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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the American
Chemical Society as an outlet for symposia and collections of data in special
areas of topical interest that could not be accommodated in the Society’s
journals. It provides a medium for symposia that would otherwise be frag-
mented because their papers would be distributed among several journals or
not published at all.

Papers are reviewed critically according to ACS editorial standards and
receive the careful attention and processing characteristic of ACS publica-
tions. Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the integrity
of the symposia on which they are based; however, verbatim reproductions of
previously published papers are not accepted. Papers may include reports of
research as well as reviews, because symposia may embrace both types of
presentation.
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PREFACE

A LARGE VARIETY OF ANALYTICAL TECHNIQUES for polymer characterization
has been developed and reviewed under various conditions. However, no
formal attempt has been made to correlate macromolecular structures with
polymer properties. This book is intended to address these issues in perspec-
tive. It outlines the capabilities of Fourier transform infrared and Raman,
fluorescence, and mass spectroscopies of polymers, and builds a bridge
between the molecular-level information obtained in spectroscopic measure-
ments and specific polymer properties. Molecular-level understanding of the
macroscopic processes responsible for the behavior of polymers and other
materials is needed to enhance our knowledge and to lead to further
advancements in the chemistry of polymeric materials.

This volume continues the coverage of the prior books edited by Clara
Craver on many aspects of polymer physical chemistry, chemical physics, and
spectroscopy. The book is designed to assist newcomers to the field of
polymer spectroscopy, as well as to serve as a reference source for more
experienced scientists. This goal is accomplished by starting with a few
introductory tutorial chapters on fundamental aspects of each technique,
followed by sections addressing specific polymer problems such as Crystalline
Polymers and Copolymers, Surfaces and Interfaces of Polymers, Spectro-
scopic Approaches to Polymers in Solutions and Polymer Networks, Spec-
troscopy and Thermally Induced Processes in Polymers, and Polymer Analysis
and Surface Modifications. The chapters present discussions ranging from
basic to applied topics in polymers, coatings, and interfacial concepts.

We would like to express our sincere appreciation to all who participated
in the 1991 Atlanta Symposium on Polymer Characterization and to the
reviewers whose hard work hopefully enhanced the overall book quality. A
special note of thanks is addressed to Professor Thomas Brenna of Cornell
University, Professor Gregory Gillispie of North Dakota State University, and
Dr. Bill Simonsick of DuPont, who agreed to contribute to the book without
being involved in the Symposium. The Division of Polymeric Materials;
Science and Engineering and the Petroleum Research Fund of the American
Chemical Society are acknowledged for the financial support of the sympo-

sium.

MAREK W. URBAN CLARA D. CRAVER
Department of Polymers and Coatings Craver Chemical Consultants
North Dakota State University Box 265

Fargo, ND 58105 French Village, MO 63036

June 16, 1991
i
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Fourier Transform Infrared and
Fourier Transform Raman
Spectroscopy of Polymers

Principles and Applications

Marek W. Urban

Department of Polymers and Coatings, North Dakota State University,

Fargo, ND 58105

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

frared and Raman spectroscopies are also presented.

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

0065-2393 /93 /0236—0003$10.50 /0
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4 STRUCTURE—PROPERTY RELATIONS IN POLYMERS

Raman spectrometers, which, used in conjunction with the fast Fourier
transform (FT) algorithms, are key instruments in modern vibrational spec-
troscopy. This chapter will first review the fundamental principles that govern
infrared and Raman activity and then discuss the principles and applications
of FT detection in vibrational spectroscopy.

Infrared and Raman Processes

The normal modes of vibration of any molecule can be divided into three
classes. Some modes may be observed in the Raman spectrum, some in the
infrared, and some may not be seen in either spectrum. For a molecule that
possesses a high degree of symmetry, the rule of mutual exclusion 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, the mode 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. In other words, the vibration
is infrared active if the following condition is fulfilled:

[blo.o # [@4(Q.)n®(Q,) dQ, (1)

where [n], . is the dipole moment in the electronic ground state; ® is the
vibrational eigenfunction; v’ and 0" are the vibrational quantum numbers
before and after transition, respectively; and Q, is the normal coordinate of
the vibration (1).

Infrared spectroscopy is based on an absorption process and involves
measuring the amount of energy that passes through or is reflected off a
sample and comparing this amount to that transmitted or reflected from a
perfect transmitter or reflector, respectively. The plot of the relative transmit-
ted or reflected energy as a function of energy is an infrared spectrum. In
recent years, this old spectroscopic method has diverged into two apparently
different approaches to measuring the infrared spectrum; one uses dispersive
optics, and the second uses an interferometric technique. The interferometric
approach, combined with fast Fourier transform algorithms, provides several
distinct advantages including higher resolution, higher energy throughput,
and better precision, and hence the technique called Fourier transform
infrared spectroscopy had dominated the field.

The observation of a vibrational mode in the Raman spectrum requires a
change in the electron polarizability resulting from the movement of atoms.
Thus, a given vibrational mode will be Raman active if the following condi-
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1. URrBAN Fourier Transform Infrared and Raman Spectroscopy 5

tion is fulfilled:

[ale . # [@,.(0,)a®,(Q,) dQ, (@)

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

As indicated in equation 2, the detection of Raman scattering involves a
completely different set of problems and is based on entirely different
experimental principles. When monochromatic radiation of frequency v,
strikes a transparent sample, the light is scattered. Most of this scattered light
consists of radiation at the frequency of the incident light but differs in the
direction of propagation and polarization state. This portion of the light is
called Raleigh scattering. However, approximately 1 out of 10° photons that
impinge upon the sample can be inelastically scattered, and this portion of
the scattered light is called Raman scattering. This inelastically scattered
fraction of the light is composed of new modified frequencies (v, + v)),
where (v, — v,) is referred to as Stokes scattering, and (v, + v,) is anti-
Stokes scattering. Figure 1 illustrates a schematic representation of the
absorption and scattering processes leading to infrared and Raman spectra.
The energy level diagram shows that the anti-Stokes scattering requires that
the molecule start in an excited vibrational state. The only means of populat-
ing these excited vibrational states is thermally; therefore, the anti-Stokes
intensities will be very temperature dependent and normally quite weak at
room temperature. If the anti-Stokes scattering can be observed, the sample
temperature can be determined by the ratio of the Stokes to anti-Stokes
intensities.

The selection rules for Raman scattering allow only those transitions to
be detected for which one of the elements of the polarizibility tensor [a ],/ .,
or a combination thereof, belongs to a species of the point group to which the
normal coordinate Q, also belongs. However, the induced dipole moment M
of the ground state of a molecule is not only proportional to the strength of
electric field E, but also depends on nonlinear terms, such as hyperpolarizibil-

ity B:
M = oE + iBEE + - (3)
Although simple calculations show that the hyperpolarizibility B is typically

one million times smaller than «, in some situations B and Q, can transform
identically, whereas a does not. Under these circumstances, some vibrations
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1. URBAN Fourier Transform Infrared and Raman Spectroscopy 7

can be detected in the hyper-Raman effect, but not in an ordinary Raman
scattering experiment.

Various factors may alter the effectiveness of Raman scattering. The
overall intensity of the Raman scattering (Iy) is proportional to the fourth
power of v, and is given by the following equation:

3 28m(v, + v, *

) >
IR 304 on%ﬂ‘“v’,v”l (4)

where I, is the laser field intensity and c is the speed of light. This process,
just like the infrared absorption, is considered to be a linear process because
the scattering intensity Iy is proportional to the incident laser intensity I,.
Under certain experimental conditions, however, nonlinear processes are also
possible. If, instead of one quantum of energy v,, two quanta of incident
laser beam 2v, are employed in a pulse sequence, they may give rise to a
two-photon absorption process. As a result of perturbation of the induced
dipole moment of a molecule, a nonlinear optical process called hyper-Raman
scattering (HRS) (7) can be induced. It produces a (2v, + v, ) shift with the
intensity I proportional to the square of molecular hyperpolarizibility B
derivative with respect to the vibrational normal coordinates:

25mw2(2v, + vk)4
IHR = 305 102 Z |Bv’,v",v"’l2 (5)

"V', " , "

Although the first observation of HRS was made well over 20 years ago
(6), HRS had been used only occasionally in chemical application (8-10),
and only recently its use was demonstrated in the surface-enhanced hyper-
Raman effect (11). In spite of the fact that the HRS process is 10° weaker
than already weak Raman scattering, its attractiveness comes from the
differences in selection rules. Special importance of the HRS lies in the fact
that many fundamental frequencies inactive in both infrared and Raman may
happen to be active in HRS. One of the most illustrative examples is
benzene, where no less than six frequencies are active in hyper-Raman only,
which can be distributed as 2B,, + 2B,, + 2E,, normal vibrational mode
representation (12). Another example is the simple SFy-type octahedral (O,,)
molecule, which possesses a triply degenerate frequency in F,, which is
hyper-Raman active, and inactive in both infrared and Raman. In spite of
many attractive features, the use of hyper-Raman for polymer analysis is still
yet to be explored and should open new avenues for the future.

Dispersive and Interferometric Detection

The limitations on sensitivity and detection limits imposed by dispersive
infrared instruments in the past led to the development of Fourier transform
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8 STRUCTURE—PROPERTY RELATIONS IN POLYMERS

interferometric infrared spectrometers. Interferometric detection is based
upon splitting the source radiation into two equal beams of approximately
equal intensity. This beam splitting is shown in Figure 2, which also illustrates
that the radiation from each path is reflected back by mirrors onto the divider
called the beam splitter. The recombined two beams may either interact
constructively or destructively depending upon the phase difference of the
two optical paths. This constructive or destructive interference will vary as
the path length in one of the arms is varied. The resulting pattern forms the
interferogram that represents the relationship between the energy and the
path difference in the two arms of the interferometer. The interference
pattern clearly will be a function of the wavelength of light because the
relative path differences will be expressed as different integral values of
wavelength. Interferograms represent the interference of the incident wave-
lengths, and hence they are converted into a spectrum by using a Fourier
transform algorithm. The Michelson interferometer, such as illustrated in
Figure 2, was the first instrument to split a source radiation into two separate
beams, change the path length of one of the paths, and recombine the
radiation on the beam splitter to cause interference. References 13 and 14
give further details regarding FT spectroscopy.

Although the advantages of Fourier transform over other techniques are
well documented, the fact that almost all incident radiation is used simultane-
ously in the transmission—absorption experiments is the major feature. Thus,

IR DETECTOR

) %\% R I B
IR SOURCE -—

Y
Y

BEAM D
i SPLITTER — et
MOVING
Y MIRROR
STATIONARY MIRROR
Figure 2. Schematic diagram of Michelson interferometer and Fourier transform
spectrometer.
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1. URBAN Fourier Transform Infrared and Raman Spectroscopy 9

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

The high sensitivity of interferometric instruments has in turn brought
about the development of new sensitive spectroscopic probes and enhanced
the existing ones. The sensitivity enhancements of attenuated total re-
flectance (ATR), reflection—absorption (R-A), and further developments of
diffuse reflectance (DRIFT), emission, photoacoustic, photothermal beam
deflection, or surface electromagnetic wave (SEW) spectroscopies are primar-
ily attributed to the enhanced sensitivity of the FT instruments. A schematic
diagram of each technique along with a brief description is given in Figure 3.
Because many of the presented techniques are capable of surface-depth
profiling, Table I provides the approximate depth-penetration ranges, and
other characteristics for the surface techniques are illustrated in Figure 3.

In spite of the fact that the step-scan interferometry has been well
documented in the past (15, 16), only recently has the coupling between
dynamic FTIR and step-scan interferometer been documented (17). In an
ordinary, continuous FT operation, a movement of the Michelson interferom-
eter mirror modulates each IR wavelength at the Fourier domain frequency,
f=2v/\, where v is the mirror velocity of the Michelson interferometer
and X is the wavelength of IR light. The step-scan mode of detection uses the
same moving mirror, but the mirror moves in steps, and upon completion of
each step the mirror stops and data are collected. Although the mirror may
move slightly during the data collection, the most recent designs provide a
fixed mirror position. The utility of such step-scan interferometry was ex-
tended to two-dimensional infrared spectroscopy, earlier introduced by Noda
(18, 19), and photoacoustic depth profiling of polymer laminates (20). In the
recent studies (21) the phase photoacoustic signal analysis, which gives a
constant thermal diffusion length across the photoacoustic spectrum, was
examined. As opposed to the continuous FT scanning interferometer, such an
approach makes the surface depth of penetration at all wave numbers the
same and thus makes surface-depth profiling analysis of polymers simpler.
This condition is not true for the spectra obtained with the modulation
frequency variations.

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

Table 1. Approximate Depth Penetration Ranges for Various Surface

FTIR Techniques

Depth Penetration Preferred Surface
Technique Range Characteristics
ATR 40 A-7 um smooth, in good contact

with an ATR crystal

R-A monolyer—2 pm coated, shiny metallic
DRIFT monolayer to a few powder, rough

micrometers
Photoacoustic 100 3-150 wm no restrictions
Photothermal similar to PA
SEW monolayer metallic
Emission 40 A—few micrometers no restriction

scattering. When a laser source with an excitation frequency in the ultraviolet
or visible range is used to produce Raman scattering, absorption processes
that may cause fluorescence can be often several orders of magnitude
stronger than the actual Raman component of the scattering process. Many
approaches to avoid this problem have been tried, ranging from the addition
of quenching agents to time-based discrimination between the fluorescence
and Raman events. Notable successes have been achieved, but no universal
solution. The only way to completely avoid fluorescence is to avoid the
absorption process giving rise to the fluorescence. If the excitation source is
shifted into the near-infrared region of the spectrum, the incident photons
may not have enough energy to exceed the threshold for absorption. This
condition can be ensured by designing a Raman experiment using a long-
wavelength near-infrared laser. As a result, a Raman spectrum that is
relatively free from fluorescence interference can be produced, although
difficulty arises from the poor sensitivity of conventional near-infrared spec-
trometers. As a matter of fact, the first such experiments, which were
conducted by Chantry et al. (22) in the 1960s, showed that Raman scattering
due to iodine in carbon tetrachloride can be achieved with infrared excitation
and an interferometer. Although the quality of the spectra and resolution left
much to be desired, this was the first reported study in the infrared region.
However, good shot-noise-limited detectors available in the visible region are
no longer operative beyond 1 pm. To compensate for the poor detector
performance, an obvious instrument to employ is an interferometer, which
has a large multiplex advantage when operated in a detector-noise-limited
experiment.

As already stated, to induce fluorescence-free Raman scattering, mono-
chromatic light in the near-IR region must be used. This light source can be
achieved by replacing an ordinary infrared source of radiation with a Nd:YAG
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Figure 4. Schematic diagram of Fourier transform Raman spectrometer.
Reproduced from reference 24. Copyright 1986 American Chemical Society.)

laser and the use of near-IR detector, such as that illustrated in Figure 4.
Similarly with FTIR spectroscopy, the fact that almost all light is used in a FT
Raman experiment is advantageous, although it has several associated prob-
lems. All frequencies of light fall on the detector at once, and hence in an FT
Raman experiment, the dominant Rayleigh line (the photons scattered at the
incident frequency) would cause detector saturation. This one strong line
must be optically filtered out before striking the detector. The filter should be
selective enough that associated Raman lines are not filtered out. Current
technology using either dielectric filters or holographic filters allows Raman
spectra down to 100 cm™'. Although the FT Raman approach minimizes
fluorescence, the sensitivity is diminished by a factor of 16 from that of
a visible-based Raman experiment done with an argon laser operating at
514.5 nm. The Raman scattering has a v* dependence (see eq 4 (v, + v)*),
so use of a long-wavelength laser involves loss in scattered intensity. In spite
of these difficulties, recent studies (21) showed that obtaining Raman spectra
using a Nd:YAG laser as an excitation source along with proper filtering and
detection systems, such as presented in Figure 4, are indeed feasible. The
importance of effective filtering of the Rayleigh line is demonstrated in
Figure 5, which shows FT Raman spectrum of bis(phenylimino)-
terephthaldehyde (BPT) with single, double, and triple filtering.

The experiments in this field by Hirschfeld and Chase (23, 24) opened
new vistas in the field of Raman spectroscopy by creating a Fourier counter-
part of infrared, which appears to overcome certain limitations of the
conventional Raman instrumentation. Subsequent improvements have led to
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Figure 5. FT Raman spectrum of bis(phenylimino)temphthaldehyde (BPT) with
single-stage filtering (A), double-stage filtering (B), and triple-stage filtering (C).
(Reproduced from reference 24. Copyright 1986 American Chemical Society.)

3

1
500

the use of FT Raman spectroscopy for qualitative and quantitative analysis of
polymers and other materials, complementing FTIR spectroscopy established
in the early 1970s. The frequency diagram illustrating the location of vis-
ible, near-infrared, mid-infrared, and far-infrared energy ranges is shown in
Figure 6.

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



15

URBAN  Fourier Transform Infrared and Raman Spectroscopy

1.

‘spuaugiadya upwupy puv Y[ 4of saduvs A3iaua uoypyoxa ayg Sunwaisrp wpiSvip oupwaYOs 7 °g 24N

= (1u2) AOYEANT
00002 00091 000v 0oy 0
j | = | o
NOI ¥ NOI &) OVA:PN ~uasvl
(sox015) (s9j015) SSHOOUd
uewrey aaissadsiq uewey] aas1adsi(q (sajoig) uewey-1q ONIYALLVOS
AN - T1LISIA ” YI-AVAN - A-AIN M. m<m, NOIOTY

TO0UD'9E20-E66T-20/T2OT 0T :10p | €66T ‘G AeIN B1RQ UOIREDIION

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



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch001

16 STRUCTURE—PROPERTY RELATIONS IN POLYMERS

FTIR Spectroscopy in Polymer Analysis

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

One of the rules of thumb in vibrational spectroscopy is that the fewer
the bands, the more ordered the structures are expected. An example is the
FTIR spectrum of polyethylene shown in Figure 7, trace A. In essence, it
consists of three regions of fundamental vibrations, due to C-H stretching
(3000 cm™!), bending (1400-1500 cm™!), and wagging (700-800 cm™")
normal modes of the CH, and CH, units. By following the 3n — 6 formula
(or 3n — 5 for linear molecules, where n is the number of atoms in one
molecule) and calculating a number of vibrational degrees of freedom for a
polyethylene molecule with a molecular weight of 100,000 that consists of
more than 7000 CH, units containing approximately n = 21,000 atoms,
more than 63,000 vibrational modes would be predicted. This number is of
course, not observed because a high concentration of the long-range ordering
of the CH,, groups and the fewer terminal CH; groups is present. However,
as the molecular weight decreases, the concentration of the CH; groups
increases, and as a result of local environment changes, new symmetries
impose new selection rules leading to more complex spectra. Furthermore,
when defects such as kinks, folding, or bending of the polymer chains occur,
a local symmetry of the chain units contributing to the defects will be
disturbed. This disturbance will be reflected not only in the changes of the
selection rules leading to new bands in the 1300~1400-cm ™" region, but also
in the band intensity changes. These changes are evidenced by several
increasing bands in traces B through E of Figure 7, which illustrates DRIFT
transmission spectra of the model compounds, C,H 4, Ci1sH3,, C5Hj,
and C,,H,g, respectively.
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Figure 7. DRIFT spectra (A), C,oHyyy (B), CisHy, (C), Ci5Hyy (D), and CpyHyg (E).
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The sensitivity of FT detection can be advantageous when it comes to the
detection of a small number of the structural defects compared to a total
number of the main species in a polymer. One of the illustrative examples is
chain folding in polyethylene, in which concentration of the CH, units
involved in folding is significantly smaller than the remaining CH, units.
Whereas theoretical foundations of infrared band intensities in polymers with
and without chain folding were addressed and carefully executed by Abbate
et al. (28), experimental studies were possible when model compounds
became available. As was predicted by Abbate et al. and confirmed experi-
mentally, the C—H bending modes due to CH, units at the fold point will
absorb in the 1300-1400-cm ™" region. By taking integrated intensity of the
defect band or bands in the 1300-1400-cm ™" region, and ratioing it to the
defect-free C~—H bending modes at 1460 and 1470 cm ™", a calibration plot
can be made between this intensity ratio and a total number of carbons in the
model compounds. With such a correlation, the unknown polyethylene
sample can be analyzed. Figure 8 depicts a calibration plot obtained using
model Cy,Hyg, C)5Hgy, C1gHag, CroHyyy, CoeHyge, and CpesHygy com-
pounds (29). The low-density polyethylene film sample is also marked on
Figure 8 and appears to contain approximately 90 CH, units between each
chain folding.

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

Although in the past IR spectroscopy was extensively used to determine
orientation of the polymer chains through dichroic ratio calculations’ in
oriented polymer systems (30—35), only recently the issue of surface crys-

! Dichroic ratio is defined as D = Ay/A, where D is the dichroic ratio and A, and A, are
absorbances obtained parallel and perpendicular, respectively, to the polymer draw directions.
For two-dimensional studies, Fresner's orientation function defined as f= (D —1)/(D +
2XD, + 2)/D, + 1) is usually used; D, = 2 cot? a; a is the transition-moment angle.

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



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch001

RELATIVE INTENSITY RATIO (I;400.1300) is00-1400)

=

URBAN  Fourier Transform Infrared and Raman Spectroscopy 19

LOW DENSITY
POLYETHYLENE FILM

| ] | | I | | |
o 20 40 &80 80 100 120 140 160 180

# of CARBON ATOMS

Figure 8. Intensity ratio plotted as a function of the number of carbon atoms in
model compounds.

tallinity has been addressed (36). According to these studies, using direct
intensity measurements of strong bands due to CH, bending and rocking
normal vibrations obtained in ATR, the crystallinity content at the surface is
higher than that of the bulk of polymer. However, the analytical approach
used in these studies did not account for the surface optical effects, which
can often cause distortions of intense ATR bands. When this possibility is
taken into account using Kramers—Kronig transformation (KKT) and Frensel’s
relationships for parallel and perpendicular orientations (37-39), it appears
that the crystallinity content near the surface may be different (40). Figure 9
illustrates the CH, bending modes at 1474 (a) and 1464 (b) cm ™', along with
the rocking modes at 730 (a) and 720 (b) cm ™" of polyethylene. Spectrum A
was recorded in a transmission mode of detection, with the IR incident light
polarized perpendicular (s-polarized) to a draw direction of the sample,
whereas spectrum B was in the parallel direction ( p-polarized). Traces C and
D represent the spectra recorded in the ATR mode at a 45° angle of
incidence. A comparison of the transmission traces A and B indicates that the
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Figure 9. FTIR spectra of polyethylene films: A, transmission perpendicular

polarization; B, transmission parallel polarization; C, ATR perpendicular

polarization; and D, ATR parallel polarization. Peaks a and b at 1474 and 1464

em™! are CH, bending modes; peaks a and b at 730 and 720 em ™1 are

polyethylene rocking modes. (Reproduced with permission from reference 40.
Copyright 1992 Butterworth.)

intensity ratios of the 730- and 720-cm™' bands are inverted when going
from perpendicular (A) to parallel (B) orientations; namely (I,/Ig) L <
(I,/I5) Il . Although a similar trend is observed in the ATR measurements
(traces C and D), the changes are not as pronounced. In either case, the
intensity ratio is sensitive to the orientation effect, but this sensitivity is
diminished in the surface-sensitive ATR experiment because a higher content
of the randomly oriented amorphous phase or less crystalline phase near the
surface is expected. Further considerations on the use of KKT in ATR can be
found in references 41 and 42.

To establish the surface crystallinity content, scrupulous characterization
of the surface molecular orientations is necessary. Several approaches, includ-
ing ATR measurements using p-polarized light (43), orientation function
measurements with the tilted angles (44), or polarization modulation (45),
were used. As an example, the dichroic ratios obtained from the intensity
measurements of the 730- and 720-cm ™" bands obtained in transmission are
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plotted as a function of the penetration depth at 720 cm ™" in Figure 10, A

and B, and are compared to the corresponding ATR measurements shown in
Figure 10, A and B'. Plot A of Figure 10 shows that within a given range of
the penetration depths, the dichroic ratio of the 730-cm™' band changes
slightly but oscillates around unity. Because the transition-moment vector of
this band coincides with the orthorhombic unit cell @ axis, these results
indicate that the a axis is either randomly oriented along the film plane or
preferentially oriented perpendicular to the film plane direction. In contrast,
plot A indicates that the dichroic ratios of this band measured from the
transition spectra are much greater, reaching almost 1.4 values. These obser-
vations suggest that, in the core of the film, the a axis is predominantly
oriented along the film draw direction. Similar results for ATR measurements
are illustrated by curves B and B’ in Figure 10.

The use of dichroic and trichroic ratios to determine polymer orientation
provides an additional dimension to the polarization experiments and was
demonstrated in the past. For example, the three-dimensional technique is
based on a sample tilting with respect to the incident polarized radiation. In
recent studies, Fina and Koenig (44, 46, 47) extended previous trichroic
measurements by establishing the effect of refractive index dispersion and
determination of the limiting factors. The trichroic ratio technique was
applied to poly(ethylene terephthalate) (PET) films to calculate the trichroic

1.40
A’: 730 cm’, Transmission
120 1
L
5 100 +
R
'S A: 730 cm™, ATR
S o080t
@)
B: 720 cm™®, ATR
060 F / B’: 720 cm™, Transmission
A\A A/A
040 1 1 1 1
0.75 0.90 1.05 1.20 1.35 1.50

Depth of Penetration (pm)

Figure 10. Dichroic ratios plotted as a function of penetration depth.
(Reproduced with permission from reference 40. Copyright 1992 Butterworth.)
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absorption on one-way drawn PET films and to establish the distribution of
vibrational modes in the plane transverse to the draw direction. For example,
Figure 11 illustrates the calculated thickness direction spectrum along with
parallel and perpendicular experimental spectra of PET. On the basis of these
measurements, the morphological model of one-way drawn PET was pro-
posed.

Hydrogen bonding in polymers has been of interest for quite a while.
Coleman and co-workers (48, 49) initiated spectroscopic studies on the
compatibility of polymer blends in which hydrogen bonding was a key player
because its strength and concentration significantly affected compatibility of
two polymers. Carbonyl stretching vibrations have proven to be a straightfor-
ward quantitative probe of molecular mixing for such blend systems as
poly (4-vinylphenol)—poly (vinyl acetate) (PVPh—PVAc), polyethylene—
poly(vinyl acetate) (PE-PVAc), and polyacetones. For the ethylene—vinyl
acetate (EVA) blends, carbonyl normal stretching vibrations were employed
as a probe of molecular mixing and showed high sensitivity of this band to
intermolecular mixing. Because the strength of intermolecular interactions
through hydrogen bonding is also affected by a kinetic energy of the system,

simultaneously heating and cooling the sample during infrared measurements

1403
1073
I I 1230 880
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u
g
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2
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Figure 11. Parallel and perpendicular polarized spectra of PET. The thickness

direction spectrum (TH) was generated from the parallel and perpendicular

measurements. (Reproduced with permission from reference 47 Copyright 1986
Wiley Intersciences.)
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provides a means of determining the strength of the interactions and miscibil-
ity of polymers. For example, Figure 12 illustrates a series of FTIR transmis-
sion spectra recorded during a heating cycle of 80-20% (w/w) resol-EVA
blend and shows that with increasing temperature the amount of hydrogen-
bonded carbonyl groups decreases. This effect is demonstrated by vanishing
intensities of the band at 1710 cm™! at the expense of the increasing free
carbonyl band at 1735 cm ™.

Elastomeric polymer networks are often prepared from oligomeric
molecules by chemically joining prepolymer chains in a fairly random fashion.
FTIR spectroscopy has been used in various polymeric studies, but the
detection of network structures that develop during cross-linking has often
been limited because a relatively small number of bonds forms, compared to
the total number of bonds present in the system. Although under such
circumstances photoacoustic FTIR detection described in this book might be
a useful alternative and, in many cases, a more sensitive approach, recent
transmission FTIR studies of polyester—styrene (PEs—S) cross-linking have
shown that a fraction of styrene (S) monomer homopolymerizes to form the
network consisting of S—PEs and PS—PEs branches (50). Furthermore, the
homopolymerization process results in atactic polystyrene (PS), which forms
physical cross-linking along with the chemical reactions between C=C bonds
of PEs and S. This process is demonstrated in Figure 13, which compares
FTIR transmission spectra of isotactic, syndiotactic, and atactic stereoisomers
with the S—PEs cured film spectrum. Clearly, the 760-cm ™" band due to the
C-H bending out-of-plane normal vibrations of the phenyl groups in spectra
C and D is the same in both spectra. Other spectral regions also confirm the
presence of atactic polystyrene. These studies are in contrast to the previous
electron microscopy studies, which assumed polyester gel formation upon
cross-linking and neglected the possibility of styrene homopolymerization.

0.75—

ABSORBANCE

T T T T
1720 1680 1650
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|
1800 1760

Figure 12. Intensity changes of the carbonyl groups resulting from temperature
increase. (Reproduced from reference 48. Copyright 1987 American Chemical
Society.)
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Figure 13. Transmission FTIR spectra of isotactic PS (A), syndiotactic PS (B),

atactic PS (C), and styrene—polyester (D). (Reproduced with permission from
reference 50. Copyright 1991 Butterworth.)

FT Raman Spectroscopy in Polymer Analysis

As indicated in the introduction, the primary motivation for the development
of FT Raman spectroscopy is the minimization of background fluorescence.
Once this step is accomplished, FT Raman spectroscopy can be utilized fully
not only for the analysis of polymer structures, but also in monitoring their
formation. This use is particularly important when the band-intensity changes
due to totally symmetric vibrations (for example, C=C stretching) can be
used as a measure of certain processes. To illustrate this use, Figure 14 shows
the spectra of methyl methacrylate polymerization done in the presence of a
highly fluorescent diazo initiator (B. Chase, private communication). The loss
of double-bond intensity is clearly seen after 4 h of reaction. Figure 15 shows
the intensity of the C=C band normalized to the intensity of the C-CHj
deformation. This normalization is required because the scattering power of
the reacting solution changes with time and such change must be normalized
out in order to observe the true loss in intensity due to reaction. Rapid data
acquistion as well as ease of sample handling make FT Raman spectroscopy
an ideal tool for the study of such reacting systems. The advantage of no
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Figure 15. A percentage conversion plot for the polymerization of methyl
methacrylate at 65 °C in which C=C band intensity at 1640 cm ™ is plotted as
a function of time.

sample preparation and the nondestructive nature of measurements place FT
Raman and photoacoustic FTIR measurements in a similar sampling cate-
gory; namely, in both cases minimal sample preparation is required. Because
of that feature, the analysis of polyurethane- and polyurea-based forms as
well as advanced composites (51) was possible using FT Raman spectroscopy.

Polyamides, commercially known as nylons, are synthesized by a self-con-
densation polymerization process to form —[~-NH-CO-(CH),]-, where n
usually ranges from 3 to 12 (52, 53). The behavior of secondary amide
groups is well known (54), but the length of the CH sequence introduces an
additional dimension to the properties of nylons, because the CH, sequence
may have a different degree of crystallinity in the different stereoisomer
structures (55). FT Raman spectroscopy was used (56) to confirm previous
spectroscopic findings on nylon fibers and illustrated that indeed FT Raman
spectroscopy can produce fluorescence-free Raman spectra. Typical spectra
of nylon-6,6 and nylon-6,12 are shown in Figure 16. Even without detailed
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Figure 16. FT Raman spectra of nylon-6,6 (A) and nylon-6,12 (B).

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

27



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch001

28 STRUCTURE—PROPERTY RELATIONS IN POLYMERS

identification of all spectroscopic features, the presence of higher content of
CH, groups is reflected in th increased intensity of the C—H stretching
bands around 3000 cm™' and relatively weak bands due to the C-O
stretching bands at 1500 cm ~'. This content will certainly reflect the proper-
ties of both polymers.

Many commercial polymers contain additives, such as chain terminators,
antioxidants, and UV absorbers, and therefore the fluorescence problem is
often quite severe in such “less than pure” systems. In the past this problem
has inhibited the use of Raman techniques for the study of such systems. The
near-infrared (NIR) approach to Raman spectroscopy has permitted the study
of such systems. Another polymeric system that is of current interest in many
fields is the polyimides. These materials are finding applications in compos-
ites and electronic materials. The high level of fluorescence encountered in
these materials has made Raman spectroscopy impossible.

Because of its nondestructive nature, FT Raman spectroscopy can be
used for many sampling situations that do not permit sample modifications or
in situ studies. In the first category, FT Raman spectroscopy was used in the
analysis of forest products (57). The representative FT Raman spectra of
redwood (soft wood) and oak (hard wood) are shown in Figure 17. The band
at 1269 cm ™! in trace B is attributed to rosin (58), a characteristic compo-
nent of soft woods. These studies showed that it is possible not only to
differentiate between hard and soft woods, but the degree of hardness can be
assessed by monitoring the intensity changes of the 1269-cm ™" band. Previ-
ous methods required the use of destructive extraction techniques. In the
second category, when sampling situations do not permit in situ studies, an
illustrative example is the analysis of reaction-injection-molded (RIM)
polyurethanes (59) shown in Figure 18. The absence of fluorescence enabled
a comparison of FT Raman polyurethane spectra that contain different
hard-to-soft-segment ratios. The bands at 2974 cm™' (CH; stretch), 2936
and 2876 cm ™' (CH, stretch), and 1456 cm ™! (CH, bend) are attributed to
soft segments consisting of polyethylene oxide and polypropylene. Other
bands at 640, 900, 1184, and 1617 cm ™! are due to aromatic rings of hard
segments, those at 1712 cm ™! are due to carbonyl groups, and those at 1523
cm~! are due to amide 1.

When the Raman effect was recognized as a useful tool for studying
biological systems, it was quickly realized that the band intensities were often
too weak to be used for analysis. As a matter of fact, under many circum-
stances the bands due to solvent molecules would be the only spectral feature
detected (unless weakly scattering water was a solvent). The situation changed
very quickly when resonance Raman (60) was brought up as one of the
alternatives (61—63). In this case, when the electronic band would match
with the excitation laser line and a given transition was vibronically allowed, a
strong band enhancement would be observed. Because many biologically
active molecules or their models exhibit electronic transitions in ultraviolet—
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Figure 17. FT Raman spectra in the 3500—-80-cm ™! region of redwood (A) and
oak (B). (Reproduced with permission from reference 57. Copyright 1990
Society for Applied Spectroscopy.)

visible (UV-vis) region, Raman bands recorded by using the UV-vis excita-
tion laser line can be enhanced. However, when the sample or impurities in
the sample induce strong fluorescence, even resonance Raman conditions
cannot help. Because the near-IR excitation line is used to produce FT
Raman spectra, leaving fluorescence behind in the UV—-vis region, FT Raman
measurements may be an attractive alternative for biological studies. A useful
application of this technique was recently reported on photoactive proteins,
in which the photoability limits the laser power used to generate resonance
excitation in the UV-vis region (64). An interesting feature found in these
studies was that the spectrum of bactriorhodopsin is dominated by a nonreso-
nant Raman scattering component due to the protein-bound pigment retinal,
whereas the dominating features in the reaction centers are bacteriopheo-
phylin, bacteriochlorophyll, and carotenoids. Furthermore, the relative band
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Figure 18. FT Raman spectra of RIM polyurethanes containing 35% (A) and
12.5% (B) (w/w) hard segments. (Reproduced with permission from reference
59. Copyright 1990 Society for Applied Spectroscopy.)

intensities in the spectrum of retinyline recorded under nonresonant condi-
tions were identical to those observed in the resonance Raman spectrum of
bacteriorhodopsin.

Many biological macromolecules contain chromophores that are intrinsic
parts of the species of interest. Upon exposure to visible light, such as in a
typical non-FT Raman experiment (65), chromophoric entities often fluo-
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Figure 19. Raman spectra of DPPC with amphotericin (mole ratio = 24:1): A,
dispersive spectrum; B, FT spectrum. (Reproduced with permission from
reference 70. Copyright 1977 Elsevier.)

resce and thus give rise to undesirable background that usually prohibits
measurement of a detectable Raman signal. For these reasons, FT Raman
spectroscopy was chosen to study membrane structures, specifically as a
sensitive probe of molecular fluidity manifested in a form of rotational
isomerism of the hydrocarbons in phospholipid membrane components (66).
In another study (67), the same authors further enhanced the FT advantage
to chromophoric species and utilized 90° scattering, which appears to pro-
duce results similar to those obtained with 180° geometry.

The use of ordinary Raman spectroscopy of biological systems has been
extensive (68). In an effort to elucidate molecular-level mechanisms responsi-
ble for interactions between drugs and membranes, Lewis et al. (69) used
fluorescence-free FT Raman spectroscopy and examined model polyene
antibiotics in the presence of model membrane lipid bilayers. Although
specific findings are beyond the scope of this chapter, Figure 19 illustrates a
useful example of Raman spectra in the C—H stretching region of polyene
ring system in amphotericin B (70), a potential antifungal antibiotic. Interac-
tions of this drug with dipalmitoylphosphatidylcholine (DPPC) liposomal
bilayers may provide valuable insights into the drug mode of action as a
putative membrane channel former. The dispersive Raman spectrum shown
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by trace A of Figure 19 gives only fluorescence background, whereas FT
Raman measurements shown in trace B provide a good signal-to-noise ratio
Raman spectrum. The effect of poly(L-alanine) sequence lengths on struc-
tural properties was examined by using FT Raman spectroscopy (71). In
contrast to the previous studies (72), shorter oligomers do not exhibit B-sheet
secondary structures, but contain a significant amount of a-helix. Apparently,
the presence of strong bands at 440 and 240 cm™' is responsible for B
structures that are found in oligopolypeptides containing 10 poly (L-alanine)
units, and the species with 40 units have characteristic bands at 375, 335, and
120 cm ™' attributed to the a-helical conformers (73). Because the Co—C
bond in photolabile methylcoenzyme B plays a key role in many biological
processes, the determination of its strength was of primary importance (74).
Studies using FT Raman spectroscopy showed that the Co—C vibrational
frequency is at 500 cm™' for methylcobalamin. This assignment was con-
firmed by detection of the band at 470 cm™! due to Co—C stretch in
deuterated methylcobalamin (75). In other studies, Sommer and Katon (76)
addressed the issue of Rayleigh rejection and spatial resolution with several
examples of polyamide (Kevlar) and wood fibers.

The problem of thin-film analysis by Raman spectroscopy is basically one
of sensitivity. The scattering volume is quite low in a thin film, and when the
scattering cross section is reduced by going to the near-IR, detection of the
small number of scattered photons becomes extremely difficult. Either the
scattering volume must be increased or the cross section increased. Two
alternatives exist for increasing the cross section: resonance Raman and
surface-enhanced Raman spectroscopy. Resonance excitation requires an
electronic absorption near the laser frequency. Although the move to the
near-IR region was prompted by moving away from electronic absorption
bands with a premise that it is not likely to find systems with near-IR
excitations, in some cases the presence of absorption bands may be advanta-
geous. For example, macrocyclic phthalocyanines and their polymeric coun-
terparts have electronic transition bands in the near-IR region, and the only
possibility of obtaining IR and Raman spectra is to use photoacoustic FTIR
and FT Raman spectroscopy, respectively (77—79). Surface-enhanced Raman
spectroscopy (SERS) has been shown to exist with near-IR excitation. In fact,
the enhancement factors for gold and copper are larger in the near-IR than in
the visible region. SERS has also been used extensively to understand
molecular mechanisms relevant to adhesion of polymers and polymer—metal
interactions. The major contributions in this area are obviously credited to
Boerio and co-workers (80-84), who successfully established the effect of
substrates on various metal—polymer chemical reactions. With the use of FT
Raman, SERS may become an even more powerful approach to the analysis
of polymers. Although local electromagnetic effects on rough Ag, Au, or Cu
surfaces can enhance the Raman scattering signal from monolayers up to 10°
stronger (85), the enhanced near-IR excited SERS spectra were reported to
be 10°-10° stronger than a normal Raman spectrum for pyridine (86).
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FTIR and FT Raman Microscopy: Remote Measurements

Continually increasing demand for in situ and remote measurements of
various chemical processes presents new opportunities for both FT vibra-
tional spectroscopies. In many sampling situations the amount of sample is
limited and thus does not permit the use of common modes of detection.
Although a spectral collection using a microscope involves the same measure-
ments, the difference is the necessity to use focused light to a desired
diameter. Such applications require the use of a focusing apparatus, which
narrows the incident beam to a diameter of the transmitting fiber optics and
applies such modified light to a sample of interest. Although focusing can be
also accomplished with a focusing microscope objective, the spatial resolu-
tions for IR and Raman measurements vary substantially. For example, it is
impossible to obtain IR spectra of objects smaller than 6-10 wm because of
interference limits, as the diameter of the aperture begins to match the
wavelength of IR light. The situation is different in Raman microscopy if
visible light is the excitation source and a commonly accepted 1-3 wm spatial
resolution is expected. The use of FTIR microscopy to view and record IR
spectra of Kevlar fibers (87) and polymer laminates (88) has been reported.
As an example, Figure 20 illustrates a series of FTIR spectra recorded from
the cross section of the multilayer polymer sample. FT Raman measurements
have also been demonstrated (89), although further modifications are war-
ranted. As another example, Figure 21 illustrates optical arrangements re-
quired to obtain FT Raman spectra. With this approach, good quality FT
Raman spectra of 12-wm thick Kevlar fibers, as well as other polymers, have
been shown (D. B. Chase, private communication).

Once the feasibility of FTIR and FT Raman microscopy was demon-
strated, a fiber-optic probe was developed (90, 91). Figure 22 illustrates the
principle of fiber-optic arrangements for FT Raman experiments. In this
system, a single fiber at the center is used to deliver the laser light to the
sample. This single fiber is surrounded by 18 collecting fibers, which, upon
collection of scattered light, send the scattered light to the interferometer.
Although a primary limitation in the mid-FTIR range is still limited through-
put of the fiber optics, FTIR fiber-optic measurements have received quite a
bit of attention in the near-IR region. Archibald et al. (92) demonstrated
remote near-IR reflectance measurements with the use of a pair of optical
fibers and a FT spectrometer. Remote FT Raman measurements using
near-IR have been also shown (93).

Summary and Conclusions

The primary objective of this chapter was to identify and outline the fun-
damental principles and selected applications of FT vibrational spectroscopy
for polymer analysis that are not covered in the remaining chapters of this
book. Although the advantages of the Fourier transform techniques are very
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Figure 20. FTIR spectra of a cross section of a multilayer polymer laminate.
(Reproduced with permission from reference 88. Copyright 1986 Society for
Applied Spectroscopy. )
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Figure 21A. The diagram of the macroscopic Raman collection system used for
microscopic experiments shown in Figure 21B. (Reproduced with permission
from reference 89. Copyright 1989 Society for Applied Spectroscopy.)

powerful, new developments in Hadamard transform spectroscopy or redis-
covery of step-scan mode interferometry and coupling it to a dynamic, along
with a rapid-scan FTIR spectrometer, make the field of polymer vibrational
spectroscopy appealing not only to those who are engaged in designing new
instruments, but also to those involved in structural and quantitative studies
of polymers.

Although the advantages of using the near-IR excitation and interfero-
metric approach in the FT Raman experiment have been well documented,
and new developments leading to a better signal-to-noise ratio are expected
to occur, continuous developments are reported in dispersive Raman spec-
troscopy. The main disadvantage of the FT method comes from an incom-
plete rejection of the Rayleigh line in the near-IR region, resulting in a
reduced overall signal-to-noise ratio and in the low-frequency region loss.
Although the use of Chevron? filters may improve FT detection (94), the use

% Chevron filter consists of four mirrors in the following configuration.
They can be purchased from the Omega Optical Co. Brattleboro, VT.
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Figure 21B. For microscopic experiments B, the sample and ellipse shown in
Figure 21A are replaced by this apparatus, which consists of an FTIR microscope
accessory operating in the reflectance mode. (Reproduced with permission from
reference 89. Copyright 1989 Society for Applied Spectroscopy.)
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Figure 22. A schematic diagram illustrating the fiber-optic probe used with the
FT Raman spectrometer. (Reproduced with permission from reference 91.
Copyright 1990 Elsevier.)

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

With the continually increasing computer capabilities, data processing,
and information theories, two- and three-dimensional experiments both in IR
and Raman techniques will become fairly common. The instruments will
become even faster and allow monitoring processes not observable.

Acknowledgments

The author is thankful to the National Science Foundation (EPSCoR Pro-
gram) and numerous industrial sponsors including 3M Company (St. Paul,

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



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch001

38

STRUCTURE—PROPERTY RELATIONS IN POLYMERS

MN), Eastman Kodak (Rochester, NY), Shell Chemical Company (Houston,
TX), NRECA (Washington, DC), Medtronic (Minneapolis, MN), BYK
Chemie (Germany), and Hitachi Chemical Company (Japan) for partial
support. D. B. Chase is acknowledged for providing some of his data and
perhaps useful comments on the manuscript.

References

1.

2.

3.

Szymanski, H. A. Theory and Practice on Infrared Spectroscopy; Plenum Press:
New York, 1964.

Barrow, G. M. Introduction to Molecular Spectroscopy; McGraw-Hill: New York,
1962.

Wilson, E. B.; Decius, J. C.; Cross, P. C. Molecular Vibrations; McGraw-Hill:
New York, 1955.

. Colthup, N. B.; Daly, L. H.; Wibetley, S. E. Introduction to Infrared and Raman

Spectroscopy; Academic Press: Orlando, FL, 1964.

. Griffiths, P. R. In Advances in Infrared and Raman Spectroscopy; Vol. 9.; Clark,

R. J. H; Hester, R. E., Eds.; Heyden: London, England, 1981.

. Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination

Compounds; 4th ed.; John Wiley: New York, 1986.

. Tehhune, R. W.; Maker, P. D.; Savage, C. M. Phys. Rev. Lett. 1965, 14, 681.

Syvin, S. J.; Rauch, J. E.; Decius, J. C. J. Chem. Phys. 1965,43, 4083.

. Christie, ]. H.; Lockwood, D. . J. Chem. Phys. 1971, 54, 1141.
. Fanconi, B.; Peticolas, W. L. J. Chem. Phys. 1969, 50, 2244.
. Golab, J. T.; Sprague, J. R.; Carron, K. T.; Schatz, G. S.; Van Duyne, R. P.

J. Chem. Phys. 1988,88, 7942.

. The group theory for predicting IR and Raman activities based on symmetry

considerations is discussed in Cotton, F. A. Chemical Applications of Group
Theory; 2nd ed.; Wiley Interscience: New York, 1971.

. Griffiths, P. R. In Transform Techniques in Chemistry; Griffiths, P. R., Ed,;

Plenum Press: New York, 1978.

. Urban, M. W.; Koenig, J. L. In Vibrational Structure and Spectra; Vol. 18; Durig,

J. R., Ed.; Elsevier: New York, 1990.

. Chamberlain, J. E. The Principles of Interferometric Spectroscopy; John Wiley:

Chichester, England, 1979.

. Debarre, D.; Boccara, A. C.; Fournier, D. Appl. Opt. 1981, 20, 4281.
. Smith, M. J.; Manning, C. J.; Palmer, R. A.; Chao, J. L. Appl. Spectrosc. 1988,

42, 546.

. Noda, I. J. Am. Chem. Soc. 1989,111, 8116.
. Noda, I. Appl. Spectrosc. 1990, 44, 550.
. Palmer, R. A,; Manning, C. J.; Chao, J. L.; Noda, I; Dowrey, A. E.; Marcott, C.

Appl. Spectrosc. 1991,45(1), 12.

. Dittmar, R. M.; Chao, J. L.; Palmer, R. A. Appl. Spectosc. 1991,45(7), 1104.

. Chantry, G. W.; Gebbie, H. A; Hilsum, C. Nature (London) 1964, 203, 1052.

. Hirschfeld, T.; Chase, B. Appl. Spectrosc. 1986,40(2), 133.

. Chase, B. J. Am. Chem. Soc. 1986, 108, 7485.

. Painter, P. C.; Coleman, M. M.; Koenig, ]J. L. The Theory of Vibrational

Spectroscopy and Its Applications to Polymeric Systems; Wiley Interscience: New
York, 1982.

. Bower, D. I; Maddams, W. F. The Vibrational Spectroscopy of Polymers;

Cambridge University Press: New York, 1989.

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



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch001

27.
28.
29.
30.
31.
32.
33.
34.
. Burchell, D. J; Lasch, J. E.; Farris, R. J.; Hsu, S. L. Polym. Bull. 1982,23, 965.
36.
37.
38.
39.

40.
41.
42,
43.
. Fina, L. J.; Koenig, J. L. J. Polym. Sci. B Polym. Phys. 1986, 24, 2509.
45.
46.
47.
48.
49.

50.
51.
52.
53.
. Jakes, J.; Krimm, S. Spectrochim. Acta 1971,27A, 19.
55.

56.
57.
58.
59.
60.
61.

62.

&

66.

URBAN  Fourier Transform Infrared and Raman Spectroscopy 39

Ward, I. M. Adv. Polym. Sci. 1985, 66, 81.

Abbate, S.; Gussoni, M.; Zerbi, G. J. Chem. Phys. 1979,70(8), 3577.

Urban, M. W.; Koenig, |. L., unpublished results.

Tobin, M. C.; Carraro, M. J. J. Polym. Sci. 1957,24, 93.

Read, B. E.; Stein, R. S. Macromolecules 1968, 1, 116.

Glenz, W.; Peterlin, A. J. Macromol. Sci. Phys. 1970, B4(3), 473.

Masetti, G.; Zerbi, G. Macromolecules 1973, 6(5), 700.

Jasse, B.; Koenig, J. L. J. Macromol. Sci. Rev. Macromol. Chem. 1979,C17, 61.

Zerbi, G.; Gallino, G; Fanti, N. D.; Baini, L. Polymer 1989, 30, 2324.
Bardwell, J. A.; Dignam, M. Spectrochim. Acta 1988,44A, 1435.

Bertie, J. E.; Eysel, H. H. Appl. Spectrosc. 1985, 39, 392.

Graf, R. T.; Koenig, |. L.; Ishida, H. In Fourier Transform Infrared Characteriza-
tion of Polymers; Ishida, H., Ed.; Plenum Press: New York, 1987; p 385.

Huang, J. B.; Hong, J. W.; Urban, M. W. Polymer 1992, 33(24), 5173.

Huang, J. B.; Urban, M. W. Appl. Spectrosc. 1992,46(6), 1014.

Urban, M. W.; Huang, J. B. Appl. Spectrosc. 1992,46(11).

Hobbs, J. P.; Sung, S. C. P.; Krishnan, K.; Hill, S. Macromolecules 1983, 16, 193.

Stein, R. S. J. J. Appl. Phys. Appl. Polym. Phys. 1961,5, 95.

Fina, L. J.; Koenig, J. L. J. Polym. Sci. B Polym. Phys. 1986, 24, 2525.

Fina, L. J.; Koenig, J. L. J. Polym. Sci. B Polym. Phys. 1986, 24, 2541.
Coleman, M. M.; Painter, P. C. Macromolecules 1987, 20, 226.

Lee, J. Y.; Moskala, E. J.; Painter, P. C.; Coleman, M. M. Appl. Spectrosc. 1986,
40(7), 991.

Urban, M. W.; Gaboury, S. R.; Provder, T. Polym. Commun. 1991, 32(6), 171.
Hay, J. N.; Boyle, J. D.; Parker, S. F.; Wilson, D. Polymer 1989, 30, 1032.
Williams, K. P. J.; Mason, S. M. Trends Anal. Chem. 1990, 9(4), 119.

Clark, E. S.; Wilson, F. C. Nylon Plastics; Wiley Interscience: New York, 1973.

Hendra, P. J.; Maddams, W. F.; Royaud, I. A. M.; Willis, H. A.; Zichy, V.
Spectrochim. Acta 1990,46A, 747.

Angelo, R. J.; Miura, H.; Gardner, K. H.; Chase, D. B.; English, A. D. Macro-
molecules, 1989, 22, 117.

Kenton, R. C.; Rubinovitz, R. L. Appl. Spectrosc. 1990, 44(8), 1377.

Atalla, R. H.; Agarwal, U. P. Science (Washington, DC) 1985,227, 636.

Miller, C. E.; Archibald, D. D.; Myrick, M. L.; Angel, S. M. Appl. Spectrosc.
1990, 44(8), 1297.

Koningstein, J. A. Introduction to the Theory of Raman Spectroscopy; D. Reidel:
Dordrecht, Netherlands, 1972; and reference therein.

Felton, R. H.; Yu, N.-T. The Porphyrins; Dolphin, D., Ed.; Physical Chemistry,
Part A; Academic Press: Orlando, FL, 1978.

Spiro, T. G. Iron Porphyrins; Lever, A. B. P.; Gray, H. B., Eds.; Addison-Wesley:
Reading, MA, 1983.

. Aher, S. A. Methods in Enzymology; Colowick, S. P.; Kaplan, N. O., Eds.; Vol.76,

Academic Press: Orlando, FL, 1981.

. Johnson, C. K.; Rubinovitz, R. Appl. Spectrosc. 1990,44(7), 1103.
. Tu, A. T. Raman Spectroscopy in Biology: Principles and Applications; Wiley-

Interscience: New York, 1982.
Hallmark, V. M.; Zimba, C. G.; Swalen, ]. D.; Rabolt, J. F. Microchim. Acta
1988, 11, 121.

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



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch001

STRUCTURE—PROPERTY RELATIONS IN POLYMERS

. Zimba, C. G.; Hallmark, V. M.; Swalen, J. D.; Rabolt, ]. F. Appl. Spectrosc. 1989,

43(7), 231.

. Levin, I. W. Advances in Infrared and Raman Spectroscopy; Clark, R. J. H,;

Hester, R. E., Eds.; Wiley Heyden: New York, 1984; Vol. 11, Chapter 1.

. Lewis, E. N.; Kalasinsky, V. F.; Levin, . W. Appl. Spectrosc. 1988,42(7), 1188.
. Bunow, M. R.; Levin, I. W. Biochim. Biophys. Acta 1977,464, 202.

. Hallmark, V.; Rabolt, J. F. Macromolecules 1989, 22, 500.

. Sutton, P.; Koenig, J. L. Biopolymers 1970, 9, 615.

. Shotts, J.; Sievers, A. Biopolymers 1974, 13, 2593.

. Hallmark, V. M.; Zimba, C. G.; Swalen, J. D.; Rabolt, J. F. Appl. Spectrosc. 1990,

44(2), 321.

. Nie, S.; Marzilli, P. A; Marzilli, L. G; Yu, N-Teng J. Chem. Soc. Chem.

Commun. 1990,770, 25. :

. Sommer, A. ].; Katon, J. E. Appl. Spectrosc. 1991,45(4), 527.

. Exsted, B. J.; Urban, M. W. J. Organomet. Polym. Chem., in press.

. Exsted, B. J.; Urban, M. W. J. Appl. Polym. Sci. 1993,47, 2019.

. Chapter 35, this book.

. Young, J. T.; Tsai, W. H.; Boerio, F. J. Macromolecules 1992,25, 887.

. Boerio, F. ].; Hong, P. P.; Tsai, H. W.; Young, J. T. Surf. Interface Anal. 1991,

17, 448.

. Boerio, F. ].; Hong, P. P.; Clark, P. J.; Okamoto, Y. Langmuir 1990, 6, 721.
. Ondrus, D. J.; Boerio, F. J. J. Coll. Interf. Sci. 1988,124, 349.
. Ondrus, D. J; Boerio, F. J.; Grannen, K. J. J. Adhesion 1989, 29, 27; and

references therein.

. Angel, S. M.; Katz, L. F.; Archibal, D. D.; Lin, L. T.; Honigs, D. E. Appl.

Spectrosc. 1988, 42, 1327.

. Angel, S. M.; Myrick, M. L. Anal. Chem. 1989, 61, 1648.
. Urban, M. W.; Koenig, J. L. Digilab Letters 1986, 21).
. Harthcock, M. A,; Lentz, L. A.; Davie, B. L.; Krishnan, K. Appl. Spectrosc. 1986,

40, 210.

. Messerschmidt, R. G.; Chase, D. B. Appl. Spectrosc. 1989,43(1), 11.

. Williams, K. P. J. J. Raman Spectrosc. 1991, 21, 328.

. Williams, K. P. J.; Mason, S. M. Trends Anal. Chem. 1990, 9(4), 119.

. Archibald, D. D.; Miller, C. E.; Lin, L. T.; Honigs, D. E. Appl. Spectrosc. 1988,

42(8), 1549.

. Archibald, D. D.; Lin, L. T.; Honigs, D. E. Appl. Spectrosc. 1988, 42(8), 1558.
. Radziszewski, J. G.; Michl, J. Appl. Spectrosc. 1990,44(3), 414.

. Porterfield, D. R.; Campton, A. J. Am. Chem. Soc. 1988, 110, 408.

. McCreary, R.; Wang, Y. Anal. Chem. 1989, 62, 2647.

. Pemberton, J.; Sobocinski, R. J. Am. Chem. Soc. 1989, 111, 432.

RECEIVED for review March 18, 1992. AccepteD revised manuscript June 9,
1992.

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



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch002

2

Vibrational Spectroscopy of Polymers

Analysis, Physics, and Process Control

H. W. Siesler

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

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

i IBRATIONAL SPECTROSCOPY IS AN IMPORTANT TOOL FOR CHARACTERIZATION
of the chemical and physical nature of polymers. In principle, the comple-
mentary techniques of infrared and Raman spectroscopy provide qualitative
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and quantitative information about the following structural details of a
polymer:

o Chemical nature and composition: structural units, type and
degree of branching, end groups, additives, impurities

o Steric order: cis/trans (Z/E) isomerism, stereoregularity

« Conformational order: physical arrangement of the polymer
chains (planar or nonplanar), regular conformations

o Three-dimensional state of order: crystalline and amorphous
phases, number of chains per unit cell, intermolecular forces,
lamellar thickness

e Orientation: type and degree of preferential polymer chain
and side group alignment in anisotropic materials

Despite the uncontested importance of vibrational spectroscopy for the
characterization of macromolecular structure, it should be emphasized that
only a limited number of problems may be solved by its exclusive application.
In the majority of cases maximum information on the structural details in
question can be obtained only by an appropriate choice and combination of
chemical and physical methods. In this respect the introduction of rapid-scan-
ning Fourier-transform IR (FTIR) and FT-Raman spectroscopy and the
advantages of these methods over conventional dispersive instrumentation
have revitalized the utilization of vibrational spectroscopy in polymer re-
search. In combination with other techniques and the application of destruc-
tion-free sampling procedures, FTIR and FT-Raman spectroscopy allow a
better correlation of the spectroscopic data with the results obtained by other
methods from the original sample.

The intention of the present chapter is to review some aspects of mid-
and near-infrared and Raman spectroscopy in polymer research with special
emphasis on selected examples of diffuse reflectance measurements, compar-
ison of photoacoustic FTIR and FT-Raman spectroscopy, dynamic FTIR
characterization of time- and temperature-dependent phenomena, and the
application of light-fiber optics to process control and remote sensing.

Experimental Details

The principles, theory, and instrumentation of FTIR spectroscopy have been
covered in detail in several books and reviews (I-4). The FTIR spectra
presented here were measured on spectrometers (Nicolet 7199 and Bruker
IFS88).

Since the introduction of laser sources during the 1960s, a vast amount of
work has been undertaken using Raman spectroscopy to probe a wide range
of polymeric structures (4, 5-7). Conventional Raman spectrometers that
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were used to carry out this work generally consist of a visible laser source, an
efficient double or triple monochromator, and a photomultiplier detection
system. However, a number of problems are inherent in the application of
conventional laser Raman spectroscopy to polymer systems. For a large
proportion of samples, irradiation with visible light caused strong fluores-
cence of additives and impurities that was superimposed on the weak Raman
signal. A number of (sometimes very time-consuming) approaches were
attempted to circumvent this problem, including prior purification, burning
out the fluorescence, shifting the excitation line, or using pulsed lasers. These
approaches, at best, have been only partially successful. A further problem
with conventional Raman spectroscopy is that highly colored samples or
polymers that contain fillers may absorb the Raman photons which prevents
the photons from reaching the detector and leads to thermal degradation of
the investigated polymer. The foregoing difficulties are some of the reasons
why the Raman technique is not as familiar as infrared techniques, despite
the fact that, in certain circumstances, Raman spectroscopy has a number of
advantages over infrared spectroscopy. The recent development of FT-Ra-
man spectroscopy (8-12), however, increases the likelihood that this tech-
nique will become standard instrumentation in spectroscopic laboratories.
The main features of an FT-Raman instrument are as follows:

e a neodymium—yttrium aluminum garnet (Nd~YAG) laser, oper-
ated at 1064 nm with a power output range of 0-2 W

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

 a FTIR spectrometer equipped with a quartz or calcium fluo-
ride beam splitter for operation in the near-infrared region

« a photoelectric detector; usually a cooled germanium unit (at 77
K) or an indium—gallium—arsenide (InGaAs) detector operating
at ambient temperature

« a Raman sampling compartment with 180° or 90 ° lens-based
optics

The use of near-infrared excitation confers a number of advantages on a
FT-Raman system. Both fluorescence and self-absorption of the Raman
signal are very much reduced and, due to the lower energy of the exciting
light, thermal degradation is also less of a problem. A further breakthrough in
this field is the development of a FT-Raman microscope system for small
samples in the micrometer range that offers the application of mapping
procedures (13). However, compared to conventional Raman, FT-Raman
does have some disadvantages and limitations. It is less sensitive because, due
to the proportionality of the Raman scattering cross section to the fourth
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power of the exciting frequency, the shift from the visible to the near-infrared
region reduces the intensity of Raman scattering. Furthermore, as a conse-
quence of detector and filter limitations, the Raman shift can presently only
be measured between ~ 3500 and 100 cm™'. This long-wavelength cutoff
excludes the investigation of longitudinal acoustic modes in lamellar polymer
structures (4, 7).

The Raman spectra presented here were carried out using a FT-Raman
accessory (Bruker FRA106) that was interfaced to the FTIR unit (Bruker
IFS88).

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

The interface between the reinforcement and the polymer material is of
critical importance to the mechanical properties and performance of compos-
ites, and coupling agents are used to improve the interfacial bonding (14,
15). Because of its nondestructive sample preparation procedure, and high
sensitivity to surfaces, diffuse reflectance FTIR spectroscopy has proved to be
one of the most successful techniques to study the reaction of a coupling
agent with either the resin matrix or the reinforcement material (16, 17).
Frequently, organofunctional silanes are used to promote the adhesion be-
tween the inorganic reinforcement and the organic polymer. In feasibility
studies concerning the substitution of amalgam-based dental filling materials
by glass powder—polyacrylate composites, vibrational spectroscopy proved to
be an extremely important method for investigation of the glass powder—cou-
pling agent interface and the progress of the photoinitiated curing of the
monomeric diacrylate (18). For the composite under investigation, an applied
y-methacryloxypropyltrimethyloxysilane coupling agent reacted with the SiOH
functionalities of the glass surface by condensation and formed bonds with
the diacrylate by polymerization of the C=C double bonds (Structure 1).

With respect to a more detailed understanding of the microstructural
changes at the glass powder—coupling agent interface, the diffuse reflectance
FTIR spectra of Aerosil OX 50 (average particle diameter 50 nm; 50 m?/g)
were studied as a function of increasing coupling agent coating. Attention was
focused on spectroscopic changes of non-hydrogen-bonded and associated
SiOH groups of the glass surface, the increase of OCH; and CH,, functional-
ities, and the variation of the proportion of hydrogen-bonded and non-hydro-
gen-bonded C=0 groups. The amount of coupling agent was characterized
by the organic carbon content determined independently by elemental analy-
sis (1% C corresponded to approximately 100 mmol of coupling agent on
100-g glass powder).

The spectra were measured in a diffuse reflectance cell (Harrick) with
KCl as the inert reference matrix [sample:matrix about 1:2 (w/w)] and 500
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scans were accumulated at a resolution of 2 cm™! (0.964-cm ™' data point
interval). Spectra of three selected samples with organic carbon contents of 0,
0.95, and 1.8% are shown in Figure 1 and reflect the following intensity and
frequency changes with increasing coating (Figure 2; v denotes stretching
vibration) (18):

o The intensity of the sharp ¥(OH) absorption (3740 cm™") of
non-hydrogen-bonded SiOH groups decreases drastically (Fig-
ure 2a).

o The intensity of the Y(OCH ;) absorption of the SiOCH 4 func-
tionalities at 2848 cm ™' increases (Figure 2b).

e The intensity of the v(CH,) and v(C=0),,, (Figure 2c) ab-
sorptions in the 2900- and 1700~1725-cm ' regions, due to the
coupling agent, naturally increase. An absorption that can be
assigned to free C=C resonance stabilized carbonyl groups
gradually increases at 1718 cm™! at the expense of the initial
V(C=0),0ciatea Pand at 1705 cm ™! (Figure 2d).

o The v(OH) absorption of hydrogen-bonded SiOH functionali-
ties at 3666 cm ™! slightly decreases.

Thus, the mechanism for the chemisorption of the coupling agent at the
glass powder interface can be outlined. In a first step, the free OH groups of
the glass react completely with the available SiOCH; functionalities of the
siliconemethacrylate. As consumption of free SiOH groups increases, the
hydrogen-bonded SiOH groups take over this reaction role (although to a
smaller degree) and the percentage of unreacted SIOCH 3 groups increases.
During this process the percentage of non-hydrogen-bonded C=0 groups of
the coupling agent increases at the cost of the hydrogen-bonded moieties.

The application of near-IR spectroscopy to determine the residual C=C
double-bond content and enable estimation of the progress of the diacrylate
curing process will be discussed in the section on near-IR spectroscopy.

FTIR Photoacoustic Spectroscopy Compared
to FT-Raman Spectroscopy

The request for rapid identification of unknown polymeric materials with
varying morphologies is a very common problem in analytical laboratories.
Due to the broader availability of FTIR instrumentation, the task is often
accomplished using infrared spectroscopy even though there are frequently
difficulties associated with finding a suitable sampling technique. Photoacous-
tic FTIR as well as FT-Raman spectroscopy offer a simple approach to this
problem. Independently of the morphology, almost any polymer sample can
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be placed in the photoacoustic (PA) cell or in the laser beam to collect a
spectrum in a matter of minutes. To demonstrate the preferential applicabil-
ity of FTIR-PA and FT-Raman spectroscopy for the destruction-free identi-
fication of polymer samples, some selected examples will be discussed after a
short introduction to the basic principles of photoacoustic FTIR spec-
troscopy.

The photoacoustic effect was first reported by Bell in 1881 (19), but the
method remained in the background until a transducer more sensitive and
selective than the ear could be found. It was not until 1973 that a renaissance
of photoacoustic spectroscopy occurred (20), and since then numerous
interesting applications of this technique have been reported in the ultravio-
let, visible, and near-infrared regions (21-25). The introduction of FTIR
spectroscopy expanded the availability of PA spectroscopy to the mid-infrared
region (25-28) where it is applied quite frequently to the investigation of
polymers (29-30).

In FTIR-PA spectroscopy the solid sample is placed in an enclosed cell
with an IR-transparent entrance window and a built-in sensitive microphone
(Figure 3). The cell contains air or, for increased sensitivity, another coupling
gas, such as helium, under atmospheric pressure (25, 31, 32). This cell is
mounted in the sample compartment of the FTIR spectrometer and the
microphone takes over the function of a conventional FTIR detector. The
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Figure 3. Scheme of a PA cell and principle of the photoacoustic effect.

sample is irradiated with polychromatic light that is modulated with fre-
quency f:

f=2vo (1)

where v is the wavenumber (per centimeter) and v is the mirror velocity
(centimeters per second) of the Michelson interferometer. With a typical
mirror velocity of 0.1 ¢cm/s, the modulation frequencies vary between 800
and 80 s™" in the 4000~400-cm ™" region, respectively.

When radiation of a certain wavelength is absorbed, the sample is excited
to a higher energy level whence it can return to the ground state by emission
of light or (more commonly) by nonradiative decay processes or heat release.
The photoacoustic effect is based on the heat release phenomenon. The
released heat is transferred to the sample surface at a rate that depends on
the thermal characteristics of the sample. Due to the modulation of the
absorbed light, the nonradiative deactivation processes lead to a periodic
sample heating that is coupled into the surrounding fill gas at the sample—gas
interface and produces a pressure fluctuation within the PA cell. The acoustic
wave is then propagated through a small connecting passage to the micro-
phone chamber where the resulting PA signal—recorded as a function of
wavenumber—is correlated with the optical spectrum.

PA spectroscopy has some limitations insofar as the frequency positions
of absorption bands are reproduced but the band intensities cannot be
interpreted according to the conventional rules of transmission spectroscopy.
The signal saturation is a phenomenon that is important for understanding
the PA effect and the interpretation of PA spectra (21, 23, 26, 32—34). The
amplitude of the previously mentioned periodic heating is decreased by
thermal damping processes during propagation in the investigated medium. It
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can be shown (21, 23) that only the part of the sample within a defined
distance from the sample surface contributes to the heat transfer to the
surrounding gas (23) and the intensity of the PA signal depends on the
coefficients of optical absorption and thermal diffusion.

In the practical application of the PA spectroscopy method the spectrum
of carbon-black is recorded as background and then ratioed against the PA
spectrum of the sample under investigation. Because of the lower signal-to-
noise ratio for PA spectroscopy, longer scanning times (in the range of
minutes) are required compared to transmission spectroscopy. The PA spec-
tra presented in Figures 4, 5a, and 6 were taken in a Gilford—Nicolet
photoacoustic cell with a mirror velocity of 0.11 cm/s and about 500 scans
were accumulated with a resolution of 4 cm™' (1.928-cm™! data point
interval). Recent reproduction of the data in a PA cell (MTEC Model 200) on
a FTIR spectrometer (Perkin-Elmer 1760X) with a mirror velocity of 0.10
cm/s and a resolution of 8 cm ™' demonstrated that, despite a comparable
signal-to-noise ratio, the number of scans could be pushed down to 32,
thereby reducing the analysis time considerably (35).

To demonstrate the potential of photoacoustic FTIR and FT-Raman
spectroscopy, the spectra of selected polymers in different morphologies
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were examined “as received.” Notwithstanding the simplicity of sample
preparation for both techniques, the FTIR-PA and FT-Raman spectra of
poly(vinylidene fluoride) granulate and fibers shown in Figures 4 and 7,
respectively, clearly reflect absorption bands characteristic of specific confor-
mational states of order due to the differences in the mechanical pretreat-
ment of the polymer during the production process. Whereas the granulate
occurs primarily in the TGTG conformation of the II(a) form, the fibers have
been transformed largely to the all-trans conformation of the I(8) modifica-
tion.
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Figure 7. FT-Raman spectra of poly (vinylidene fluoride) granulate in the 11(a)
form and fibers in the 1( B) modification.
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The phenomenon of saturation is demonstrated by the strongly reduced
intensities (compared to a transmission spectrum) of the ¥(C=0) and
w(C-N) + 8(N-H) absorptions of the PA spectrum of poly(p-phenylene
terephthalamide) fibers (Figure 5a). The excellent quality of the correspond-
ing FT-Raman spectrum shown in Figure 5b recommends FT-Raman spec-
troscopy as the method of choice for such samples where saturation effects
dominate the PA spectrum. Depending on the nature of the filler, either
FTIR-PA or FT-Raman spectroscopy has advantages. In the case of carbon-
black-filled polymers, FT-Raman spectroscopy usually fails to yield useful
spectra, whereas the excellent FTIR-PA spectrum obtained from a sheet of
carbon-black-filled polycarbonate (Figure 6) emphasizes its value as a valu-
able alternative. On the other hand, highly infrared active filler materials such
as glass fibers will strongly overlap the actual polymer spectrum from 1400
cm™ " to longer wavelengths, whereas they do not significantly contribute to
the FT-Raman spectrum (35).

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

Although attenuated-total-reflection (ATR) spectroscopy is a well-established
method for the characterization of polymer surfaces (3, 4, 36), comparatively
few available publications elucidate the detailed theoretical and practical
background for depth profiling with this technique (37-39).

The principle of ATR spectroscopy is based on the phenomenon of total
internal reflection. For the experiment the sample (refractive index n,) is
brought into direct contact with the surface of a reflection element of high
refractive index n, (n; > n,). When the angle of incidence of the light beam
at the reflection element—sample interface exceeds the critical angle, total
internal reflection takes place and the radiation slightly penetrates the
optically rarer medium (4, 36). The penetration of the radiation into the
sample is usually on the order of a few micrometers, which is sufficient to
constitute a short absorbing path. Therefore, total internal reflection will be
attenuated in the wavelength regions of sample absorption and the recorded
spectrum will be very similar to the transmission spectrum.

The penetration depth (d;) for which the electric field component
decreased to 1/e of its value in the reflection element—sample interface was
derived theoretically by Harrick (36):

A/,
2'11'\/sin2 (S (112/111)2

Here, © is the angle of incidence, N is the wavelength of radiation in
vacuum, and n, and n, are the refractive indexes. This equation demon-

dp (2)
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Figure 8. Setup of the two-layer ATR measurements: surface layer of variable
thickness, A; and detection layer, B.

strates the dependence of penetration depth on the wavelength of the
radiation, the angle of incidence and the refractive indexes of the sample, and
the reflection element. For the practical application of the ATR method in
polymer—polymer interdiffusion experiments, this theoretically derived pene-
tration depth is of limited value. What is actually required is a measure of the
depth to which the composition of the investigated polymer can be reliably
determined by ATR spectroscopy under specified experimental conditions.
To this end, polymer films with varying, definite thicknesses (surface layer)
and a coating detection layer of “infinite” thickness were measured by
ATR-FTIR spectroscopy to determine the thickness of the surface layer (later
referred to as information depth d;) at which characteristic absorption bands
of the detection layer are no longer observable (40). The evaluation of these
systematic measurements should then reveal the dependence of the informa-
tion depth on the wavelength of the incoming radiation.

The arrangement of the surface and detection layers on the ATR crystal
is shown in Figure 8, and detailed results will be presented here with
reference to the system with a polystyrene (PS) surface layer and a polyamide
12 detection layer. The reflection element was a KRS5 parallelepiped with a
refractive index of 2.39, an angle of incidence of 45°, and a total number of
six reflections. The intensities of the ¥(NH), amide I, amide II, and 3(NH)
absorption bands of the polyamide 12 detection layer were determined as a
function of increasing thickness of the polystyrene surface layer (Figure 9)
and their normalized intensities (Table I) plotted versus PS film thickness.
Examples of such plots are shown for the v(NH) and amide I bands in Figure
10. A linear wavelength dependence of the information depth d; can be
derived from these data (Figure 11), and comparison of the theoretically
derived penetration depth d for polystyrene (1.59 refractive index) with the
experimentally determined information depth d; yields the relation (40)

d,=129d, (32)
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This relation is very close to the relation determined for poly(2,6-dimethyl-
1,4-phenylene ether) (PPE) with polyamide 12 as the detection layer (40,
4D),

d;=1.33d, (3b)

and shows that a proportionality constant of about 1.31 can be used for any
polymer system under the specified experimental conditions. In more de-
tailed investigations this information depth was used as the experimental basis
for interdiffusion experiments of low-molecular weight polystyrene into
poly(2,6-dimethyl-1,4-phenylene ether) (41).
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Figure 9. ATR spectra of polystyrene (PS) surface layers with different thickness
and a polyamide 12 detection layer. Asterisks denote evaluated absorption
bands. Continued on next page.
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Variable-Temperature FTIR Measurements and
Hydrogen Bonding

The role played by hydrogen bonds in the structure and properties of
polymers has been the subject of numerous investigations (3, 4, 42—44).
Hydrogen bonds are of particular importance for the chemical, physical, and
mechanical properties of polymers that contain amide (polypeptides, proteins,
polyamides), urethane (polyurethanes), and hydroxyl [cellulose, poly(vinyl
alcohol), poly(acrylic acid)] functional groups.

Although the energies of hydrogen bonds are weak (20-50 kJ /mol) in
comparison to covalent bonds (of the order of 400 k]J/mol), this type of
molecular interaction is large enough to produce appreciable frequency and
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Table 1. Normalized Integral (i) or Peak-Maximum (p) Absorbances
of Selected Polyamide 12 Absorption Bands as a Function of Polystyrene
Film Thickness (x and y are integration limits)

Ai/Aimax
Sample PS Film v(C-N) Ap /AP max
Number  Thickness v(N-H) v(C=0) +8(N-H) 8(N-H)
0 0 1 1 1 1
1 0.05 0.49 0.75 0.79 0.77
2 0.07 0.51 0.82 0.72 0.84
3 0.12 0.47 0.65 0.64 0.84
4 0.31 0.10 0.34 0.33 0.53
5 0.63 0.04 0.26 0.24 0.49
6 0.64 0.09 0.27 0.25 0.53
7 1.09 — 0.08 0.05 0.37
8 1.33 — 0.09 0.08 0.42
9 1.35 — 0.09 0.08 0.42
10 1.49 — 0.03 0.02 0.37
11 1.53 — 0.02 0.01 0.32
12 1.79 — 0.04 0.01 0.28
13 2.13 — — — 0.30
14 2.31 — — — 0.23
15 243 — — — 0.28
16 2.45 — — — 0.23
17 6.78 — — — —
:x =3412cm™ y = 3160 cm™! Ai,,, = 24.28
x=1687cm™! y = 1610 cm™! Ai,, = 26.05
Zx =1590 ecm™! y = 1503 cm™! Ai,, = 27.29

Ty = 7206 cm™ ! Ap_ . =043

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

In polyamides and polyurethanes hydrogen bonding involves the proton-
donating group NH and the proton acceptor C=0. Many of the investiga-
tions so far reported deal with the observed frequency shift and intensity
increase of the v(NH) stretching vibration band when hydrogen bonding
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Figure 11. Information depth d; of polystyrene as a function of wavelength (the
detection layer is polyamide 12).

occurs (44-46). The frequency shift Av(NH), in particular, has been corre-
lated with various chemical and physical properties of the hydrogen bond
(e.g., enthalpy of formation, hydrogen-bond distance) (3, 4, 45, 46). Increas-
ing hydrogen bond strength decreases the N -+ O distance, and this decrease
is reflected by an increase in the shift between the v(NH) absorption
frequency of the associated and nonassociated NH functionalities.

The v(NH) region of the mid-infrared spectrum of the investigated
polyamide is shown in Figure 12. According to differential scanning calori-
metric (DSC) measurements polyamide 12 melts at about 450 K and the
following spectral changes of the ¥(NH) band are observed with increasing
temperature:

o The intensity of the Y(NH),;,(uieq band decreases.

e The peak maximum of the V(NH),,aea band shifts toward
higher wavenumbers.

o The half-bandwidth of the ¥(NH), .;urea Pand increases consid-
erably.

o A v(NH);,, band appears at higher wavenumbers.

The wavenumber shift and increase in bandwidth of the VINH)ciated
band at higher temperatures are the result of a general weakening of the
hydrogen bonds and a concomitant broader distribution of the hydrogen
bond energies. Unfortunately, the intensity of the W(NH)y,, band is very low
in the mid-infrared range and, additionally, at elevated temperatures the
v(NH) absorptions of the free and associated functionalities overlap. A total
v(NH) absorbance procedure for the quantitative assessment of hydrogen
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bonding in polyamides and polyurethanes has been proposed by Sricha-
trapimuk and Cooper (47). However, for aliphatic polyamides, Coleman
et al. (48) have shown that when the strong dependence of the absorption
coefficient upon band frequency (and, in turn, the strength of the hydrogen
bond) is neglected, the proportion of nonbonded NH groups at elevated
temperatures derived with the foregoing procedure from mid-infrared spectra
in the V(NH) region is too high. Inspection of Figure 13 shows that
near-infrared spectroscopy certainly offers an alternative by evaluating the
high-frequency wing of the 2 X v(NH),,, overtone absorption. For a quanti-
tative evaluation of nonbonded NH groups, however, the phenomenon
pointed out by Coleman et al. (48) as well as the reversal of the intensity
ratio between the fundamentals of the free and associated NH groups and
their first overtones must be taken into account (44). Additionally, contrary to
mid-infrared spectroscopy, where the v(OH) absorption of water is superim-
posed by the dominating ¥(NH) band of the polyamide, the loss of water
during thermal treatment of the polymer can readily be quantified by
the intensity decrease of the v(OH) + 8(OH) combination band at about
5150 cm ™.

Recent investigations (49; H. W. Siesler, unpublished results) showed
that variable-temperature FTIR spectroscopy with polarized radiation can
also be advantageously applied to study the temperature-induced reorienta-
tional motion of the mesogenic groups in liquid-crystalline side-chain poly-
mers with polyacrylate main chains (50). The structure of the investigated
polymer, poly(1-(6-(4'-cyanophenyl-4-benzyloxy)hexyloxycarbonyl)-ethylene),
is shown in Figure 14 along with the polarization spectra measured at room
temperature of a sample whose mesogenic groups were oriented in the
friction direction of polyimide-coated and mechanically pretreated KBr-
windows. The molecular weight of the polymer was 20,000 and the transition
temperature from the nematic to the isotropic phase was 133°C (49). To
study the relative orientational motion of the mesogenic groups, the spacer
and the main chain as a function of heating, the ¥(C=N) and 8(CH,)
absorption bands (Figure 14) were evaluated in terms of their orientation
functions (see eq 5). The sample was subjected to a programmed heating of
1°C/min and 64 scans were taken in 1-min intervals with the polarization
direction alternately parallel and perpendicular to the mechanical reference
(friction) direction. Depending on the thermal pretreatment, in repeated
measurements a strong reorientational behavior was observed between the
glass transition (33 °C) and clearing point (133 °C) beyond which the sample
became isotropic. Although this behavior is not clearly understood, the
orientation function—temperature plot proves that, compared to the meso-
genic groups, the main chains exhibit only relatively small orientational
effects obviously as a consequence of small coupling. The spacers demon-
strate an intermediate behavior compared to the mesogenic groups and the
main chain.
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Rheooptical FTIR Spectroscopy

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

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

The experimental principle of rheooptical FTIR spectroscopy is illus-
trated in Figure 15. The technique is restricted to a film geometry of the
sample and the specimen to be tested is uniaxially drawn and recovered in
the sample compartment of the FTIR spectrometer. During the mechanical
treatment interferograms can be acquired in small time intervals (down to 50
ms). Upon completion of the experiment the interferograms are transformed
to the corresponding spectra for further processing of the conventional data.
The electromechanical apparatus constructed for the deformation and relax-
ation measurements is shown in Figure 16. For orientation measurements the
polarization direction of the incident radiation is alternately adjusted parallel
and perpendicular to the stretching direction by a pneumatically rotatable
wire-grid polarizer that is also controlled by the computer. The construction
of a heating cell as a closed, nitrogen-purged system allows the deformation
and stress relaxation to be studied under controlled temperature conditions
(£0.5 K) up to 523 K.

Presently we are testing the application of FT-Raman spectroscopy for
rheooptical measurements. For this purpose, the stretching machine shown
in Figure 16 is utilized in back-scattering geometry by rotating the clamp
mechanism for 90 ° with the Raman beam impinging onto the sample through
the front window of the stretching machine. To improve the back-scattering
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Figure 15. Experimental scheme of rheooptical FTIR spectroscopy of polymers.

efficiency, a mirror was mounted behind the sample. Here, of course, the
sample morphology is no longer restricted to a thin film, but conventional
polymer tensile test samples with thicknesses up to several millimeters or
polymer cables and fibers can be investigated. With the increase of sample
thickness, a stress transducer for higher loads must be utilized. To obtain an
acceptable signal-to-noise ratio of the spectra acquired during the mechanical
tests, longer acquisition times up to 30-40 s must be applied. Thus, for a
Raman spectral data density comparable to rheooptical FTIR investigations,
the elongation rate must be reduced accordingly. Nevertheless, preliminary
results indicate that this technique is also very valuable for the characteriza-
tion of phase transitions in thermoplastic systems and the phenomenon of

strain-induced crystallization in polymer networks (H. W. Siesler, unpub-
lished results).
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Figure 16. Variable-temperature and computer-controlled stretching machine
for rheooptical FTIR and FT-Raman spectroscopy.

Based on a uniaxial orientation model, the present FTIR data have been
evaluated from the original spectra with programs that automatically calculate
(1) the structural absorbance A, (4, 46)

Ag=(A;+24,)/3 (4)
and (2) the orientation functions f (4, 46) of absorption bands. The transition
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moment directions of these absorption bands are assumed to be parallel or
perpendicular, respectively, to the polymer chain axis

fi=(R-1)/(R+2) (52)

and
fi=-2(R-1)/(R+2) (5b)

The dichroic ratio R is defined as R = A /A | . For perfect parallel chain
alignment f = 1, for perpendicular alignment f = —1/2, and for random
orientation f = 0. The structural absorbance has been chosen as the intensity
parameter because it eliminates the influence of changing orientation on the
actual intensity of an absorption band (4, 46). Changes in sample thickness
during elongation were compensated by comparison against a suitable refer-
ence band.

The potential of rheooptical FTIR spectroscopy can very instructively be
demonstrated with reference to the elucidation of orientation phenomena
and strain-induced crystallization of segmented polyurethanes and polyamides.
In fact, these classes of polymers are particularly suited to such investigations
because they contain functional groups with characteristic IR absorptions that
can be assigned to specific domain locations of the polymer under examina-
tion. The value of infrared spectroscopy, in general, and orientational mea-
surements with polarized radiation, in particular, has been widely recognized
for this class of polymers, and a sound basis of functional group—frequency
correlations has been established in the literature (47, 53). Additional
information becomes available from measurements at elevated temperature
and investigations of NH-deuterated samples because the isotope exchange
offers a means to differentiate the hard segments into phase-separated
species and moieties dispersed in the soft segments (46, 51).

The characterization of segmental orientation during cyclic elongation—
recovery procedures of poly(ether-block-amides) (PEBA) based on chain-
extended polyamide 12 (hard segments) and oligotetrahydrofuran (soft seg-
ments) will be discussed. The structure of these polymers is given in
Structure 2 (54). A broad range of mechanical properties can be produced by
the variation of the ratio of hard to soft segments. The sample detailed here

——E(CHz)-O—]—HC—(CH )- H—c-(cu,) c+u cH )— ]-—j—
T O NN—mmmm—e——

SOFT SEGMENT HARD SEGMENT

Structure 2. General structure of poly (ether-block-amides).
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has a hard to soft segment composition of 39.6:49.7 % (w/w) with an
oligotetrahydrofuran molecular weight of 1000. The spectral assignment of
absorption bands that are characteristic of different domains is outlined in
Figure 17.

The stress—strain diagram of a cyclic loading—unloading procedure run at
room temperature with an elongation and recovery rate of 100% strain per
minute and the corresponding polarization spectra recorded during this
mechanical treatment in 5-s intervals (10 scans with a resolution of 4 cm™")
are shown in Figures 18 and 19, respectively. The orientation functions of the
v(NH), ¥(CH,), W(C=0),,.,, and (C=0),,,,4. absorption bands were evalu-
ated for transition moment directions perpendicular to the chain axis, whereas
the transition moment of the ¥(C~O—C) absorption of the oligotetrahydrofu-
ran segments was assumed parallel to the polymer chain. In Figure 20 the
orientation functions of the evaluated absorption bands are plotted versus
strain; they reflect the different behavior of the individual chain segments.
Thus, the initial transverse orientation (f < 0) is only observed for functional-
ities located in the hard segments (N-H, C=0,,;4.). In accordance with
Bonart's model (55), this behavior is characteristic for a lamellar hard
segment morphology that is eventually broken up into smaller fibrillar sub-
units and leads to a positive orientation (f > 0) at higher elongations. The
orientation function of the ¥(C—O-C) absorption characterizes the soft
segments that orient into the direction of stretch upon elongation and
disorient upon recovery. The contribution of hard segments to the v(CH,)
absorption and the interfacial character of the C=0,,, functionality results
in deviations from the orientation function behavior of the pure soft seg-
ments. The irreversible structural changes—elongations and orientations—are
reflected by the spectroscopic as well as the mechanical data.

The ability to monitor strain-induced crystallization in the soft-segment
phase of the investigated polymer is demonstrated in Figure 21. For this
purpose the integral structural absorbance ratio of the 997-cm™" conforma-
tional-regularity band of crystalline oligotetrahydrofuran segments (56) and
the 2800-cm ™' thickness-reference band has been plotted along with the
intensity of the reference band versus strain. Apart from thickness changes,
the graph clearly demonstrates the appearance and disappearance of strain-
induced crystallization as a function of loading and unloading, respectively.

Near-Infrared Spectroscopy

Although the wavelength region of the near-infrared (10,000—4000 cm ™! or
1000-2500 nm) has been used over many decades for the quantitative
analysis of compounds containing OH, NH, and CH functionalities (e.g.,
determination of OH number, water, protein, or residual double-bond con-
tent) (4, 57-59), it has never been established as a widespread analytical and
physical tool comparable to mid-infrared spectroscopy.
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Figure 17. Spectral assignment of the IR spectrum of the investigated
poly (ether-block-amide).
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Figure 18. Stress—strain diagram of the elongation—recovery cycle.

In the course of the 1970s and 1980s however, two new developments
initiated a renaissance of near IR-spectroscopy in analytical chemistry. On the
one hand, chemometric data evaluation techniques in combination with
diffuse-reflection measurements have opened up the possibility of nonde-
structive, rational multicomponent analysis of solid samples. On the other
hand, the introduction of optical light fibers has contributed to an enormous
instrumental expansion of conventional near-IR spectroscopy in terms of
remote control. Fiber-optic probes allow a separation of the spectrometer
and the sample measurement location over several hundred meters and
greatly alleviate the analysis of toxic or otherwise critical samples including
process and reaction control.

The basic difference between near- and mid-infrared (4000~400 cm ™)
spectroscopy is attributed to the fact that the absorption bands observed in
the mid-IR spectrum can (with few exceptions) be assigned to fundamental
vibrations of the investigated molecule, whereas the near-IR absorptions
belong to overtone and combination vibrations, primarily of OH, NH, and
CH functionalities. This statement, however, may lead to an underestimation
of the information content of a near-IR spectrum because (in analogy to a
mid-IR spectrum) the near-IR spectrum also contains information on the (1)
temperature, (2) inter- and intramolecular interactions, (3) thermal and
mechanical pretreatment, (4) ionic concentration (aqueous solutions), (5)
viscosity/molar mass (polymers), (6) density, and (7) particle size—fiber diam-
eter (in the case of diffuse-reflection spectra) of the sample under investiga-
tion.

The intensity of an absorption band decreases by a factor of about
10-100 in going from the fundamental to the first overtone, which necessi-
tates larger optical pathlengths for the near-IR spectral region (about 1-2
mm for undiluted samples; up to 100 mm for solutions). However, this leads
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to a considerable advantage in sample handling compared to conventional
mid-IR spectroscopy (4, 57). Thus, Figures 22 and 23 demonstrate the
monitoring of the UV-induced polymerization of a diacrylate by mid- and
near-IR spectroscopy, respectively. In both cases, information on the amount
of residual double bonds in the cured resin can be readily derived from the
decrease of the 1600-cm ™' ¥(C=C) absorption in the mid-IR region and the
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Figure 19. Polarization spectra recorded during elongation of the investigated
poly (ether-block-amide) up to 300% strain.
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Figure 19. Continued.

2v(=C-H) absorption at 1625 nm in the near-IR region with the advantage
of a 200-fold increase in thickness for the near-IR sample and a concomitant
ease of sample handling. Furthermore, glass or quartz, which are insensitive
to water, may be used as window materials in the near-IR region. Instrumen-
tal advantages of the light source and the detector allow near-IR spectra to be
recorded with a signal-to-noise ratio > 10,000 compared to the mid-IR
signal-to-noise ratio < 10,000. This observation supports the application of
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Figure 20. Orientation function—strain plots of selected absorption bands
corresponding to the mechanical treatment outlined in Figure 19.
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Figure 21. Monitoring of strain-induced crystallization in a poly(ether-block-
amide) by rheooptical FTIR spectroscopy.

chemometric data evaluation techniques (60). Last, but not least, the materi-
als conventionally used as light fibers (glass, quartz) have an attenuation
minimum in the near-infrared region (61, 62).

Near-Infrared Diffuse-Reflection Spectroscopy. Near-infrared
spectroscopy has been used for almost two decades in diffuse-reflection
measurements for the analysis of agricultural and food products by filter
instruments (58, 59). Technological progress has developed to a point where
this technique can be applied with scanning instruments in the area of
chemical and pharmaceutical multicomponent analysis of liquid and solid
formulations and in polymer analysis. In principle, the method belongs to the
discipline of chemometrics, which has been recognized since the mid-1970s
(63, 64). The purpose of this discipline is to generate correlations between
experimental data (e.g., absorption intensities in the present case) and the
chemical composition or physical properties of the investigated samples by
mathematical and statistical procedures [e.g., multilinear wavelength regres-
sion (MLWR), principal component analysis (PCA), partial least squares
(PLS)].

The principle of the measurement procedure for quantitative analysis is
based on recording the near-IR transmittance or diffuse-reflection spectra of
reference samples (the number depending on the number of components or
parameters to be determined) of known composition. These spectra are
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Figure 22. Mid-infrared spectra of the UV-induced polymerization of a
diacrylate.

stored in the computer of the spectrometer, and the levels of the constituents
or the physical parameters are determined by independent, conventional
analytical or physical methods. Then the set of reference spectra and the
independently determined values of the parameters under investigation are
used by the selected statistical method to build a calibration (57-60). Use of
this existing standardization and the near-IR spectra enables the unknown
samples to be evaluated with regard to the individual parameters of interest.
Once the calibration has been performed, the analysis time required for an
unknown sample is drastically reduced to a few minutes in comparison to the
several hours or even days previously required.

Promising applications have been reported (57) for the destruction-free
analysis of polymers of widely varying morphology including the determina-
tion of characteristic chemical and physical parameters of synthetic fibers.
The experimental results on polyacrylonitrile fibers demonstrated here were
obtained on a near-IR spectrometer (Bran and Luebbe 500) with the fiber
bundles mounted in a sample cup that is positioned under the integrating
sphere. The measurement of opaque solids is performed in diffuse reflection,
whereas highly transparent solids, pastes, and liquids can be measured with
the transflection method, which is based on a diffusely reflecting cell bottom
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Figure 23. Near-infrared spectra of the UV-induced polymerization of a
diacrylate.
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that passes the radiation through the sample twice. The radiation directly
reflected from the gold-coated inner surface of the integrating sphere serves
as a reference intensity (Figure 24). Around 100 s are required to take a
spectrum in the 1100-2500-nm wavelength range. The concentration propor-
tional value of log 1/R is used as the ordinate scale:

log1/R=1/s) ac; (6)

where R = I /I represents the intensity ratio of light reflected by the sample
and the reference, respectively, s is the scattering coefficient, a; are the
absorptivities, and ¢; are the concentrations of the individual components.
Frequently the first derivative of log1/R is used to reduce the influence of
sample inhomogeneity (57, 59, 60).

The calibration was based on the log1/R spectra of about 70 reference
samples. The spectrum of such a reference sample is shown in Figure 25. In
Table II, the actual (A) and near-IR-predicted (P) values and their residuals
(R) for the parameters under investigation are shown for three test samples.
These values demonstrate the potential of this technique for rational chemical
and physical multicomponent analysis.

MONOCHROMATOR
MIRR
SOURCE oR
INTEGRATING SPHERE
/ DETECTOR (FOR DIFFUSE
REFLECTANCE AND"TRANSFLECTION™
| SAMPLE |
SAMPLE MEASUREMENT

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

polyacrylonitrile fiber bundles.

Table II. Actual (A) and Near-IR-Predicted (P) Values and Their Residuals
R (P - A) of the Dimethylformamide (DMF) Solvent Residues and the
Preparation, Shrinkage, and Strain of Polyacrylonitrile Fibers
Measured as Fiber Bundles in Diffuse Reflection

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

1P 0.9342 0.2715 4.7389 22.9778
A 0.9200 0.2800 5.0000 22.8000
R 0.0142 —0.0085 —-0.2611 0.1778

2P 0.6661 0.2655 4.0705 20.4069
A 0.7000 0.2600 4.0000 21.0000
R —0.0339 0.0055 0.0705 —0.5931

3P 0.7107 0.2797 3.9485 22.8066
A 0.7300 0.2700 3.9000 23.0000
R 0.0193 0.0097 0.0485 —0.1934

Near-Infrared Light-Fiber Spectroscopy. In conventional
transmission spectroscopy, the sample of interest is measured in the sample
compartment of the spectrometer, whereas the principle of fiber-optic spec-
troscopy is based on the transfer of light from the spectrometer via a suitable
device—the light fiber—to the sample and back to the spectrometer after
transmission of, or reflection from, the sample. Such light fibers usually
consist of quartz with a length ranging up to several hundred meters. Details
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Figure 26. Optical scheme of a near-infrared light-fiber spectrometer with two

applications of at-line monitoring: (a) At-line monitoring of process streams and
(b) at-line monitoring of molecular orientation.
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Figure 27. Near-infrared spectra of polystyrene—CCl, solutions with different
polystyrene concentrations measured on the flow.

of light-fiber geometries, substrates, and optical properties are available in
the literature (61, 62). The obvious advantage of such a geometry is the
ability to separate and vary the location of measurement from the spectrome-
ter within the limits given by the length of the light fiber. Various probes that
can be integrated into different reaction vessels or bypasses offer a multiplic-
ity of remote sensing on- and at-line process-control applications (65).

The optical scheme of one of the instruments used for our studies (the
Guided Wave M 200 spectrometer) is shown in Figure 26. Figure 26 also
includes two applications of transmission monitoring liquid streams in quartz
tubes (a) and molecular orientation in solid polymer test samples (b). In both
cases the transmitted light is refocused into the return waveguide via a
biconvex lens.

The spectra obtained by monitoring polystyrene—CC1, solutions of vari-
ous concentrations on the flow in a 19-mm quartz tube are shown in Figure
27 (57, 65). In combination with a near-IR polarizer (Glan—Thompson
prism) the same optical configuration offers a very elegant approach for the
characterization of anisotropy in polymeric solids. This anisotropy characteri-
zation is achieved by evaluation of the dichroic effects of selected functionali-
ties measured with light polarized parallel and perpendicular to the drawing
direction of the investigated polymer. Figure 28 shows the near-IR polariza-
tion spectra of a 260% drawn polyamide 12 specimen (thickness 1.3 mm).
This spectra reflect significant dichroic effects on the individual absorption
bands (57, 65). Comparison of the results derived from samples with
different draw ratios shows that the dichroic ratios obtained from one
overtone [e.g., 2V(CH,)] can also be transferred to the next overtone
(3v(CH,)]. Near-IR spectroscopy is unique for this purpose in that it offers
a destruction-free investigation even of thick specimens in their original

morphology.
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Figure 28. Near-infrared polarization spectra of a 260% drawn polyamide 12
test specimen measured with light polarized parallel (1) and perpendicular ( L)
to the stretching direction.
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Figure 29. Near-infrared light-fiber ATR sensor (see text). NA denotes the
numerical aperture; ny, n,, and n, are the refractive indexes of air, the core,

and the cladding, respectively.
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An application that shows promise is the modification of a commercial
light fiber based on a quartz core, a poly(dimethylsiloxane) cladding, and a
polyamide coating (Figure 29) to act as an ATR sensor in the near-infrared
region (66). Removal of the polyamide coating by dissolution (over distances
of several meters) allows the remaining light fiber to be wound around a
Teflon holder and immersed into the solution for analysis. This method is
based principally on the effect that the compound to be determined can be
enriched in the poly(dimethylsiloxane) cladding (with no interference from
water, for example) and detected via total internal reflection of the near-IR
beam at the core—cladding interface. To compensate for the absorptions of
the poly(dimethylsiloxane) cladding, a background has to be measured against
air. A similar application has been described for the mid-infrared region with
a polymer-coated internal reflection element (67) and a Teflon-cladding
fluoride glass optical fiber (68).
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Spectroscopic Characterization

of Polymers

Fluorescence Principles

Gregory D. Gillispie

Department of Chemistry, North Dakota State University, Fargo, ND 58105

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

The conformations of macromolecules in dilute solution are typically charac-
terized by such terms as flexible coils, rigid rods, and globular particles.
When a polymer folds upon itself, chemically distinct microdomains and
microenvironments are created. The number and distribution of such do-
mains are a function of temperature, pressure, solvent dielectric constant,
pH, ionic strength, and the concentration of the macromolecule itself. There
is, therefore, a premium on characterization techniques that (1) can be
directly applied to the sample without any manipulation that might disrupt
the polymer; (2) are highly specific in their ability to sense different microen-
vironments and the changes in the microenvironment distribution as bulk
conditions are modified; and (3) are extremely sensitive.

Spectroscopic methods, including infrared, Raman, NMR, and fluores-
cence, are often superior to macroscopic techniques, such as viscosity and
molecular weight determination, in this regard. Fluorescence is the topic of
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this chapter; the other optical spectroscopies are covered elsewhere in this
volume.

The vibrational spectroscopies, infrared and Raman, are applicable to
polymer structure determination (structure in the sense of chemical bond
properties) because the stretching and bending vibrations in a polymer
closely resemble those in monomers. Of course, if the vibrational spectra
were completely transferable, these spectroscopies would be worthless as
microenvironmental probes. Because the spectral changes with environment
are rather subtle, accurate measurement of small changes in band position is
required. The greatest source of model uncertainty is often the validity—relia-
bility of the proposed relationship between spectral position and physical
property. Details can be found in the companion overviews of vibrational
spectroscopy in this volume. We also note the extensive use of Raman
spectroscopy as a probe of biopolymer conformation (1).

Fluorescence, in contrast, is an electronic spectroscopy that, as such,
offers little information about individual bond properties, but otherwise has
some extremely favorable features:

o Fluorescence is extremely sensitive.

e Fluorescence is inherently a multidimensional, selective tech-
nique.

e The fluorescence excitation spectrum can readily be deter-
mined for strongly scattering or even opaque samples
(amorphous solids, turbid and frozen solutions, cracked glasses,
etc.) for which the conventional absorbance approach is difficult
or even impossible.

o Fluorescence provides dynamical information on a time scale
relevant to polymer internal motions.

e Well-developed and well-understood models are available for
data interpretation.

Fluorescence is the most sensitive optical spectroscopy. Useful signals
routinely can be detected at nanomolar concentrations, and at the subpicomo-
lar level in favorable cases. This sensitivity is crucial for experiments in which
a fluorescence probe is chemically attached to a nonfluorescent polymer
backbone because the probe concentration can be kept low enough to avoid
influencing the properties of the polymer itself. The multidimensional fea-
ture, that is, the intensity depends on two wavelengths (excitation and
emission) instead of just one, confers increased detection specificity and
provides a wider choice of experimental configurations.

The dynamical information is directly realized in pulsed excitation experi-
ments, but rates of some processes can also be inferred from steady-state
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polarization measurements. Almost every spectroscopic method can be ap-
plied to reaction kinetic studies. However, the information fluorescence
provides on internal motions and rotational dynamics in the microsecond to
picosecond regime is unsurpassed. Finally, fluorescence experiments can be
interpreted with standard equations derived from essentially first principles
models, such as those that describe Stern—Volmer quenching, orientational
depolarization, and Forster and Dexter energy transfer processes (2—4).

On the debit side, whereas infrared absorption, Raman scattering, and
nuclear magnetic resonance phenomena are exhibited by virtually every
molecule, most synthetic polymers are not intrinsically fluorescent and must
be tagged with covalently attached fluorescence probes. Fluorescence poses
an expanded menu of experimental configurations and a sometimes daunting
array of new concepts and terminology. Note that fluorescence intensities are
inextricably linked to molecular dynamics considerations (e.g., excited state
radiationless processes, quenching, excimer formation, etc.) as opposed to the
simple and direct intensity versus wavelength picture of infrared or UV—visi-
ble absorbance spectroscopy.

This chapter was written as a tutorial on fluorescence principles, not as a
review article on physical characterization of polymers by fluorescence; that
aspect is covered by the research papers in this volume. The goal here is to
provide a compact introduction that serves as a reliable starting point for
consultation of more advanced treatments of polymer photophysics (4).
Whether or not polymer scientists perform fluorescence measurements them-
selves, they need a basic understanding of the technique to follow the
literature. Most research papers are written at a more specialized level than
what is found in the standard chapters on fluorescence and phosphorescence
in instrumental analysis textbooks. The question “why” more than “what” or
“how” is often the main stumbling block to the nonspecialist trying to
understand a fluorescence paper. Thus, the writing here has been guided by
an attempt to anticipate and directly address those concepts that experience
has shown to be potentially the most confusing.

Owing to space limitations, selected from the entire range of lumines-
cence techniques are those initiated by photon absorption; other light emis-
sion methods (chemiluminescence, pulse radiolysis, bioluminescence) follow
similar principles. For convenience, fluorescence is used as a generic term for
photoluminescence and only a few comments are made about phosphores-
cence. Our major emphasis is on polymers that have been “tagged” or labeled
with polycyclic aromatic or heteroaromatic fluorescence probes such as
naphthalene, anthracene, phenanthrene, pyrene, and carbazole. The probes
can be placed directly into the polymer backbone, attached as pendant
groups, or located as end caps on chain polymers.

After a brief introduction to absorbance spectroscopy and electronic
structure notation, the sequence of steps that generate a Boltzmann vibronic
population distribution in the first excited singlet state, from which the

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



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch003

92 STRUCTURE—PROPERTY RELATIONS IN POLYMERS

fluorescence process originates, are outlined. These steps include photoab-
sorption, vibrational relaxation within an electronic state, and internal conver-
sion between excited singlet electronic states. This is followed by a discussion
of the fluorescence spectral distribution, the degree of structure in the
spectrum, what this structure does (or does not) mean, the possible mirror-
image relationship to the absorbance spectrum, and wavelength shifts as a
function of solvent.

The next section covers the decay processes (fluorescence emission,
internal conversion to S,, intersystem crossing to T, quenching, excimer
formation, etc.) that depopulate the emitting excited state. The relative
magnitude of the radiative and nonradiative rate constants controls the
fluorescence efficiency (quantum yield) whereas their absolute magnitudes
determine the lifetime. The quantitative Strickler—Berg equation for radiative
decay rates and the empirical energy gap law for radiationless transitions are
mentioned. Environmental effects on radiationless transition rates are ad-

dressed briefly.

Absorbance Spectroscopy of Aromatic Molecules

Jablonski Diagrams and Platt Notation. Photoabsorption is the
usual mode for creating the excited electronic states from which fluorescence
occurs. Absorption and fluorescence are complementary photoprocesses that
connect upper and lower electronic states:

Absorption: Low-energy state + photon — high-energy state
Fluorescence: High-energy state — low-energy state + photon

Each electronic state has its own set of internal vibrational energy levels.
Interstate vibrational transitions (as distinguished from the intrastate vibra-
tional transitions of infrared spectroscopy) occur simultaneously with the
electronic excitation or deexcitation and are responsible for structure (bands,
peaks, shoulders) in the electronic spectra. Such vibronic (vibrational-elec-
tronic) structure is never fully resolved in solution spectra and is sometimes
completely lost.

The creation of population in the state that ultimately emits fluorescence
begins with absorption of a photon by the ground electronic state, which is
conventionally labeled S, (S is the singlet and 0 is the numerical index of
relative energies). Although the fluorescence almost always occurs only from
S,, the first excited singlet state, there are other, higher electronic states into
which the molecule can be excited. A key concept of monomer solution
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fluorescence is the following:

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

The number of excited molecules created, and, hence, the number of
fluorescence photons subsequently generated, is nearly always a function of
the excitation wavelength, but the fluorescence spectral shape is not.

The standard molecular orbital model considers that an excited state is
derived from the ground state via promotion of an electron from an occupied
orbital to a vacant, higher energy orbital. If all the electrons are spin-paired in
S,, which is usually the case for organic molecules, a one-electron promotion
creates two singly occupied orbitals. If the electrons in these two orbitals are
spin antiparallel, a singlet state results. In triplet states the two electron spins
are parallel. The excited singlet states in order of increasing energy
are labeled S, S,,Ss,...; the excited triplet states are similarly labeled
T,,T,,.... The lowest triplet state is conventionally designated T, not T, as
might be expected, because the first excited singlet state and the lowest
triplet state are nominally derived from the same electron configuration:

...(HOMO)'(LUMO)"

where HOMO and LUMO refer to the highest energy occupied molecular
orbital and lowest energy unoccupied molecular orbital, respectively (in the
ground electronic state). In reality, S; and T, often arise from different
electron configurations, especially if S, is an n-m* state. This is commonly
the case for aromatic carbonyls.

The electronic absorbance spectra of organic molecules are safely inter-
preted solely in terms of transitions to excited singlet states owing to the
extreme weakness of the spin-forbidden singlet—triplet transitions. Incorpora-
tion of “heavy atoms” into the molecular framework increases spin—orbit
coupling and thereby partially lifts the spin-forbiddenness, but not nearly
enough to invalidate the previous sentence. Note that although the phe-
nomenon is referred to as the heavy atom effect, it is a nuclear charge
dependence, not a mass effect, per se. An external heavy atom effect can be
realized with solvents that contain one or more high atomic number atoms
(e.g., bromoform, ethyl iodide); however, the internal heavy atom effect is
usually more effective. Extensive discussions and data tabulations on heavy
atom effects and spin—orbit coupling are available (5).

The wide variation in absorption strengths for the various electronic
transitions connected to S, is evident from the spectra of phenanthrene and
anthracene shown in Figure 1. For example, the peak molar absorptivity is
about 200 times lower in the phenanthrene S, < S, transition between 350
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Figure 1. Absorbance spectra of phenanthrene and anthracene in heptane

solution at room temperature. The upper states of the wvarious electronic

transitions are labeled according to the Platt notation. Phenanthrene, A;
anthracene, B.

and 300 nm than in the transition that peaks at 251 nm. Two other electronic
transitions of intermediate strength can be identified. One begins with a
well-defined band at 293 nm and the other is centered around 215 nm.
Attempts to systematically account for the UV—visible absorbance spectra
of aromatic molecules have a long history. Clar (6) and others (see literature
cited in reference 7) achieved some successful empirical classifications, but
the real breakthrough in understanding came when Platt and his co-workers
refined the perimeter-free electron model and provided a simple quantum
mechanical underpinning to the observations (7, 8). The perimeter-free
electron model is essentially just a particle-on-a-ring elaboration of the
particle-in-the-box analysis taught in undergraduate physical chemistry. It is
remarkable that after the passage of more than four decades, during which
time theory has ever increased in sophistication and predictive capability, the
Platt analysis has maintained its vitality. The reader is strongly urged to
consult the collected original papers (9) of the Platt group for details;
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reference 5 is also recommended for its clear discussion and data presenta-
tion.

In the Platt scheme, the first two excited singlet states in an unsubsti-
tuted aromatic hydrocarbon are labeled 'L, and 'L,. Their relative order is
not fixed. As the chain length of the linear polyacenes is increased, the energy
of 'L, drops relative to 'L,, which is the lower energy state in the series for
only benzene and naphthalene. Absorption to the 'L, state is predicted to be
moderately strong, whereas the transition to 'L, is weak. A very strong
transition to the 'B, state lies at shorter wavelength than the 'L, and 'L,
transitions and there are no intervening states expected between them and
'B,. Additional transitions to other states (*C,, 'B,, 'C,) at shorter wave-
lengths from 'B,, are unimportant for our purposes. As a guideline, transitions
to 'L,, 'L,, and 'B, from S, are, respectively, weak [100 < e < 1000
L/(mol cm)], medium (e = 10,000), and strong (e = 10).

The counterparts to three of the electronic transitions observed for
phenanthrene are easily identified in anthracene (Figure 1B). The missing
absorption to the 'L, state in anthracene is unquestionably buried in the
short wavelength tail of the much stronger 'L, transition. Identification of the
'L, transition is much easier when it is S, than when it is S,. Several of the
other aromatic chromophores commonly used to label polymers also have 'L,
as the lowest excited singlet state; they include naphthalene, pyrene, car-
bazole, and fluorene. The 'L, state is also the lowest excited state in benzene
and its methyl- and halo-substituted derivatives, but the S,-S, gap is so large
in those molecules that there is no potential for confusion.

As the spectra are viewed from longer to shorter wavelength, a reason-
ably well-defined onset to most of the electronic transitions is observed. The
longest wavelength band in a structured absorbance region is commonly
referred to as the 0-0 band. The notation implies that it represents a
transition between the zero-point (vibrationless) levels of the upper and lower
states. With the further reasonable approximation that the zero-point energy
is the same in the two states, the photon energy corresponding to the 0-0
band equals the electronic energy of the excited state. The energy level
diagrams shown in Figure 2 were constructed in this fashion from the spectra
of Figure 1 and are commonly referred to as Jablonski diagrams. The energy
of the lowest triplet state, relevant to S; deactivation via intersystem crossing,
is determined from the phosphorescence spectrum. Once T, is positioned,
higher triplet states can be placed with the aid of triplet—triplet transient
absorbance data.

Note the structure from the simultaneous vibrational transitions that
accompany electronic transitions. For example, the S,('L,) « S, absorbance
spectrum of anthracene (Figure 1B) contains a series of bands separated by
1460 + 40 cm ™!, which is in the appropriate range to be assigned to an
aromatic ring stretching vibration. At least five members of the progression
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Figure 2. State energy level diagrams for phenanthrene (top) and anthracene
(bottom). States positioned from the spectra of Figure 1 and the phosphorescence
spectra. The horizontal lines represent the electronic energies of the states.

are readily observed and more can be found with second-derivative spectral
processing. With the standard assumption that only the zero-point level in S,
is appreciably populated at thermal equilibrium, it is common practice to
calculate S, vibrational energy levels from the band spacings. An example is
shown in Figure 3 for anthracene. The corresponding S, vibrational levels
could be deduced from the fluorescence spectrum. There are six vibronic
bands in the phenanthrene S,(*L,) « S, transition (Figure 1A). The spacing
is smaller than in anthracene and the structure is less regular.

The extent of vibronic structure varies widely from one electronic
transition to another. Whether to assign a given spectral region to two or
more excited state transitions or to vibronic structure within a single elec-
tronic transition is not always an easy decision. Polarized absorbance and
fluorescence excitation spectra, low-temperature measurements to enhance
the resolution, solvent shifts, the results of molecular orbital calculations, and
the infamous “chemical intuition” all play a role. An early paper by Becker
and co-workers (10), which exemplifies the application of most of these
techniques, is still representative of the approaches taken today.
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Figure 3. Representation of the anthracene S; vibrational levels from the
solution absorbance spectrum.

Any quasidiatomic (i.e., single vibrational mode) depiction similar to
Figure 3 grossly underestimates the total number of available vibrational
levels. The true vibronic structure is far more complicated than the solution
spectra suggest (vide infra) owing to incomplete resolution. Moreover, only a
fraction of the total set of S, levels can be optically accessed from the S,
zero-point level. The inaccessible “dark” levels play a key role in the various
vibrational relaxation and radiationless transition processes.

Solvent Effects. The solvent effects on an absorbance spectrum can
be separated into three categories: wavelength shift of the entire spectrum,
modification of the vibronic structure (spectral shape), and a change in the
overall absorption strength. The last factor requires an extremely strong
interaction between solvent and solute, one that significantly distorts the
solute’s electron distribution. There is also the possibility that solvent interac-
tions lift the symmetry forbiddenness of a given molecular transition (see the
subsequent discussion of the Ham effect), but such cases are usually better
viewed as changes in vibronic structure because the integrated absorption
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strength of the entire electronic transition is little affected. The magnitude of
the wavelength shifts depends on the polarity of the solvent and the dipole
moment difference between the S, and S, states. The literature on charge
transfer transitions (both intra- and intermolecular) and donor—acceptor
complexes is extensive (11), but comments are limited here to the milder
interactions evident for aromatic chromophores.

For characterization of the physical properties of polymers, interest is
often in the difference between hydrocarbon and aqueous solution environ-
ments. Figure 4 is inspired by the classic work of Lawson et al, who
compared the absorbance spectra of benzene in the gas phase, and in
perfluorohexane and hexane solution (12). We have remeasured the solution
spectra and added one for water as solvent. The similarity between the
absorbance in the gas phase and in perfluorohexane solvent (12) is remark-
able and indicative of almost no interaction of benzene with the fluorocarbon.
Even though hexane is usually considered a “noninteracting” solvent (and it
certainly is when compared, for example, to methanol), it does wash out the
vibronic structure and shift the entire spectrum about 2 nm to longer

] C6Fl4
238 245 75I5 265 275
] CoHia
235 245 ' 2;5 i 2&5 278
] H0
] v M M T

Bs s 2 %5 278
Wavelength (nm)

Figure 4. Absorbance spectra of benzene in perfluorocyclohexane and hexane
solvent and in aqueous solution.
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wavelength. The higher polarity of water as a solvent further reduces the
vibronic structure (the valleys between the maxima are not as deep), but the
band positions agree to within 1 nm (relative to alkane solvent) and the
overall intensity pattern is not markedly affected.

As a component of an environmental analysis project in our laboratory,
we have extensively studied the electronic spectroscopy of aromatic hydrocar-
bons in aqueous solutions. The results for the other polycyclic aromatic
hydrocarbons are similar to those for benzene with regard to solvent depen-
dence of the absorbance spectra.

Absorbance Spectra in Labeled Polymers. The foregoing prin-
ciples for monomers apply nearly without modification to polymer systems
tagged with aromatic substituents. Shifts of the absorbance spectra, relative to
those of the model monomeric chromophores in the same solvent, are small.
For example, consider the almost completely superimposable absorbance
spectra of polystyrene and ethylbenzene shown in Figure 5. The com-
pendium of absorbance and fluorescence spectra by Berlman (13) includes
additional monomer spectra for toluene, n-propylbenzene, isopropyl ben-
zene, sec-butylbenzene, diphenylmethane, bibenzyl, and phenylcyclohexane;
all monoalkyl derivatives of benzene absorb UV light in similar fashion. The
presence of a single methylene spacer between a phenyl ring and another
aromatic group (as, for example, in diphenylmethane) isolates them electroni-
cally to a large degree. The electronic isolation is even greater if there are
additional methylene spacers.

Nonetheless, the existence of at least a modicum of electronic communi-
cation across a single —~CH, group is revealed in the diphenylmethane and
ethylbenzene spectra shown in Figure 6; the 9-nm relative shift to longer
wavelength in diphenylmethane is indicative of some conjugation extension

Polystyrene

Relative Intensity

Ethylbenzene

AN AL S T T T
230 240 250 260 270 280 290
Wavelength (nm)

Figure 5. Comparison of the absorbance spectra of polystyrene (MW = 600)
and ethylbenzene in heptane solution.
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Figure 6. Comparison of the absorbance spectra of ethylbenzene and

diphenylmethane in heptane solution. Note that the two compounds exhibit very

similar spectra but that the diphenylmethane spectrum lies about 9 nm to longer
wavelength.

from one phenyl group to the other across the methylene spacer. Comparison
of either the benzyl acetate or benzyl alcohol spectra in Berlman (13) to the
ethylbenzene absorbance shows similar shifts. Admittedly, the effect is not
very dramatic in any of these cases.

Many bichromophoric molecules have been synthesized for spectroscopic
study. For example, pyrene is commonly used to end cap polymers to explore
end-to-end cyclization dynamics via the pyrene excimer fluorescence (14).
The absorbance spectrum of a nonconjugated polymer labeled with pyrene
closely resembles that of the corresponding alkyl-substituted pyrene.

Energy transfer studies of a bichromophoric system by the Guillet group
(15, 16) provide the spectra for Figure 7. The absorbance spectrum of
polymer I contains separate naphthyl and anthracenyl contributions (the
absorption of the phenyl substituent lies to shorter wavelength of the range
shown in the figure), but only the naphthyl absorption applies in polymer II.
The composite (superimposed) spectrum generated from separate spectra for
polymer II and 9-methylanthracene fits the spectrum of polymer I extremely
well. The authors did find it necessary to reduce the molar absorptivity of
9-methylanthracene by 12% to achieve the best fit in the composite spec-
trum, but this could easily reflect the influence of the nearby carbonyl group
on the molar absorptivity of the anthracene moiety (per the preceding
comments about electronic communication across a methylene spacer).

Relaxation Steps Leading to the Emitting State

Vibrational Relaxation after S; Excitation. An individual pho-
ton absorption event populates an excited state vibronic level. Consider first
the case of direct excitation into the S, state. According to the Franck—Con-
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Figure 7. The absorbance spectrum of a bichromophoric polymer and its
decomposition into monomer components. (Reproduced with permission from
reference 15. Copyright 1990.)

don principle, the photoexcitation step occurs over such a short time interval
(less than a femtosecond) that the sluggish nuclei lag behind the redistribu-
tion of electronic charge associated with the S, < S, transition.

All molecular properties sensitive to electronic charge distribution (e.g.,
dipole moment, chemical reactivity) are changed by the photoexcitation.
Even though the connectivity of the atoms in S, is the same as in S, (in the
absence of photochemistry or photoisomerization), the force constants for
bond stretches, bends, and torsions and the bond lengths can change signifi-
cantly. Thus, the so-called Franck—Condon or vertical excitation creates an
imbalance because the initially created excited state electron distribution is
prepared on the framework of the ground electronic state nuclear geometry.
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Figure 8. Caricature illustrating the ori-
gin of Stokes shift between the fluores-
cence and excitation transitions. Stmight
lines signify radiative transitions and
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The molecule must rearrange its relative nuclear positions to accommodate
the new electronic distribution. Note that the nuclei are driven to their new
positions by the changed electron distribution, not vice versa.

The notion of a specific, single ground-state geometry is an oversimplifi-
cation, albeit usually not a crucial one. Classically the molecule spans a range
of geometries as it executes its vibrational motions. [The quantum mechanical
description invokes vibrational wavefunctions, the squares of which yield the
probability that the molecule is in a certain geometry (conformation).] A
familiar example is that of a ground state with a (vibrationally averaged)
planar arrangement, say about a C=C double bond, but an intrinsically
twisted excited state; ethylene is the obvious paradigm. Despite the foregoing
quibble, there is little harm in saying that the ethylene S, excited state is
created planar by photoexcitation and must then relax to its nonplanar
equilibrium geometry. Biphenyl represents the reverse case; the torsional
angle about the central C—C bond is substantial in S, but the molecule tends
toward planarity in the excited state.

A photoexcited molecule achieves greater energy stability as it relaxes
into its optimal excited state geometry. The process is commonly depicted as
a cascade down the manifold of vibrational levels (Figure 8) and is referred to
as a vibrational relaxation. In condensed media, vibrational relaxation causes
dissipation of a certain amount of energy to the solvent on approximately the
picosecond time scale. The vibrational relaxation is complete when a Boltz-
mann population distribution over the excited state vibronic levels is reached.
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Again, recall that the density of S, vibronic levels available to participate in
the relaxation is enormously greater than that which is revealed by the
absorbance spectrum.

Internal Conversion from S, (n > 1) to S;. The possibility of
excitation into higher energy states than S, also exists. The empirical observa-
tion that fluorescence from singlet states above S, is generally not observed is
referred to as Kasha’s rule. Although several “violations” of Kasha’s rule
(which never was promulgated as an absolute edict) have been observed (see
reference 17, for example), truly marked departures are rare. The phe-
nomenological interpretation for the weak fluorescence from S, (n > 1) is
that radiationless processes rapidly take the molecule down the ladder of
excited singlet states to S, before the radiative decay can occur. The time
scale of these internal conversions is generally in the subpicosecond range, so
the S, — S, internal conversion occurs simultaneously with intrastate vibra-
tional relaxations. Radiationless processes will be discussed in more detail in a
later section. We note here that the fast internal conversions down to S, are
consistent with the small electronic energy gaps between the higher excited
singlet states. Internal conversion from S, to S, is much slower because of
the large S-S, energy gap; refer to Figure 2.

As a photoexcited molecule in fluid solution rapidly relaxes to an S,
Boltzmann distribution, any molecular memory of how the emitting state was
created is lost. Accordingly, nearly all of the following text applies equally
well to fluorescence emission in chemiluminescence, bioluminescence, and
pulse radiolysis experiments, in addition to photoluminescence.

Fluorescence Spectroscopy of Aromatic Molecules

Stokes Shift and Mirror Image Symmetry. The degree of struc-
ture in a room temperature solution fluorescence spectrum often, but not
always, resembles that of the corresponding S, < S, absorbance spectrum.
The collective excited state population undergoes statistical decay on a time
scale that is typically nanoseconds, but the interval over which an individual
photon emission event occurs is still governed by the Franck—Condon
principle; that is, the emission takes place in vertical fashion. Immediately
following the photon emission, the ground (electronic) state reassumes its
normal electronic charge distribution, albeit mapped onto the excited state
nuclear geometry. Subsequent rearrangement of the nuclear positions to the
ground-state equilibrium geometry releases energy to the solvent via another
vibrational relaxation.

Figure 8 is a typical illustration of the vertical photoprocesses and
vibrational relaxation for a highly stylized polyatomic with a single geometric
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coordinate. Molecular cartoons of this type are often drawn to rationalize the
vibronic structure of spectra similar to those in Figure 1. However, poly-
atomic molecules formally require multidimensional geometric coordinate
descriptions because there are 3N-6 vibrational modes, where N is the
number of atoms in the molecule. At best, Figure 8 has some sort of
qualitative validity if the abscissa is identified as some total (and usually totally
undefined) geometrical coordinate. The reader is urged to remember that
polyatomic molecules possess a dense manifold of vibrational levels in any
given electronic state.

Owing to the Franck—Condon principle (vertical photon transitions) the
excitation takes place to higher energy from the S,-S; electronic energy gap
(the energy difference between the two zero-point levels), whereas the
fluorescence occurs at lower energy from the electronic energy gap. Conse-
quently, the emission is red-shifted relative to the excitation (absorbance).
The larger the geometry difference between S, and S,, the greater the
displacement of the S, « S, absorbance pattern to higher energy and the
S, = S, emission to lower energy, relative to the electronic energy gap. The
separation between the absorbance and emission maxima is commonly re-
ferred to as the Stokes shift. Qualitatively, the greater the Stokes shift, the
greater the S,-S; geometry difference. [See Berlman (13) for more precise
definitions of the Stokes shift.] Unfortunately, it is a practical impossibility to
turn the qualitative inference into quantitative interpretation for any but the
smallest molecules owing to the multidimensional nature of the vibrational
motions.

Figure 8 further indicates that the 0-0 transition is the only one common
to both the absorbance and the emission spectra. Another concept implicit in
the figure is that of mirror-image symmetry between the absorbance (excita-
tion) and fluorescence spectra. The better the mirror-image symmetry, the
more nearly identical the S, and S, geometries and bonding (and hence their
vibrational frequencies) are assumed to be. Note that the only meaningful
assessment of the mirror-image symmetry is comparison of the fluorescence
with the S, < S, absorbance (or excitation) spectrum, not with absorbance to
any higher state. A depiction of normalized absorbance and fluorescence
spectra on the same graph is useful for assessment of the Stokes shift and
mirror-image symmetry. Berlman’s book (13) includes over 100 examples and
the reader is urged to consult this resource, whose value is enhanced because
all the spectra presented therein were taken under the same conditions.

Excitation versus Absorbance Spectra. In the literature, it is
often the excitation spectrum, not the absorbance spectrum, that is pre-
sented. We shall, therefore, first identify the similarities and differences
between the two presentations of essentially the same information before
turning to actual examples.
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An excitation spectrum is operationally obtained by fixing the emission
wavelength of the detection system and varying the wavelengths of light to
which the sample is subjected. Because the fluorescence spectral shape (ie.,
the relative intensity at various wavelengths) is independent of excitation
wavelength, the emission intensity for a given solute and solvent is directly
proportional to the number of molecules photoexcited via absorbance within
the collection volume of the detection system. This number, in turn, depends
on the intensity of the light source as a function of wavelength and the
sample absorbance, which is also wavelength dependent.

The fluorescence intensity, Iy, at emission wavelength N and excita-
tion wavelength A, can be written as

IF()\em’ )\ex), = Iex()\ex)fabs()\ex)(QY)(GC)g()\em) d()\em) (1)

“Reading” the right-hand side of the equation from left to right (which is also
the order of the photon paths), we have the number of photons incident on
the sample (I,,), the fraction actually absorbed (f};,) to create potentially
fluorescent molecules, the fraction of excited molecules that actually emit
photons (QY is the quantum yield), the fraction of emitted photons that enter
the emission monochromator (GC is the geometrical collection factor), the
fraction g of the total emission spectrum that falls within the bandpass of the
emission monochromator, and finally the wavelength-dependent sensitivity of
the detection system (d).

The fraction of incident photons absorbed is 1 — T where T, the
transmittance, is related to the absorbance A by

T =10"* = exp (—2.3034) (2)

For dilute solutions (say absorbances less than 0.05), the series expansion of
the exponential function is adequately truncated at the linear term

exp (—2.303A) = 1 — 2.303A (3)
and Iy is proportional to A(\,,):

IF()\em > )\ex) = 23O3A( )\ex) Iex()\ex)(QY)(GC) g()\em) d()‘em) (4)

If the fluorescence intensity is then divided by the excitation intensity, the
resulting ratio I /I, is directly proportional to the absorbance. Note that the
choice of emission wavelength does not affect the \_, dependence of the
excitation spectrum apart from an overall scale factor. The usual practice is to
choose the monitoring wavelength to correspond to the maximum fluores-
cence intensity, but other choices are sometimes convenient.
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Why would one go to all this extra trouble to simply recover the
absorbance spectrum? Two important reasons are sensitivity and sample
versatility. The excitation spectrum of a moderate to strongly emitting
molecule can be measured at concentrations several orders of magnitude
lower than that for which an absorbance measurement is feasible. The
advantages of measuring a small signal against an even smaller background
(as in the fluorescence-detected excitation spectrum) versus searching for a
small change in a large light signal, as in absorbance, are considerable.
Moreover, as noted in the introduction, the excitation spectrum can readily
be determined for strongly scattering or even opaque samples (amorphous
solids, turbid and frozen solutions, cracked glasses, etc.).

Discrepancies between the excitation and absorbance spectra can usually
be traced to either instrumental factors or the presence of more than one
emitting species. The most common instrumental factor is noncorrection of
the excitation spectrum for wavelength variation in source intensity. Commer-
cial spectrofluorimeters with quantum counter accessories are now routinely
available for the acquisition of corrected spectra. Many older instruments lack
this capability, but an inability to correct the excitation spectrum is generally
not a great handicap.

The second instrumental source that causes deviation of the excitation
spectrum from the absorbance spectrum is associated with absorbance values
being sufficiently large to invalidate truncation of the exponential function
expansion at the linear term. As the excitation spectrum is scanned, the
exciting light penetrates to different depths in the cell according to the
varying absorbance values. [In very dilute solutions, the exciting light attenua-
tion is negligible and the excitation is uniform along the beam path.] The
geometry of the photon collection system is fixed and the collection efficiency
is not uniform over the entire excitation volume, so a spectral distortion is
introduced. Here, too, this poses little problem for data interpretation as long
as one realizes the mechanism is operative. For very high concentrations,
such as can be obtained for doped polymers, front face (as opposed to right
angle) detection is a good way to eliminate most of the variation in geometric
collection efficiency.

A molecular source for differences between excitation and absorption
spectra is dependence of the fluorescence quantum yield on excitation
wavelength, but true examples for monomers in solution are extremely rare.
Whenever this mechanism is suspected, one is advised to scrupulously
eliminate other possibilities first. The presence of two or more absorbing
species with different fluorescence efficiencies at the monitoring wavelength
is far more likely. If the fluorophor of interest is not a strong emitter or
present at low concentration, then the possibility of impurity emission must
always be considered. In fact, recommended procedure is to compare the
absorbance and excitation spectra whenever possible to test for impurities.
Similarly, it is a good idea to verify that the emission spectral shape is
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independent of excitation wavelength and that the excitation spectrum is
independent of the wavelength at which the emission is monitored.

Multicomponent absorbance and fluorescence can still arise in a high
purity sample owing to ground-state dimerization. For example, the dimer of
benzoic acid formed by hydrogen bonding absorbs at slightly different
wavelength than the monomer and there is a similar fluorescence shift. Of
course, in bichromophoric systems like those shown in Figure 6, differences
between the absorbance and excitation spectra are highly likely.

Excitation and Emission Spectra of Aromatic Chromophores.
A few examples will serve to illustrate the concepts introduced to this point.
The anthracene spectra in Figure 9 represent a high degree of mirror-image
symmetry. The 0-0 bands in emission and excitation are easily identified and
coincide to within 2 nm. Perylene, which also has an 'L,S; state, is another
example of excellent mirror-image symmetry (18).

The phenanthrene spectra in Figure 10 illustrate how problems can
easily arise in the interpretation of fluorescence data. If the 'L, transition
between 350 and 300 nm is carelessly overlooked (or if it gets lost in the
noise), the erroneous conclusion that there is a very large Stokes shift and
hence, large S,-S, geometry difference, might easily be reached. A complete
gap between the excitation (absorbance) and emission spectrum does occur,
for example, in molecules that undergo excited state proton transfer (19), but
that is not the case here. In reality, anthracene and phenanthrene have nearly
identical Stokes shifts. When the 'L, features of phenanthrene are shown on
an expanded basis in the inset to Figure 10, we find that the 0-0 bands are
actually even more coincident than in anthracene; the separation is just over 1
nm. The mirror-image symmetry, however, breaks down considerably. Fi-
nally, we note the excellent agreement between the phenanthrene excitation
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Figure 9. Fluorescence and fluorescence excitation spectra of anthracene in

heptane solution at room temperature, illustrating a high degree of mirror-image
symmetry.
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spectra in Figure 10 with the absorbance spectrum shown in Figure 1 even
though the solvents are not the same. As noted in an earlier section, many
aromatics (naphthalene, pyrene, carbazole, and fluorene) commonly used to
label polymers also have 'L, as the lowest excited singlet state.

Our final fluorescence spectrum example is biphenyl (Figure 11), which
has been termed unusual (20) because there is more structure in the
emission than in the excitation spectrum. It is tempting to associate this
behavior with the nonplanar ground state and the fact that the excited state is
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Figure 10. Fluorescence and fluorescence excitation spectra of phenanthrene in

aqueous solution at room temperature. On the scale of this figure the Iy,

transition between 350 and 300 nm in excitation is barely discerned. Inset:

Expansion of the initial portion of the excitation spectrum with renormalization

of the fluorescence reveals a small Stokes shift but a significant departure from
mirror-image symmetry.
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Figure 11. Fluorescence and fluorescence excitation spectra of biphenyl in

aqueous solution at room temperature. Arrows indicate origin positions of the

S; and S, states, as revealed in the low-temperature fluorescence excitation
spectrum.
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expected to tend toward planarity. Actually, the state with maximum near 248
nm is at least S; (and perhaps even a higher singlet state!); the very weak
transitions to S, and S, do not show up in the low-resolution fluid solution
spectra, but are clearly revealed in low-temperature work (21). One should
be extremely cautious about ascribing too much significance to vibrational
structure (or lack thereof) in fluid solution spectra.

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

This point is strikingly made in Figure 12, which compares the fluid
solution anthracene fluorescence spectrum with the corresponding emission
of anthracene in a frozen n-heptane solution (Shpol’skii matrix) at 10K. The
1450-cm ™! progression-forming “mode” shown in Figure 3 is actually the

380 390 400 410
A (NM)
Figure 12. Laser site-selected fluorescence spectrum of anthracene in an n-

heptane Shpol’skii matrix at 10 K The dashed line indicates the room
temperature fluorescence spectrum.
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overlap of many active fundamental vibrations with frequencies in the range
1100-1650 cm™*.

One commonly finds statements in physical chemistry textbooks along
the lines of “the population of excited vibrational levels at 298 K is usually
very low.” When made in the context of diatomic molecules, the statement is
true. However, when the statement is extended to polyatomics with more
than just a few atoms, it is quite erroneous, and there is probably insufficient
appreciation for the breadth of the thermal distribution in a large molecule.
For example, even though the anthracene zero-point level for a 300-K
Boltzmann distribution is more populated than any other vibrational level, its
fraction of the total population is far less than 1%. The room-temperature
spectrum of a large molecule represents the overlap of individual transitions
from hundreds (and even thousands) of levels, each of which can participate
in absorption or fluorescence transitions to several vibrational levels in the
other electronic state.

Along the same vein, one must be similarly cautious about assessments of
mirror-image symmetry. Several years ago we reported fluorescence and
excitation spectra for 1-aminoanthraquinone in a low-temperature n-heptane
matrix (22). The spectra under these conditions are highly structured with
bands that are only a few-hundredths of a nanometer wide and the mirror-
image symmetry appeared excellent. When we recently examined the corre-
sponding gas phase spectra, it was discovered that despite the mirror-image
symmetry, there must be significant differences between the bonding and
vibrational properties in S, and S, (23).

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

With regard to the fluorescence wavelength shift, the solvent depen-
dence is associated with differences between the ground- and excited-state
electron distributions. The usual starting point for discussion is the Lippert
equation (24), which draws attention to the dipole moment difference
between S, and S,. More often than not there is a substantial dipole moment
increase associated with photoexcitation. By once again applying the
Franck—Condon vertical excitation principle, this time to a “supermolecule”
of the solute and its solvation sheath, one deduces that the effectively
instantaneous creation of the excited electronic state electron distribution
with the solvent sheath at its ground-state arrangement is destabilizing. As the

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



Publication Date: May 5, 1993 | doi: 10.1021/ba-1993-0236.ch003

3. GILLISPIE Spectroscopic Characterization of Polymers 111

solvent shell rearranges to accommodate the increased solute dipole moment,
the supermolecule relaxes to lower energy. Consequently, the fluorescence
exhibits a shift to longer wavelength. Figure 13 shows a particularly dramatic
example of a popular fluorescence solvent polarity probe. An extensive
discussion of solvent dependence, the Lippert equation, and related concepts
can be found in Lakowicz (20).

For polycyclic aromatic hydrocarbons with alkyl or other relatively non-
polar substituents, the dipole moment difference between S, and S, is small
and may even be restricted to zero by symmetry. For these molecules, solvent
effects on the fluorescence wavelength distribution are small, as may be
verified by comparing the aqueous solution spectra for phenanthrene and
biphenyl in Figures 10 and 11 with the corresponding spectra for cyclohexane
solvent (13).

The solvent effect on fluorescence intensities is not as easily predicted or
explained. For example, in unpublished work from our laboratory, we showed
that the fluorescence quantum yield of benzene in aqueous solution is much
lower than in aliphatic solvents, yet other aromatics are little affected or their
fluorescence even intensified by the change from a nonpolar organic solvent
to water. The solvent effects on fluorescence quantum yields are primarily
related to changes in the radiationless transition rates, for which quantitative
theories are not nearly as well developed as the Lippert equation.

We note, however, a well-understood solvent effect on intensities for
heterocyclic aromatics, which often have close-lying n-m* and 7-7* states as
S, and S,. Hydrogen bonding solvents interact strongly with the nonbonding
lone-pair electrons of the heteroatom, but to a different degree for each
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Figure 13. Solvent dependence of the fluorescence spectrum of Prodan, a

popular solvent polarity probe. From left to right the solvents are cyclohexane,

chlorobenzene, dimethylformamide, ethanol, and water. (Sprectra reproduced
from reference 24. Copyright 1990 American Chemical Society.)
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electronic state. For example, in acridine there are two in-plane lone pair
electrons on the nitrogen atom in the ground state and w-m* excited state,
but only one nonbonding electron in the n-m* excited state. Thus, if the
solvent is changed from a nonhydrogen-bonding solvent such as cyclohexane
to a strongly hydrogen bonding solvent such as methanol, the m-7* excited
state is lowered preferentially relative to the n-m* state. This differential
stabilization may be enough to invert the n-n* and mw-m* states (Figure 14).
The w-m* state is much more intrinsically fluorescent owing to both its
higher radiative decay rate and lower radiationless S, — T, decay rate (see
following discussion of El-Sayed’s rule below), and the increase in fluores-
cence efficiency can be dramatic. Enhancements by several orders of magni-
tude are possible.

Pyrene is often used as a photophysical probe for polymers owing to its
proclivity for excimer formation, a topic discussed in the next section. A
different aspect is noted here. Pyrene exhibits a reasonable degree of
structure in its fluorescence spectrum (Figure 15). Five major bands, labeled
I through V, are readily identified. Band I, the shortest wavelength major
feature, is conventionally called the 0-0 band and nominally represents the
transition between the S, and S, zero-point levels. As was discussed earlier,
this “band” is actually the overlap of many vibronic transitions. Nevertheless,
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Figure 14. Illustration of the inversion of the n-w* and mm* states of a

heteroaromatic molecule as the solvent is changed from an aprotic to a

hydrogen-bonding solvent.
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Figure 15. Fluorescence spectra of pyrene in water and in heptane. The spectra
have been normalized to the same intensity at band II1.

it retains considerable true 0-0 character. Now according to molecular
symmetry, the 0-0 band in an isolated molecule (i.e., gas phase) of pyrene is
forbidden. Solvent perturbation can lift this forbiddeness, and in strongly
polar solvents band I is considerably intensified relative to the other bands.
The phenomenon is sometimes referred to as the Ham effect in honor of its
discoverer (25). The standard practice is to use the ratio of band I to band IIT
intensity; this ratio forms the basis of a solvent polarity scale (26). In this
fashion pyrene can reveal the polarity of microenvironments, as in a labeled
polymer system, or when the pyrene is solvated in a micelle.

Deactivation of the Emitting State

The Jablonski Diagram Revisited. The discussion now turns
from the energetic aspects (state diagrams, wavelength distribution) of fluo-
rescence to a consideration of the rate processes that deactivate the emitting
state. Fluorescence temporal behavior yields the most detailed picture avail-
able on the motion of polymer systems on the fast (10~°~107'?-s) time scale.
This section provides an overview of the important radiationless processes
that compete with fluorescence emission and how the rate constants are
determined from experiment.

The kinetic processes that deactivate the S, state can be separated into
radiative (fluorescence), unimolecular nonradiative (internal conversion to S,
and intersystem crossing to T;), and bimolecular nonradiative (quenching,
excimer—exciplex formation, energy transfer) contributions. The fluorescence
(ky), intersystem crossing (kigc), and internal conversion (ki) processes
follow first-order kinetics and each is therefore associated with a time-inde-
pendent rate constant, as is illustrated in Figure 16A. The bimolecular steps
are vital aids in revealing the details of macromolecule internal motion, but
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A (B)

So So""_

Figure 16. A: Conventional “vertical” representation of radiationless and

radiative intramolecular decay paths from S. B: Schematic energy level diagram

indicating that radiationless transitions are horizontal (isoenergetic) processes,

but they are followed in solution by much faster vibrational relaxation processes
with average rate constant K yg.

we will first consider the case of a single chromophore in dilute, degassed
solution, in which the intermolecular processes can be neglected.

The directly measurable fluorescence parameters are quantum yield and
lifetime. The fluorescence quantum yield, @y, is the ratio of number of
photons emitted to the number of photons absorbed, or equivalently, the
ratio of the number of emitted photons to the number of excited molecules
initially created by photoexcitation. Fluorescence quantum yield is related to
the first-order radiative and nonradiative rate constants by

Py = kF/(kF +kic + kISC) = kF/(kF + kNR) (5)

where kyy is the total nonradiative decay rate constant. Equation 5 can be
readily derived from a photostationary state treatment, but it is applicable to
pulsed experiments as well. The sum in the denominator of eq 5 represents
the total rate constant for the exponential decay of the S, population. The
reciprocal of that sum is the fluorescence lifetime (15):

Tp = (kg + ki + kISC)_l = (kg + kNR)_l (6)

Note that the term “fluorescence lifetime” is slightly misleading. More
properly, T is the S, lifetime. Reference is made to T as the fluorescence
lifetime simply because fluorescence is the usual (and by far the most
convenient) way to follow the S; population decay. If transient absorption
from S, were followed, the same S, lifetime should be found.

Equation 5 can be written more compactly:

Qp =kpp (7)
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At this stage there are two measurable quantities (®, 75), but three rate
constants (kg, kg, kisc). The radiative decay rate, ky, can be determined
from eq 7; then the total nonradiative decay rate, kyy, can be determined
from eq 6. A third measurement, usually that of the quantum yield for triplet
formation via intersystem crossing, is necessary for a determination of the
individual nonradiative rate constants. Many times the approximation is made
that internal conversion is negligibly slow compared to intersystem crossing in
which case

kisc = kyg = (1 — @p) /75 (8)

Results for selected polycyclic aromatic hydrocarbons derived on this basis
are given in Table I. However, note that there are cases for which nonradia-
tive decay is dominated by S, — S, internal conversion (e.g., stilbenes,
polyenes, B-carotene, etc.).

In a strict sense, internal conversion and intersystem crossing ought to be
represented as isoenergetic processes, as opposed to the “vertical” depiction
of Figure 16A. For example, in the S, — T, intersystem crossing, electronic
energy equal to the S,-T electronic energy gap is converted into T, excess
vibrational energy (Figure 16B). However, the radiationless transitions are
followed by much faster vibrational relaxation. The internal conversion and
intersystem crossing might be viewed as rate-limiting steps in a conventional
kinetic picture of the sequential “reactions”:

S, = 8§ = S,
S, > Tf - T

where S and T; represent vibrationally excited states with the same total
vibronic energy as that of the S, state undergoing the radiationless
transition(s).

Table I. Photophysical Data for Aromatic Molecules”

Molecule @D, 1p(ns)  kp(s™)  kyg(s71)  &(S; < S,)
Benzene 0.07 29 2.4 x10° 3.2 x 107 210
Naphthalene 0.23 96 2.4 X 10 80 x 10° 300
Anthracene 0.36 49 73x107 13 x10® 10,000
Phenanthrene 0.13 575 23x10° 1.5x107 220
Pyrene 032 290 1.1x 105 23 x108

Biphenyl 0.18 160 11x107 55 %107

Fluorene 0.80 10 8 X 107 2.%x 107 10,000
Perylene 0.94 64  15x10® 6 x 108 39,000
Benzol ghi Jperylene — 107 — — —
Carbazole 0.38 161  23x 107 3.9 X 107 4,300
Chrysene 0.14 440 31x10% 19x107 700

¢ Data taken from reference 13.
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Two points to note:

1. The experimentally determined nonradiative rate constants are
truly those of the intersystem crossing and internal conversions
themselves because the vibrational relaxation is so much faster.

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

Fluorescence Quantum Yield and Lifetime Measurements.
The fluorescence quantum yield is a branching ratio between radiative and
nonradiative decay, and its value must therefore lie between 0 and 1.
Although this chapter is not intended as a methods document, a few words on
quantum yield measurements are appropriate here. Most often fluorescence
quantum yields are determined in a relative sense by comparing the inte-
grated fluorescence intensity for the molecule of interest to that of a
standard. One approach is to balance (i.e., match) the absorbances of sample
and reference compound at a wavelength where both absorb well, to record
their separate fluorescence spectra excited at that wavelength (thereby ensur-
ing that sample and reference each absorb the same number of photons), and
to measure the areas under the respective fluorescence curves. Be aware,
however, that subleties abound in the process. Unless the sample and
reference fluorescences are closely overlapped in wavelength, the spectra
must be corrected for wavelength response of the detection system as well as
converted to an intensity versus wavenumber format (which, in turn, intro-
duces a slit correction). Other sources of error include too great a variation of
the absorbance of either sample or standard over the excitation bandpass or
differential sensitivity of the sample and standard to oxygen or self-quench-
ing. References 28 and 29 should be consulted for details.

Moreover, the issue still remains of how to determine the absolute
fluorescence quantum yield of the standard, which is usually accomplished via
integrating sphere techniques. Two examples emphasize the intricacies of
absolute quantum yield determination. The first is the case of 9,10-diphenyl-
anthracene, used as the standard by Berlman (13). Over the years the
recommended value has jumped back and forth between 0.83 and 1.00 and
there still appears to be less than unanimity on the subject (30). The second,
and in many ways more striking, example is the recent meticulous work by
Johnston and Lipsky (31) that suggests the long-accepted fluorescence quan-
tum yield of benzene vapor may be too high by a factor of almost 4.
Nevertheless, with reasonable care it should be possible to generally obtain
fluid solution relative fluorescence quantum yields accurate to within 25%.
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The most straightforward way to determine lifetimes is to populate S,
much faster than the subsequent excited state depopulation occurs via
fluorescence and radiationless decay. If all the decay paths are first order, the
S, population decreases exponentially in time. A plot of the natural logarithm
of fluorescence counting rate versus time is then linear and the lifetime is
simply extracted as the negative reciprocal of the slope.

Whether the excitation step is sufficiently separated in time from the
subsequent decay depends on the lifetime value and the nature of the
excitation source. There are many different possible excitation sources and
the reader is directed to Demas (32) for details. We will mention four types
here: (1) gas-filled discharge lamps that operate at a few kilohertz with a
pulse duration of a few nanoseconds; (2) low-repetition rate pulsed excimer,
nitrogen, and Nd-YAG lasers with typical pulse durations also in the few
nanosecond range; (3) high repetition rate picosecond duration laser systems
(e.g., mode-locked and cavity dumped ion and Nd-YAG systems; (4) continu-
ous excitation sources, commonly xenon arc, with their output sinusoidally
modulated at tens of megahertz with acoustooptic or electrooptic devices.
Sources of this type form the basis of phase-resolved fluorescence spec-
troscopy (33). The most attractive feature of phase resolved methods is that
with a commercial spectrofluorimeter one can measure both conventional
luminescence and excitation spectra as well as lifetimes.

If the fluorescence lifetime is not long compared to the excitation pulse
duration, it is necessary to extract the lifetime by deconvolution, a mathemati-
cal processing of the data to give the best agreement between the experimen-
tal decay curve and those calculated for various assumed lifetimes. Under
favorable conditions, lifetimes as short as 1/10 the excitation pulse width
have been extracted. The precision with which lifetimes can be measured is
much higher than for quantum yields. Uncertainties of less than 1% for
lifetimes above 10 nanoseconds are routinely achieved.

Figure 17 presents illustrative data for anthracene in solution. In this
experiment the laser pulsewidth has a duration comparable to the excited
state lifetime so deconvolution would be required to extract the lifetime.
Note that the decay is extended in time when the solution is degassed to
eliminate oxygen quenching (see later discussion of the Stern—Volmer equa-
tion).

The Radiative Decay (Fluorescence) Process. The rate con-
stant for fluorescence radiative decay from S, to S, can often be accurately
estimated because the spontaneous fluorescence and absorbance processes
are related through the Einstein A and B coefficients (34). Strickler and Berg
(35) generalized the Einstein treatment to molecular systems and derived an
equation for ky that contains the so-called integrated absorbance spectrum
(necessarily limited to the S, « S, transition). Agreement between the
Strickler—Berg k value and that derived directly from experiment via eq 6 is
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Figure 17. Fluorescence lifetime traces for anthracene in degassed and air-

saturated cyclohexane solution, along with the laser excitation time profile.

Excitation source was a dye laser and temporal data acquired with a digital
oscilloscope.

excellent. If the experimental value is more than a factor of 2 lower than the
calculated value, a weakly absorbing S, state buried in the long wavelength
tail of a stronger transition to S, should be suspected. A number of
misassignments have been cleared up in this fashion.

A simplified version of the Strickler-Berg equation suitable for rough
estimates is

ke(s™') =3 X 107%v%,,, Av, , 9)

where v is the average wavenumber of the fluorescence, €, is the maxi-
mum molar absorptivity in units of liters per mole per centimeters, and Av, ,,
is the half-width of the electronic transition. The average half-width reported
by Berlman (13) is 3600 cm™'. We may take €, = 100 as the minimum
molar absorptivity to be expected in aromatics. For a typical emission
wavelength of 350 nm, the radiative decay rate is therefore approximately 10°
s™!; equivalently, the lifetime would be 1 s if fluorescence were the sole S,
decay path. Any higher molar absorptivity Gif S, is 'L,, for example) or any
contribution of nonradiative decay will shorten the lifetime. Thus, the long
time limit of processes that can be monitored by fluorescence is about 1 ps.
Slower processes can be monitored via the longer-lived phosphorescence. In
part, the popularity of pyrene as a photophysical probe for polymer physical
properties is its long intrinsic fluorescence lifetime [ca. 300 ns for the
monomer in dilute solution (36)].

The reciprocal of kj is sometimes referred to as the radiative lifetime or
pure radiative lifetime. In other words, it is the excited state lifetime that
would follow in the hypothetical case where the nonradiative decay is
suppressed.
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Intramolecular Decay: Radiationless Transitions. There is no
reliable radiationless transition rate constant formula analogous to the Strick-
ler-Berg equation; a priori predictions of internal conversion rates and
intersystem crossing rates are beyond reach now and the situation is not
expected to change soon. Fortunately, there do exist very useful empirical
correlations and we will touch upon these briefly.

The theoretical description of a radiationless transition from an initial
state i to a final state f begins with Fermi’s Golden Rule:

kg = 2m/hIV,*pe( E;) (10)

in which the coupling matrix element V is a measure of the strength of the
interaction between the initial and final states and p; is the density of final
vibronic levels at the energy of the initial state (E;). The modern era of
radiationless transition theory dates to the seminal Robinson and Frosch
paper (37). Many formal theory papers and review articles (38) were written
on the topic in the 1970s and early 1980s. Unfortunately, first principle
calculations have proven impossible. There is no reliable theoretical alterna-
tive to experimental measurements or estimates based on experimental values
in chemically similar systems.

In this regard, the correlation of radiationless transition rate with elec-
tronic energy gap, first presented by Siebrand (39) has been extremely
useful. As discussed earlier, internal conversion and intersystem crossing are
energy-conserving processes, wherein the electronic energy difference be-
tween the initial and final states must be converted into vibrational energy in
the final (accepting) state. The conversion efficiency is enhanced by the
presence of a large number of final states to accept the energy (the density of
states term in the Golden Rule) and by a strong coupling between the initial
and final states (the matrix element term).

The coupling matrix elements can be cast into a form that contains
Franck—Condon factor type terms, again between the initial state (with small
vibrational quantum numbers) and the final states, which are characterized by
large vibrational quantum numbers. The larger the electronic energy differ-
ence between the two states, the larger the change in vibrational quantum
number required by the radiationless transition, and, accordingly, the smaller
the Franck—Condon factor. The density of states and coupling matrix ele-
ments, as a function of electronic energy gap, follows opposite trends. For
electronic energy gaps more than a few thousand cm ™", the electronic energy
difference factor dominates, and in this range the radiationless transition
rates decrease nearly exponentially with increasing electronic energy gap.

The electronic energy gap in the Siebrand correlation is scaled to account
for the relative proportion of C—H to C~C oscillators in the molecule. The
importance of C—H stretches is a consequence of their efficiency in accepting
energy. Owing to their high frequency, fewer accepting quanta are required.
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Simplified energy gap plots without scaling are shown in Figure 18. Even
though the conformance to a straight line is not quite as impressive as for the
scaled plots, the energy gap law is still very clearly revealed.

Despite the fact that it is a spin-forbidden transition, S, — T intersystem
crossing in aromatic molecules competes very effectively with the S, — S,
internal conversion and, in many cases, dominates. There are both obvious
and subtle reasons why this is so. The obvious reason is that the T state has a
much smaller energy gap with S, than does S,. A more subtle reason is that
the intersystem crossing from S; can proceed through higher triplet states
than T.

We had noted earlier that the rapid internal conversion cascade from
higher singlet states slows down at S, instead of proceeding all the way to S,,.
The S,-S, electronic energy gap is almost always much greater than the gaps
between excited singlet states. Note, too, the possibility of spectroscopically
unobserved singlet states contributing to the S, — S, internal conversion
cascade.

The invariably cited and most striking exception to Kasha’s rule is
azulene in which the S, — S, fluorescence quantum yield is itself reasonably
strong, 0.03, and, moreover, orders of magnitude stronger than the S, — S,
quantum yield (41). However, azulene is really less anomalous for its S,
fluorescence than it is for its exceptionally large S,-S; energy gap. In fact, the
most anomalous feature of azulene is that the S; — S, internal conversion is
about 2 orders of magnitude faster than the energy gap correlation predicts
(42).

The energy gap correlation shown in Figure 18 applies to planar aromatic
hydrocarbons. When n-m* states are involved, intersystem crossing from S,
is often greatly enhanced. El-Sayed’s rule states that intersystem crossing
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Figure 18. Illustrations of energy gap law for T; = S, intersystem crossing and
S; = S, internal conversion. Data taken from references 39 and 40.
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between an n-m* singlet and w-m* triplet state (or vice versa) is much faster
than intersystem crossing between two n-m* states or two w-7* states (43).

Environmental Effects on Radiationless Transitions. The ca-
pacity of an aromatic solute to absorb radiation and become electronically
excited is not a strong function of temperature or solvent. Although individual
vibronic bands become narrower and better resolved at reduced temperature,
the integrated absorption strength is nearly constant. According to the
Strickler—Berg equation, therefore, any substantial environmental effects on
luminescence intensities must be ascribed to radiationless transitions or
bimolecular factors. In this section we comment briefly on the role of
environment on radiationless transitions.

A notion that seems to have become rather firmly entrenched is that
radiationless transitions are strongly affected by the rigidity of the medium or
the structural rigidity of the emitter itself. Several authors have commented
on the “loose bolt” effect (13), which expresses the notion that floppy motion
enhances radiationless transition rates, whereas the imposition of rigidity
suppresses nonradiative decay. In our opinion, too much has been made of
this point. For every comparison of two structurally similar molecules in
which the more rigid one has a higher fluorescence quantum yield, a
counterexample can be offered. Witness the very high quantum yield of
9,10-diphenylanthracene (0.8-1.0) versus the value of ca. 0.3 for anthracene.

The preceding paragraph is not a denial of the experimental fact that
luminescence yields are often higher in rigid media, but in most cases
“floppiness,” per se, is not the reason. First consider the observation of
phosphorescence, for which the usual experimental condition is “immobiliza-
tion” of the molecule in a rigid matrix such as an organic glass at liquid
nitrogen temperature; 3-methylpentane, methylcyclohexane, and the polar
mixture of solvents that is commonly referred to as EPA are popular choices
for glass-forming solvents. By way of contrast, phosphorescence in fluid
solution is a comparatively rare phenomenon. In general, however, freezing
the sample to liquid nitrogen temperature does not markedly slow the
T, — S, intersystem crossing. The impact of the rigidity imposed by freezing
the sample is to prevent diffusion of oxygen, which otherwise quenches the
long-lived phosphorescence; triplet-triplet annihilation, similarly a diffusional
process, is also suppressed (44). Samples that are very carefully degassed will
show phosphorescence in fluid media. In fact, any change in conditions that
inhibits oxygen diffusion enhances the phosphorescence: The possibilities
include immobilization of the molecule in a polymer host (which is, of course,
just another form of organic glass), adsorption on filter paper or other
substrates, or incorporation into cyclodextrins. By and large it is the oxygen
quenching that is inhibited, as opposed to a significant reduction of the
intramolecular radiationless decay rate constants.
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Temperature effects on fluorescence quantum yields can be quite large
and the usual (but not exclusive) direction of change is that increasing
temperature tends to reduce the fluorescence. There is simply not enough
space here for a full discussion, but we will mention two classic examples:
meso-substituted anthracenes and trans-stilbene (and higher polyenes). In
both cases there is a strong temperature variation of fluorescence quantum
yield, but the cause is the presence of an excited state that promotes efficient
radiationless decay lying just above the emitting state.

Most meso-anthracenes have fluorescence quantum yields of unity to
within experimental error at liquid nitrogen temperature, but values of only
0.01-0.1 at room temperature. For the parent anthracene the S, — T,
intersystem crossing, if forced to occur over the full energy gap of about
11,000 cm ™, would be quite slow. However, a higher triplet state lies just
below S, and acts as an intermediate state in the intersystem crossing.
Changes in solvent do not change the S,-T, energy gap substantially and
therefore have little effect on the intersystem crossing rate. The room
temperature fluorescence quantum yield of anthracene is about the same in
hexane as in ethanol and not much different in either solvent at much lower
temperatures. In meso-anthracenes the S, state is shifted to lower energy
owing to extension of conjugation along the short in-plane axis (45). The shift
is just enough to bring the S, state below T,. At room temperature the broad
Boltzmann distribution still allows T, to be accessed and the intersystem
crossing can efficiently proceed. At low temperature this channel is closed off
and only the direct (and slow) S; — T, intersystem crossing remains.

In the case of trans-stilbene, the B, excited state that carries high
oscillator strength is just slightly lower in energy than an A, state, which is
radiatively one-photon forbidden but two-photon allowed with the ground
state. As the molecule is twisted about the central C—C bond, the B, state
rises in energy and the A, state falls (of course the g and u symmetry labels
only apply for the planar molecule). Thermal activation from B, to A, leads
to very efficient internal conversion. The literature on the topic is very
extensive (46) and we will not discuss it further here.

Intermolecular Decay Processes. The electronically excited S,
state can easily “live” long enough to undergo bimolecular interactions,
as was discussed in the context of phosphorescence in the last section.
Of course, all solvent interactions with an excited molecule are essentially
of a bimolecular nature, but we will make some very brief comments
on the interactions with other solutes (including self-interaction of a bichro-
mophore). There are three main cases: quenching of the excited state (es-
pecially by dissolved molecular oxygen), excimer or exciplex formation,
and energy transfer. Full chapters on these topics can be found in Guillet’s

monograph (4).
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Quenching. The data in Table I show that typical fluorescence life-
times for polycyclic aromatic hydrocarbons are in the range 1-100 ns,
corresponding to total decay rates of 10’-10° s~!. The diffusion controlled
second-order rate constant in fluid media is on the order of 10 M™!/s,
Thus, if quenching occurred on every collision, a quencher concentration of
107® M would be sufficient to cut the fluorescence intensity in half. The
concentration of dissolved oxygen in most air-saturated solvents is of that
magnitude and oxygen quenching of fluorescence is not inconsequential. The
extent of fluorescence quenching strongly correlates with fluorescence life-
time (13). In alkane solvent at room temperature, the fluorescence reduction
for air-saturated solutions compared to degassed solutions is about 20% for
anthracene (lifetime near 5 ns), a more than 10-fold reduction for naphtha-
lene (lifetime near 100 ns), and still much larger yet for the very long-lived
pyrene.

Quenching processes are easily incorporated into the kinetic analysis.
The S, (fluorescence) lifetime is shortened by the quenching for which a
pseudo-first-order rate constant can be written in terms of a second-order
rate constant, Ko, and the quencher concentration [Q]. Equation 6 is
rewritten to incorporate the additional deactivation mechanism:

Ty = {kF +kng T kQ[Q]}“l (11)

and the fluorescence quantum yield is similarly reduced because eq 6 is still
valid.

The Stern—Volmer expression

F,/F =1+ kQTF[Q] (12)

is often applied to steady-state data; F, is the fluorescence intensity in the
absence of quencher, F is the intensity when the quencher is present at a
concentration [Q], and 7y is the lifetime for zero quencher concentration.

Excimer Formation. The interaction of two identical polycyclic aro-
matic hydrocarbon molecules, each in its ground electronic state, is predomi-
nantly repulsive. When one of the molecules is electronically excited, an
attractive force for its ground-state counterpart may develop. The resulting
excited-state stabilized dimer that forms is known as an excimer (excited state
dimer). The corresponding term for chemically distinct species that are
attractive in the excited state but repulsive in the ground state is exciplex.

Excimer formation is a common phenomenon for aromatic molecules,
especially if the singlet state lifetime is long. The popularity of pyrene for
excimer fluorescence studies is thus explained; it combines a long monomer
S, lifetime and favorable excimer emission properties. The excimer emission
occurs at longer wavelength than the monomer emission by an energy
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roughly corresponding to the stabilization energy in the excited state and the
destabilization energy in the ground state (which is expected to be larger).
Because excimer emission occurs to a repulsive ground—state surface, excimer
emission is characteristically unstructured.

The kinetic behavior of excimer formation and decay is described at great
length in the literature and will not be discussed here. We do point out that
the excimer has its own radiative and nonradiative decay rates, and when
these rates are added to the previously presented decay paths, the kinetic
scheme can become quite complicated. The usual starting point is the
well-known Birks model (47).

As a final comment on excimers, we consider the expected excitation
spectrum of a molecule that undergoes excimer formation. First note that
there is only one absorbing species (the monomer). The initial chronology
remains as before: excitation into some chromophore or monomer singlet
state, followed by internal conversion—vibrational relaxation into a (monomer)
S, Boltzmann distribution. From that point options for the excited molecule
are fluorescence, internal conversion to S 1» intersystem crossing to Ty,
quenching by dissolved oxygen, and excimer formation (via interaction with a
ground-state species). The efficiencies of the excimer formation and decay
paths are independent of excitation wavelength. Thus, the excitation spec-
trum will be the same whether monomer or excimer emission is monitored. If
there is a deviation between the monomer and excimer excitation spectra,
then the ground-state interactions are not negligible.

Energy Transfer. We previously considered the absorbance properties
of a polymer labeled with two distinct chromophores, as shown in Figure 7.
Now consider the fluorescence properties of bichromophoric systems such as
an alkane chain tagged with anthracene at one end and naphthalene at the
other. For excitation wavelengths of greater than 380 nm, no absorbance (and
therefore no fluorescence) occurs. For excitation between 320 and 380 nm,
only the anthracene absorbs and its corresponding fluorescence will be
observed. However, at excitation wavelengths shorter than about 320 nm,
both the naphthalene and anthracene will absorb and their relative degree of
excitation is easily predicted. From their known fluorescence efficiencies, a
total fluorescence spectrum can be predicted.

Usually the chromophore with the higher S, state energy exhibits re-
duced fluorescence relative to the prediction, whereas the fluorescence of the
chromophore with the lower S, state energy is intensified. The obvious
conclusion is that the electronic excitation of the naphthalene has somehow
been transferred to the anthracene via a donor—acceptor (D—A) mechanism,
usually represented

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

where the asterisk denotes electronic excitation.
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There is, of course, a trivial mechanism in which the naphthalene
emission is simply reabsorbed by the anthracene. However, experiments have
shown unequivocally that the same effect can be achieved without an
intermediate photon actually being emitted. For this nonradiative energy
transfer, there are two main mechanisms: resonance transfer (Forster mecha-
nism) and electron exchange mechanism (Dexter mechanism). In both cases,
theoretical expressions for the rate of transfer involve the overlap of the
donor emission and acceptor absorbance spectra and the separation in space
of the donor and acceptor. Electron exchange is a short-range interaction
whereas the Forster mechanism occurs over longer distances, following
an R™° distance dependence. Measurement of the efficiency of energy trans-
fer allows determination of the separation of donor and acceptor and this
is the basis of the “spectroscopic ruler” approach (15). A full discussion of
energy transfer fluorescence characterization of polymers can be found in
Guillet (4).

Concluding Comments

The goal of this tutorial has been to present the principles of aromatic
molecule solution fluorescence spectroscopy in a compact fashion. I have
especially emphasized vibronic energy level structure and its role in determin-
ing the shape of the spectra and the rates of the radiationless transitions.
Someone who has assimilated this material ought to have a reasonable
background for reading the literature and further study. For anyone who
wishes a more intensive program, the following approach is suggested for
background reading to accompany exploration of Guillet’s monograph (4).

First, I recommend a thorough perusal of the first 100 pages of Berlman
(13). The fact that the instrumentation details are now outdated detracts little
from the book’s value. An especially profitable exercise is to leaf through the
spectra and draw your own conclusions and correlations. Next, I suggest
consultation of the collected papers from the Platt group (9) and the
monograph by McGlynn et al. (5), which, although it is nominally directed at
the triplet state, contains much material relevant to energy levels and
radiationless transitions in aromatic molecules.

For those readers who are vitally interested in technical details of
solution luminescence spectroscopy, the monograph by Parker (3) is enthusi-
astically recommended. Although it is more than 20 years old (and unfortu-
nately now out of print), this book has withstood the test of time very well.
Careful study of Parker will significantly aid proper execution and interpreta-
tion of fluorescence experiments.

The bible of photophysical principles is the monograph by Birks (2). It’s
a bit curious that Berlman, McGlynn et al., Parker, and Birks were all
published within a span of a few years and have not been superseded in the
intervening two decades.
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This review focuses on laser-based Fourier transform ion cyclotron
resonance mass spectrometry (FTMS) for polymer structure determi-
nation and identification of industrially important polymers on sur-
faces. In structural studies, laser desorption has been used as a gentle
ionization technique to desorb and ionize intact polymer molecular
ions of intractable polymers. Spatially resolved studies involving higher
laser fluences cause more fragmentation and recombination but retain
sufficient information to permit identification at spatial resolution of
about 10 um. Molecular fragments appear most often in negative ion
spectra. Recombination products and carbon clusters are prominent in
positive ion spectra. Three distributions of carbon clusters are ob-
served in separate mass ranges, the highest of which are identified as
fullerenes first observed in laser ablation of graphite. Ongoing ad-
vances such as postionization techniques are expected to make laser
FTMS an increasingly attractive and convenient tool for polymer
analysis.

COMBINING LASER-INDUCED VAPORIZATION with some form of mass spec-
trometry to analyze solids has been practiced for over 20 years. In fact, an
exhaustive bibliography of the field, now 6 years old, contains 1461 references
(1), 60 of which are to polymer-related papers. In a number of fields, laser
mass spectrometry has become the analytical method of choice including, for
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instance, particle isotopic analysis. The technique continues to develop and
provide answers to a widening array of questions even though it is not yet a
routine tool in polymer analysis. Ongoing investigations of novel instrumenta-
tion with strategic improvements over older designs show promise for diffi-
cult analyses. In particular, the introduction of high performance analytical
Fourier transform mass spectrometry (FTMS) permits many types of experi-
mental strategies to be executed for polymer analysis that were impossible
with previous systems. Although this work is in its early stages of develop-
ment for polymer applications, experiments to date have yielded useful
results. We present here a representative (not exhaustive) review of the field,
including discussions of instrumentation for spatially resolved analysis devel-
oped in the recent past and several applications from our laboratory and
others.

Laser Mass Spectrometry. Two broad classes of laser mass spec-
trometry experiments have developed independently. They are most conve-
niently classified as (1) laser-microprobe experiments, which require spatial
resolution and are aimed at identification and localization of polymeric
materials on the surface, and (2) laser-desorption experiments, the goal of
which is to maximize the amount of structural information, including molecu-
lar weight distributions, in the mass spectrum. The two experiments are not
mutually exclusive, but competing analytical issues most often force a choice
between the two analysis modes for optimization. FTMS has been applied to
both sorts of experiments. The traditional commercial instrumentation for
laser microprobe, which is based on time-of-flight analysis that has existed for
a decade, will be described briefly.

Laser-microprobe mass spectrometry (LAMMS) has been used for the
past 20 years for elemental and molecular identification of solids. The field is
referred to by a number of names, which include the earliest, laser-micro-
probe mass analysis (LAMMA) and laser ionization mass analyzer, both of
which are now associated with commercial instruments. Fundamentally,
LAMMS is a spatially resolved surface or near-surface (few nanometers to
micrometers) sensitive technique with the chief advantage of applicability to
all solids regardless of electrical conductivity. The technique was developed
initially to serve the needs of the biomedical research community for localiza-
tion of easily ionized elements, such as the alkali metals, alkaline earths, or
halides. As commercial instrumentation appeared in the late 1970s and early
1980s, the technique was applied to a wide variety of solids. Polymers were
among the first class of engineering materials to be analyzed by LAMMS
(2-5). These early applications focused on the ability of the technique to
provide fingerprint mass spectra for identification of small quantities of
polymeric material (1 pg) on surfaces as well as to provide polymer structural
information.
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From the first instruments reported in the early 1970s until 1988,
LAMMS systems were based almost exclusively on time-of-flight (TOF) mass
spectrometry. In the LAMMS experiment, a beam of laser light (usually but
not exclusively in the UV) is focused to a small spot [typically 10 pm or less
(6)] and directed onto a solid surface. As a result of this single laser pulse,
ions are ejected from the surface and extracted into a mass spectrometer. The
laser pulse is typically about 10-ns duration, and ion emission is usually on
this order. Therefore, scanning quadrupoles or magnetic sector (without array
detectors) mass spectrometers cannot capture a complete mass spectrum
from a single pulse. The TOF instrument does acquire an entire mass
spectrum, with a theoretically unlimited mass range, from a single pulse.

To minimize fragmentation, the laser power is often adjusted to the
minimum level at which ion emission occurs. However, because of the
requirement for spatial resolution, ionization efficiency must be high, and the
minimum power level usually causes extensive damage and molecular rear-
rangement during the vaporization process. This mode of laser vaporization is
often referred to as “plasma ionization” (7) or “ablation” (8) to differentiate
it from gentler laser experiments. Gentle ionization, used in “desorption”
experiments, tends to be less efficient and, therefore, must sample a wider
surface area to produce sufficient signal.

Positive ion TOF-LAMMS spectra are generally characterized by exten-
sive fragmentation; only major structural moieties, such as aromatic rings,
appear in the spectra. Often, low-mass hydrocarbon ions appear up to mass
~ 200 w, with scattered structure-specific peaks. Because the energy spread
of ions emerging from the surface is high (up to hundreds of electronvolts),
the mass resolution of TOF-LAMMS spectra is rarely better than 1 p. In
many cases the poor mass resolution causes hydrocarbon peaks to obscure
minor peaks of greater structural significance. It is primarily for this reason
that TOF-LAMMS polymer spectra rarely are used for structural studies and
only can be used to distinguish polymers with major structural differences by
gross fingerprint. In fact, recent reports suggest pattern-recognition tech-
niques are most effective for this task (9, 10). These limitations suggest that a
laser microprobe interfaced to a more powerful form of mass spectrometry
will yield more detailed information.

Fourier Transform Ion Cyclotron Resonance Mass Spec-
trometry. FTMS in its present form was first demonstrated in 1974 by
Comisarow and Marshall (11), and commercial instrumentation first appeared
in 1981. Outstanding reviews of the fundamentals of the technique are
available (12—-17). Briefly, FTMS is an ion-trapping technique in which ions
formed by any means are trapped in an intense magnetic field [typically 3
tesla (T)] crossed with a weak electric field (1-10 V). It is a fact of elementary
physics that charged particles in a uniform magnetic field orbit with
a characteristic motion. This orbital frequency is termed the “cyclotron”
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frequency, and in a static magnetic field it depends inversely on the mass-to-
charge ratio of the particle as

where w is the cyclotron frequency, g is the electrical charge carried by the
ion, m is the ionic mass, and B, is the static magnetic field. In the FTMS
experiment, the frequency is independent of the ion kinetic energy and
dependent only on m/e, to the first order. (Accurate mass calibration
requires that a second-order term involving the electric field be included.)
This fact permits high- and ultrahigh-resolution measurements of the cy-
clotron frequency and hence the ion mass. Commercial instrumentation
achieves mass resolution in excess of 1 part in 1 million and accurate masses
to < 1 ppm. These capabilities allow resolution of ions at the same nominal
mass and assignment of elemental composition on the basis of mass alone.
Furthermore, because the FTMS is an ion trap, a complete mass spectrum
can be obtained from a single pulsed event such as a laser pulse. Complex
manipulations of ions also are possible, for example, selective ion ejection and
collision-induced dissociation, or photodissociation with a second laser. All
these capabilities are used to derive structural information about ions.

Prior to the availability of commercial instrumentation, FTMS with
home-built systems became one of the methods of choice in the field of gas
phase ion/molecule chemistry. Since the advent of commercial instruments
in 1981, gas (18), liquid, and supercritical fluid chromatography (19) inter-
faces have been developed for chemical applications. Numerous sources for
high molecular weight analysis have been designed and implemented for
FTMS including Cs ion secondary ion mass spectrometry (SIMS) (20, 21)
and fast atom bombardment; *2>Cf fission fragment plasma desorption
(22-24); and electrospray ionization (25-27). For the most part, these
sources have been applied to biological samples, particularly peptides, nu-
cleotides, and oligosaccharides, although a polystyrene spectrum has been
reported for the SIMS source (20).

Laser sources have been used in conjunction with FTMS since the 1970s,
and a CO, laser (\ = 10.6 pm) source was available soon after introduction
of the first commercial instrument. This source directed a broad beam of
~ 10-pm diameter onto the surface, but had no provision for in situ
specimen viewing.

FTMS-LAMMS. In 1988, three laboratories, working indepen-
dently, reported the design of a laser-microprobe system for Fourier trans-
form mass spectrometry (FTMS) (28-30). The instruments at IBM-Endicott
and IBM-San Jose have similar optical paths. The University of Metz system
(30) is a very different design that uses an excimer laser (KrF; 247 nm) with
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a helium—neon pilot laser for visualization of the laser ablation spot, Cassegrain
optics for focusing the laser onto the specimen, and different provisions for
specimen handling. We will discuss in detail the IBM-Endicott instrument
(28), the optics of which are similar to a commercial system offered by
Extrel-Millipore FTMS (Madison, WI).

Instrumentation. A schematic of the instrument is shown in Figure
1. An Nd:YAG laser system (Quantel International, which is now Continuum,
Santa Clara, CA) operated at A = 266, 532, or 1064 pm is directed through
an optical attentuator, which permits continuous adjustment of power level
without moving the beam. The output passes through a telescope for fine
focusing, and then enters the vacuum system. The beam passes through a
75-mm focal length objective lens, reflects off a mirror, passes through the
space between the cell plates, and is focused onto the sample surface. The
sample is positioned about 3 mm from one of the trap plates, and, during
ablation, ions enter the FTMS cell and are trapped for analysis. A separate
high-vacuum compatible fiber optic directs illumination light through the cell
and onto the sample at the corner opposite to the entry of the laser light.

For viewing, light reflected off the sample follows the laser optical path
in the opposite direction. After leaving the vacuum chamber, light is directed
to an ocular piece for viewing by a sliding mirror. Alternatively, a dichroic
mirror can be used instead of the fully reflecting mirror to allow the sample
to be viewed during the 266-nm ablation. Typically, an uninteresting area of
the sample is laser-ablated several times to make a crater to allow determina-
tion of the precise position of the beam. The crater then can be located
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Figure 1. Schematic diagram of the IBM-Endicott FTMS—LAMMS instruments.
Details given in the text. (Reproduced with permission from reference 46.
Copyright 1989 San Francisco Press, Inc.)
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relative to crosshairs in the ocular piece and interesting areas can be
positioned for analysis.

Briefly, we mention two systems in addition to the optics that are
necessary for operation of the microprobe. The electronics of the laser and
the FTMS must be timed under computer control for optimal performance
of each device. Communication between the electronics is mediated by a
personal computer (IBM PC AT) equipped with a laboratory interface board.
The board contains programmable counter/timers to trigger the laser flash-
lamps and the Q-switch. The PC is interfaced to the FTMS computer
(Nicolet 1280) via an RS232 line, and interfaced to the laser electronics by
three lines that trigger pulse sequences. This arrangement permits the FTMS
electronics to demand a laser pulse with 1-ws accuracy, which is necessary for
carefully timed pulse sequences.

Specimen motion is another issue of importance for the FTMS micro-
probe. From a handle outside the vacuum system, the sample can be moved
by rotation of the solids probe on which it is mounted. This motion does not
affect the focus of the laser beam on the sample surface. A second degree of
freedom can be conveniently obtained by adjusting the sample distance from
the trap plate, which has the effect of sweeping the probe beam across the
surface because it impinges on the surface at an angle. This convenience
comes at a price, however, because the beam focus is compromised when this
stage position is adjusted. We have pursued a superior but mechanically more
complex approach in which a miniature spring-loaded sample stage is moved
in the lateral direction by a plunger system. This approach works well in
practice but is somewhat delicate.

Structural Studies: Laser-Desorption FTMS

Rapid and sensitive analysis of polymer molecular structure is critical to
determination of functional properties. Specific structural data provide infor-
mation for optimizing synthetic schemes and understanding the relationships
of macroscopic properties to molecular characteristics. This information is the
primary objective of laser desorption (LD) experiments, although it is ob-
tained occasionally with microprobe instruments. Instrumentation for
LD-FTMS is similar to that previously described for FTMS—-LAMMS except
that no provision is made for specimen viewing or precise laser focusing.

Structure / Cure Conditions: Polycyclic Polymers. In a series
of several papers, C. Brown and co-workers (31-38) reported substantial
structural and mechanistic information for a variety of polymers analyzed in
LD-FTMS. These studies were conducted with a commercial system inter-
faced to a CO, laser (A = 10.6 wm) and were specifically aimed at obtaining
structural information without regard to spatial resolution. This work repre-
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sents the most comprehensive series of polymer FTMS experiments pub-
lished to date.

The most carefully studied polymer among those considered by C.
Brown et al. is poly( para-phenylene) (PPP), an intractable highly conjugated
polymer that is resistant to environmental attack and that attains electrical
conduction upon doping. The structure and molecular weight of PPPs
prepared by various routes with various monomers were investigated by
LD-FTMS. Sample preparation consisted of producing a pellet of PPP by
compression with a 10-Ib sledgehammer.

PPP is desorbed predominantly as molecular ions (without fragmenta-
tion), which means that oligomer distributions are directly determined with
each laser pulse and number and weight average molecular weights can be
calculated from the mass spectra. Figure 2 is a section of the mass spectrum
from a PPP 12-mer, wherein the unbranched dodecamer (12-mer)
H—(d,,)-H appears at mass 914. The peaks appearing at masses 912 and 913
are apparently analogues of this molecule, which are deficient in two hydro-
gen atoms (at mass 912), plus its '*C isotope peak. The peaks provide
evidence for a chain termination structure generated by intramolecular ring
closure as shown in Structure 1. The proposed PPP end-group configuration
shown in Structure 1 is based on the mass spectrum in Figure 2. The data
also show variable degrees of halogenation dependent on synthetic details.
These studies led to the conclusion that electrical conductivities of various
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Figure 2. Section of the positive ion LD-FTMS mass spectrum of poly (para-
phenylene) (PPP) in the region of the dodecamer (12-mer).
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Structure 1. PPP end-group configuration.
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polymers cannot be explained by models of electron interaction that rely
exclusively on homogeneous linear PPP structures. Similar conclusions were
reached in studies of heterocyclic aromatic polymers (with N, S, and Se
substitution). In related LD-FTMS spectra of aromatic polymers containing
heteroatoms [e.g., poly(phenylene-sulfide)], high-mass carbon clusters (n =
150-400) that resemble fullerenes (discussed later) were observed. No
anomalously stable ions were observed in these spectra, although ions did
appear at exclusively even masses as is observed in the laser vaporization of

graphite.

Extent of Cure: Polyimide. The extent of cure is often monitored
spectroscopically; for example, by selected monitoring of IR bands specific to
the uncured or cured material. These experiments often are limited in
sensitivity and reveal differences in cure state greater than 1%; however,
unwanted selectivity based on three-dimensional bond orientation in space
may be exhibited. Although laser microprobe FTMS polymer spectra are
complex (to be discussed), they are also highly sensitive to subtle details of
polymer structure and may be used as a sensitive monitor of cure state.

An example of the use of 266-nm FTMS-LAMMS to distinguish poly-
imide cure state was reported by Creasy and Brenna (39, 40). Polymerized
[molecular weight (MW) = 25,000] but uncured polyamic acid of pyromellitic
dianhydride-oxydianiline (PMDA-ODA) was compared to the cured poly-
imide. The structures of polyamic acid and polyimide are shown in Structures
2 and 3, respectively. The negative ion mass spectra are shown in Figures 3a
and 3b, respectively. The degree of polymerization is identical for cured and
uncured polymer because the curing process involves a dehydration reaction
with accompanying changes in intermolecular packing. However, the mass
spectra are quite different because many higher mass peaks are present from
ablation of polyamic acid than from the polyimide. The extra peaks in Figure
3a can be assigned to fragments of the polymer chain smaller than a
monomer (40). These negative ions may be stabilized by a large number of
carbonyl or carboxyl groups. The polyimide spectrum in Figure 3b, on the
other hand, contains only the characteristic CN~, OCN~, and C,N~ peaks,
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Figure 3. Negative ion LAMMS-FTMS specira of pyromellitic

dianhydride-oxydianiline (PMDA—-ODA) polyamic acid (a) and polyimide ().

High-mass ions can be assigned to fragments of the polymer. (Reproduced with
permission from reference 39. Copyright 1988 Elsevier.)

along with some carbon cluster peaks. The reason for the smaller number of
fragment peaks for the imide is not known, although it may be related to the
greater structural rigidity of the imide compared to the acid, which may give
rise to greater fragmentation. These studies show that molecular information
about the polymer morphology is obtained from the FTMS-LAMMS mass
spectrum.

Molecular Weight Distributions. In addition to the oligomer
distributions described for PPP, several other groups have published mass
spectra from which molecular weights can be calculated. R. Brown and
co-workers (36) have published spectra of polyethylene glycols (PEG) of
several molecular weights (600, 1000, 1450, 3350, 6000), PEG methyl ester
(PEGME; MW = 5000), polystyrene (PS; MW = 2000), poly(caprolactone-
dio) (MW = 2000), poly(propylene glycol) (PPG; MW = 4000), and
poly (ethylenimine) (PEI; MW = 600, 1200). In most cases, number and
weight average molecular weights are within 10% of the values obtained by
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conventional methods, and in no case is the variance more than 20%. In
related work, molecular weight distributions of alcoxylated pyrazole and
hydrazine polymers (41) (with varying degrees of polymerization) yield
molecular weights that compete favorably with weights obtained via other
methods. Copolymer distributions were also reported by this method (42).

It should be emphasized that the molecular weight distributions ob-
tained in these analyses reveal far more than average molecular weight. Some
oligomers appear more abundant than their nearest neighbors, which may
reveal subtle property differences induced by details of the synthesis. We
conclude from the literature that molecular weight distributions can be
obtained for a wide range of polymers using CO, laser desorption-FTMS for
polymers of modest molecular weight.

The preceding studies were conducted with a 3-T magnet, which is the
most common magnet field employed in FTMS at this time. In a study
specifically aimed at testing the mass range of a 7-T magnet, molecular
weight 8000 PEG was desorbed by a CO, laser (43). Ions up to mass 10,000
were observed, and the spectrum peaks around mass 8600 (molecular weight
calculations were not reported). The mass limit of FTMS is more correctly
reported as an m/e limit, which is on the order of about 38,000 for thermal
ions in a 3-T magnet (44). At least one technique, electrospray ionization (to
be discussed), routinely results in multiply charged ions (up to 150" have
been reported) that effectively extend the mass range by that factor. For
instance, ions of mass 100,000 with a charge state of 100" would appear at
m/e = 1000. These techniques may permit much higher molecular weight
distributions to be determined. However, care must be taken for quantitative
determinations of distribution at high accuracy using known standards of the
same polymer. Several effects, such as a dependence of cation attachment or
volatility on molecular weight, may shift the measured distributions systemati-
cally. Instrument-dependent artifacts, such excitation or detection conditions,
and even the positioning of the sample near the FTMS cell may affect the
measurement. Investigations of these issues are beginning to appear (45).

Structural Studies: Laser-Microprobe FTMS

In a series of papers published over the past few years, we have described
mass spectra generated from laser-microprobe analysis of polymers with the
IBM-Endicott FTMS-LAMMS instrument (8, 39, 40, 46—49). The aim of
these studies is to characterize the distribution of ions formed by focused
laser irradiation of well-defined polymers, with the goal of identification of
unknown polymeric particulates. For this reason, the laser spot size is never
larger than 10-wm diameter, and spectra are recorded as a result of the
lowest irradiance level that generates sufficient signal. This data is also of
interest in studies of the economically important but poorly understood
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process of laser ablation /drilling, which finds application in fields as diverse
as retinal surgery and printed circuit board fabrication. We discuss here the
major features of mass spectra observed in these analyses, organized by
phenomenon.

Negative Ions: Structure. Most early studies of LAMMS of poly-
mers have focused on positive ion spectra, though negative ion spectra usually
contain more structural information. An excellent example of this is the case
of poly (methyl methacrylate) (PMMA). The ablation characteristics of PMMA
are somewhat unusual in that no signal is obtained during the first hundred or
so laser pulses. This is consistent with observations of UV-laser etching of
PMMA (50). The negative ion mass spectrum of PMMA is shown in Figure
4. Almost all the ions in this spectrum can be assigned to fragments formed
by direct scission of the polymer chain. Assignments are given in Table I. No
higher mass ions are observed in this spectrum. This spectrum is in sharp
contrast to that observed for positive ions, which is discussed in more detail in
the following text.

Odd Mass Ion Series and Stable Subunits. A positive ion spec-
trum of polyethylene glycol (PEG) is shown in Figure 5. This spectrum is
very different from many PEG spectra presented previously in the literature
and highlights the stark contrast between experiments that require spatially
resolved information and those optimized for structural information. Previous
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Figure 4. Negative ion LAMMS—FTMS spectrum of polymethyl methacrylate
(PMMA) showing primarily structural ions (Reproduced with permission from
reference 49. Copyright 1991 Society for Applied Spectroscopy.)
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Table I. Fragment Ions Observed in Negative-Ion Spectrum of PMMA®.

M/E Structure
59 CHCOO,
85 COOC(CH4)CH,
87 CH ;COOCH,CH
101 CH,C(CH,)(COOCH ,)-H[{R}-H]
127 R-CH,C
141 R-CH,CCH,
155 R-CH,C(CH,)CH,
185 R-CH,C(CH,;)COO
187 C(CH,)COOCH,;-RH
197 HC(CH;)(CO)-R-CH,CCH 4
241 H-CCO—(R,H)
255 C(CH 3XCO)-R,

¢ CH,C(CH;3)X(COOCHj;) = R (repeat unit).
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Figure 5. Positive ion LAMMS~FTMS spectrum of polyethylene glycol (PEG).

The spectrum is dominated by an odd-mass ion series consisting of

rearrangement products. (Reproduced with permission from reference 49.
Copyright 1991 Society for Applied Spectroscopy.)

spectra concentrated on desorption of intact n-mers in an attempt to observe
distributions present in the solid (36, 43). By defocusing the laser material is
gently desorbed. We have accomplished desorption with lower molecular
weight PEG (Creasy, W. R.; Brenna, J. T., unpublished observations). Due to
differences in absorption, laser wavelength (UV versus IR) probably plays a
major role in the way polymers are desorbed from the surface. However, the
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requirement for fine focus imposed by geometric constraints or the require-
ment for high ionization efficiency because of limited sample size impose the
need for high power densities that cause a high degree of fragmentation.

The mass spectrum is dominated by odd-mass ions in the mass range
m/z = 40-170. Each peak corresponds to the formula H(CH,),O;". There
are no other combinations of C, H, and O, the constituent elements of PEG
that fit this ion series. This formula suggests that the laser-induced plasma
consists of major proportions of CH, and O, perhaps in radical form, that
condense and protonate upon cooling and give rise to the observed spectrum.
Similar effects, which give rise to different products, are observed in positive
ion spectra generated from poly(vinyl acetate) (PVAc), polystyrene (PS),
poly (methyl methacrylate) (PMMA), and under special conditions of irradia-
tion of PPS. In each of these cases the spectra are distinct and easily
differentiated from one another.

The positive ion spectrum of PMMA is presented in Figure 6. This
spectrum is dominated by a dense series of rearrangement products of the
type observed for PEG, along with intermediate-mass carbon clusters. The
observed series fits the elemental formula HCO,(CH,),,—C,, which is
written to suggest that an acid series may be coupled to a bare carbon cluster
series. Other structures are likely, including a highly unsaturated series.

Reports of other positive ion studies of PMMA using a CO, laser (no
spatial resolution) have appeared. C. Brown et al. mixed PMMA with KBr to
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Figure 6. Positive ion LAMMS—FTMS spectrum of PMMA. The spectrum is

dominated by odd-mass ions and a series of intermediate mass carbon clusters.

(Reproduced with permission from reference 49. Copyright 1991 Society for
Applied Spectroscopy.)
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promote cation attachment, and oligomers up to the 22-mer, with some
evidence of hydrogen rearrangement (37), were reported. Hsu and Marshall
studied polymer dyes in PMMA and obtained ions from the host polymer
(51). These authors report protonated and cationized dimer, trimer, and
tetramer ions as the dominant species in the spectrum. Nuwaysir et al. (42)
failed to observe odd-mass ion series in their studies of methacrylate copoly-
mers. The absence of odd-mass ion series in these spectra may reflect the
higher energy density required for efficient ionization conditions in the
laser-microprobe experiment.

Carbon Clustering. Carbon cluster formation is a common observa-
tion in LAMMS-FTMS of polymers. Although no theories have been ad-
vanced to relate carbon cluster formation to polymer structure, it is of utility
for fingerprint purposes.

The most representative case of carbon cluster formation is that of
polyimide (PI). The negative ion spectrum of PI was discussed previously; the
positive ion mass spectrum of PI is shown in Figure 7. Although there are
over 200 peaks in this spectrum, no ions characteristic of the structure of PI
are observed. The spectrum consists exclusively of carbon cluster ions, some
of which appear associated with H atoms. Separate distributions of carbon
clusters appear in three distinct mass ranges. We have labeled each region as
low, middle- (or intermediate-), and high-mass distributions (39, 46). Each of
these distributions has been observed in spectra of polymers of widely varying
covalent structure, although PI is the only polymer for which all three
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Figure 7. Positive ion LAMMS—FTMS spectrum of PI.
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distributions are observed in the same spectrum. Further, we note that
comparison of these carbon clusters with published spectra of carbon clusters
formed upon laser ablation of graphite, with or without cooling using a pulsed
valve, reveals a high degree of correspondence for the low- and high-mass
distributions. Observation of spectra from a solid of high heteroatom content
such as polyimide, which is indistinguishable from that for pure carbon, is
evidence for similar mechanisms and a strong driving force for carbon cluster
formation (48).

Low-Mass Carbon Clusters. An expanded section of the positive ion
spectrum showing the low-mass distribution is shown in Figure 8. Carbon
cluster ions appear at every carbon number from C,, through C,, and are
often associated with a peak at 2 p in excess of the pure carbon peak. Peak
intensities show distinct maxima with a period of four carbons and peaks at
11, 15, 19, and 23. This is precisely the same pattern observed with carbon
clusters generated by graphite ablation. Ablation of perdeuterated PI reveals
that the peaks shifted out 2 p are due to selective addition of two hydrogen
atoms, rather than substitution of a nitrogen atom, which is also present in
abundance in the laser-induced plasma (47).

Intermediate-Mass Carbon Clusters. This distribution of clusters is
shown in Figure 9. There is a peak at every mass over the range m/dm =
150-400. The intensities oscillate with a period equal to 12 . Valleys occur
at mass numbers corresponding to bare carbon clusters, and peaks corre-
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Figure 8. Low-mass carbon clusters in the position ion spectrum of PIL
(Reproduced with permission from reference 39. Copyright 1988 Elsevier.)
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Figure 9. Intermediate-mass carbon clusters in the positive ion spectrum of PIL
(Reproduced with permission from reference 39. Copyright 1988 Elsevier.)

spond to addition of six to seven hydrogen atoms. The composition C, H,_},
can then be assigned to these ions. Identical experiments with perdeuterated
PI confirm these observations (47). This distribution is not observed for
graphite ablation because no hydrogen atoms are present. It is interesting to
note that the valleys in the present spectrum occur at the bare carbon
clusters, which is consistent with the formation of some type of polyaromatic
hydrocarbon. This distribution is the most common distribution observed in
FTMS-LAMMS polymer spectra. In the PEG spectrum discussed previ-
ously, the odd mass ion series merges at higher masses with intermediate-mass
carbon cluster ions similar to those observed for PI Intermediate-mass
carbon clusters also occur for PVAc, PMMA, and poly (vinyl chloride) (PVC).

High-Mass Carbon Clusters. Figure 10 gives the distribution of
high-mass carbon clusters from PI. Ions appear at exclusively even carbon
numbers and range out past mass 5000, where the sensitivity of the instru-
ment falls off. This set of ions appears to be identical to the ion set observed
for laser ablation of graphite, which are now commonly referred to as
fullerenes (52, 53). C. Brown and co-workers (38) also reported spectra that
included even-numbered clusters for some polymers.

Magic Numbers. Magic numbers are defined as those carbon cluster
numbers that exhibit anomalous stability relative to neighboring clusters. No
magic number were observed for PI or any of the polymers studied by
C. Brown and co-workers (38).
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