMA, and
PEG(600)DMA. The polymerizations were conducted at 25°C and initiated with 1.0
wt% DMPA and 0.2 mW/cm2 of UV light. The results are shown for the SB probe.
As the number of ethylene glycol units between the dimethacrylate double bonds is
increased from 2 (DEGDMA) to ~14 (PEG(600)DMA), the average crosslinking
density is decreased and mobility in the system is increased. This effect is observed
macroscopically as PEG(600)DMA is a rubbery network after curing, while
DEGDMA is glassy.

Comparing the mobility of SB in each of these systems, z is the highest in
PEG(600)DMA, followed by PEG(200)DMA, and the lowest in DEGDMA for a
given conversion. This difference in mobility was primarily attributed to the
crosslinking density of the network. The general shape of z indicates a slower
decrease in z early in the reaction followed by a steeper decrease as higher
conversions are reached. Again, the initial decrease is attributed to trapping of probe
molecules in the microgel regions followed by further trapping in the macroscopic
network as the free volume of the system dramatically decreases with conversion.

Comparing the initial decrease from 0 to 10% conversion in these systems, the
fraction of mobile SB in DEGDMA has decreased much more than that of
PEG(200)DMA and PEG(600)DMA. If this decrease is related to the formation of
microgels in the polymer, then DEGDMA might appear to be more heterogeneous
with a greater tendency to form more highly crosslinked microgel regions than
PEG(200)DMA or PEG(600)DMA. Recall that the formation of microgels is related
to the enhanced reactivity of pendant double bonds near the vicinity of the active
radical. Therefore, if the pendant functional group reactivity of DEGDMA is
considerably greater than that of PEG(600)DMA , the tendency to form microgels in
DEGDMA will be correspondingly greater, and the system will have a higher degree
of heterogeneity.

The preceding discussions have considered the effects of double bond
conversion, polymerization conditions, and crosslinking density of the polymer
network on the mobility of the probe molecules. Once the mobility of the probe
molecules is characterized as a function of conversion in the system, then the
distribution of volume in the polymer network can be elucidated. These volume
distributions are closely related to the distribution of free volume in the polymer (the
probe volume distribution should be symmetric with the free volume distribution).
Thus, if the mean free volume of the system is known, then the free volume
distribution can be easily calculated.

In Figure 6, the fraction of probe molecules that are immobile in the system (i.e.,
1-z) is plotted as a function of the critical free volume of the probe at various
conversions. This data is taken from Figure 3 for the polymerization of DEGDMA.
Each set of points represents the cumulative distribution of free volume in the system
at that conversion. The distribution is cumulative since the critical free volume of
the probe represents a minimum volume required for the probe to isomerize. As
conversion is increased from 0.10 to 0.40, the fraction of trapped probe molecules
increases at all free volume sizes. If several probes were studied, a generalized
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Figure 5. Fraction of probes that are mobile as a function of double bond
conversion for DEGDMA ( ), PEG(200)DMA (— — —), and
PEG(600)DMA (- — — -) polymerized with 0.2 mW/cm2 of UV light and 1 wt%
DMPA.
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Figure 6. Fraction of probes that are immobile as a function of free volume for
DEGDMA at several different double bond conversions: o (10%), O (20%), 0

(30%), and A (40%).
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curve could be fit to the points at a given conversion, and the derivative of this curve
would represent the free volume distribution. Since these results are for only 4
probes, a Gaussian distribution of the free volume was assumed and the average free
volume and standard deviation were calculated from these points at a given
conversion. The results are shown in Figures 7 and 8 for DEGDMA and
PEG(600)DMA polymerized under identical conditions.

Figure 7 shows the changes in the average free volume as a function of double
bond conversion for DEGDMA and PEG(600)DMA. DEGDMA is a considerably
smaller molecule as compared to PEG(600)DMA, and the viscosity of DEGDMA is
correspondingly much lower. Thus, at the beginning of the reaction, DEGDMA has
a much higher free volume compared to PEG(600)DMA. As polymerization
continues, the network formed by DEGDMA is much more highly crosslinked than
PEG(600)DMA. Additionally, the concentration of double bonds in DEGDMA is
nearly 3 times as great as that in PEG(600)DMA. Thus, in a given volume of
monomer at 10% conversion of double bonds, nearly 3 times as many double bonds
have reacted in DEGDMA as in PEG(600)DMA at the same conversion. This
concentration difference leads to the sharp decrease in the average free volume of
DEGDMA with conversion.

Around 20% conversion, a crossover is seen in the two averages. The amount
of free volume that has been consumed up to this point in the polymerizing
DEGDMA leads to a reduction in the average free volume below that of
PEG(600)DMA. As polymerization continues and higher conversions are reached,
the average free volume continually decreases in both systems, but the average free
volume in DEGDMA drops further below that of PEG(600)DMA. Eventually, the
free volume in DEGDMA drops so low that mobility of the reacting species is
severely limited and polymerization stops. In contrast, the free volume of
PEG(600)DMA remains higher, and these systems reach nearly 100% conversion of
double bonds.

In Figure 8, the complementary results related to the standard deviation
calculated from the Gaussian distribution are shown. The standard deviation divided
by the average free volume is plotted as a function of conversion for DEGDMA and
PEG(600)DMA. In comparing these two systems, DEGDMA has a broader
distribution of free volume at all conversion relative to PEG(600)DMA. The broader
distribution is indicative of the higher degree of heterogeneity in DEGDMA.
Additionally, as the conversion in both of the systems is increased, the breath of the
distribution increases, and the difference between the two polymerizing samples also
increases.

Conclusions

A technique has been developed to monitor changes in free volume distributions and
microstructural heterogeneity during polymerizations. The technique uses UV-Vis
spectroscopy to monitor the trans to cis isomerization rates of a variety of
photochromic probes. These probes each require that a certain minimum free
volume be available to allow isomerization. By comparing rates of isomerization in
samples with and without photoinitiator, it is possible to determine the fraction of

In Multidimensional Spectroscopy of Polymers; Urban, M., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



180 MULTIDIMENSIONAL SPECTROSCOPY OF POLYMERS

1800 .
1600 | \ =

Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch010

July 22, 2012 | http://pubs.acs.org

1200
1000
800
600
400

Average Free Volume (A%)

200 b

T

1400 [\ S

P

SRS SR N

DEGDMA -

PEG(600)DMA

~

0.1

0.2 0.3 0.4 0.5
Conversion

Figure 7. The average free volume (for a Gaussian distribution) as a function of

double bond conversion in DEGDMA (— — —) and PEG(600)DMA (

).

§ 1
©

g o9
[]

o 0.8
bl

§ 07
=

5§ 06
? o5
T

N 04
E 0.3
2 o2t

3 - E
E DEGDMA — ]
E P ]
3 \5/ E
3 P E
=/ PEG(600)DMA 1
F 1
= =
F ]

1 | ST YO SO S (NN SN VU VAN VAN SN WU SO SR SN GUN SN WY SO W

0.1 0.2 0.3 0.4 0.5

Conversion

Figure 8. The normalized standard deviation (for a Gaussian distribution) as a
function of double bond conversion in DEGDMA (— — —) and PEG(600)DMA

(

). The normalized standard deviation is defined as the standard deviation

of the distribution divided by the average free volume.

In Multidimensional Spectroscopy of Polymers; Urban, M., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/bk-1995-0598.ch010

July 22, 2012 | http://pubs.acs.org

10.

ANSETH ET AL.  UV-Visible Spectroscopy for Free-Volume Distributions 181

probes which are able to isomerize as a continuous function of conversion. These
experiments provide an in situ method for quantifying free volume distributions
during photopolymerizations, and in this work, were applied in a preliminary study
of photopolymerizations of multiethylene glycol dimethacrylates.
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Chapter 11

Multidimensional NMR Spectroscopy
of Polymers

Section Overview

Klaus Schmidt-Rohr

Department of Polymer Science and Engineering, University
of Massachusetts, Amherst, MA 01003

Nuclear Magnetic Resonance (NMR) provides powerful techniques for
characterizing molecular and supermolecular properties of polymers. It uses
the magnetic