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ABSTRACT
Detailed analysis of the bands appearing in the OH stretching region of the infrared
spectrum of phenolic compounds are presented, including those of ethyl phenol (EtPh),
poly(vinyl phenol) (PVPh) and poly(styrene-co-vinyl phenol)/poly methyl ether blends
(PSVPh/PVME).

This region of the spectrum of phenolic polymers is not well

understood, and various issues need to be resolved in order to accomplish this work
initially focused on EtPh. When this material is dissolved in cyclohexane, the band due
to “free” (non-hydrogen-bonded groups) has been shown to contain overlapping
contributions from both monomeric and end-group species.
Other assignments are made on the basis of whether the proton and oxygen in a
particular OH group are both involved in hydrogen bonds (as “donors” and “acceptors”,
respectively), or if only the proton is acting as a donor. The strongest band in the spectra
obtained at the highest concentration of ethyl phenol is due to OH groups present in
linear chains of hydrogen-bonded OH groups (as recognized in numerous other studies),
but a band due to cyclic trimers has also been identified. The assignment of other modes
is more uncertain and various possibilities are discussed. In toluene solutions,
assignments are more complicated, because bands due to OH–π hydrogen bonds are
observed instead of free groups. Finally, the data from cyclohexane solutions was used to
calculate equilibrium constants capable of describing the distribution of species present.
A new methodology for determining the equilibrium constant describing association in
the form of dimers is described.
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These conclusions are then used in a detailed analysis of the bands appearing in
the OH stretching region of the infrared spectrum of PVPh, and their changes with
temperature is presented. Bands usually assigned to “free” groups contain overlapping
contributions from both monomeric and end-group species, both hydrogen-bonded to π
orbitals. Assignments of bands due to hydrogen-bonded groups are made on the basis of
whether the proton and oxygen in a particular OH group are both involved in hydrogen
bonds, or whether one or the other is “free”. The assignment of other modes is more
uncertain, and various possibilities are discussed. Changes in absorption coefficient with
temperature appear to affect bands due to hydrogen-bonded groups in the interior of
chains and monomeric species by essentially the same amount. The large change in
absorption coefficient of the hydrogen-bonded band relative to a band assigned to free
groups postulated in a previous study is more likely due to a change in the distribution of
hydrogen-bonded and “free” species that were not resolved in previous work.
Finally, a detailed analysis of the bands appearing in the OH stretching region of
the infrared spectrum of PSVPh/PVME blends is presented. Bands usually assigned to
“free” groups contain overlapping contributions from both monomeric and end-group
species, both hydrogen-bonded to π orbitals. Assignments of bands due to hydrogenbonded groups are made on the basis of whether the proton and oxygen in a particular
OH group are both involved in hydrogen bonds, or whether one or the other is “free”. The
inclusion of ether groups and OH–ether hydrogen bonds, and how they interfere with
distribution of other hydrogen bonding species, is described.

By using established

models for predicting the extent of hydrogen bonding, it was possible to estimate the
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concentration of hydrogen bonds necessary for coupling of the dynamic behavior, and the
size of the relevant “control volume”. In general agreement with the self-concentration
model, this lengthscale was comparable to the Kuhn length.
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Chapter 1
INTRODUCTION AND BACKGROUND
There is a part of the invisible electromagnetic spectrum, which is of a longer wavelength
than red light and shorter than that of microwaves, referred to as the infrared region.
William Herschel discovered in the late 18th century how infrared waves can excite and
heat up objects at a molecular level and after a few short years, infrared spectroscopy was
born. Since that time, infrared spectroscopy has been an important tool for the analysis
and determination of composition and behavior of molecules and is used in a wide range
of fields. Infrared spectroscopy is particularly sensitive to hydrogen bonding, or Hbonding, and is the main subject of this thesis.
A detailed study of the OH stretching region of the infrared spectrum of phenolic
model compounds, polymers and some blends, where separation of the bands has been
accomplished through curve-resolving, will be described.

Organization of this Dissertation
The research presented in this dissertation can be divided into various related parts. The
original project was described as a study of blends of poly(methyl methacrylate), PMMA,
and poly(vinyl phenol), PVPh. However, it became clear that progress could not be made
without first establishing a more in depth understanding of the OH stretching region.
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Accordingly, it was decided to first analyze ethyl phenol, EtPh, in solutions of toluene
and cyclohexane. This thesis has been divided into similar sections and arranged in order
following the completion of the work.
The first chapter of this thesis, Introduction and Background, is dedicated to a
review of relevant work previously done in the field of hydrogen bonding and infrared
spectroscopy, along with basic explanations of the theories and technology.
Chapter 2 will describe work done using ethyl phenol and solvents. Absorption
constants were calculated for EtPh in cyclohexane, and then in toluene, using a novel
series inversion protocol that was developed for this purpose.
The second part of the project to be finished, Chapter 3, was a temperature study
of the spectrum of PVPh.
The third and final part of this project, included as Chapter 4, is a study of the
hydrogen bonding in PSVPh-co-PVME/PVME blends. Heat studies on two different
compositions are compared. A brief conclusion is to follow as Chapter 5.

What is H-bonding and Why is it Important?
It is well-known that molecules that contain A-H groups, where A is most commonly
oxygen or nitrogen, interact strongly with molecules containing electronegative O, N, or
F atoms. This results in a largely electrostatic attraction between what is referred to as
“donor” H atoms, to electronegative “acceptor” atoms on a different molecule. The H-
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bond is stronger than a van der Waals interaction, but not as strong as a covalent bond.
The strength varies with the nature of the “A” and “R” groups.
Hydrogen bonding is responsible for many phenomena in nature, for example the
unusual properties of water. The H2O molecules contain two hydrogen donor atoms, as
well as an oxygen acceptor with two lone electron pairs, allowing it to bond with up to
four separate molecules. These bonds are what give ice a more stable, rigid and open
crystal structure, causing it to have a lower density as it solidifies. These extra bonds are
also what give it a much higher boiling temperature than any other molecule of its size,
since it requires greater energy to break the multiple hydrogen bonds and cause water to
have a high heat of vaporization.
H-bonds are also crucial components of the structure of DNA and proteins. DNA
forms a structure of two complimentary strands, where the sequence of one strand is
determined by the sequence of the other: guanine pairs with cytosine, while adenine
bonds with thymine. Hydrogen bonds between nitrogenous bases are crucial to molecular
recognition and determining the double helical nature of DNA structure, necessary for the
transmission of genetic information. H-bonding in proteins is responsible for chain
folding and keeping cell membranes intact. Hydrogen bonding between amino acids in a
linear protein molecule determines how it folds up into its functional configuration.
Previous work in this laboratory on polymer blends has shown that H-bonding can
be used to create miscible blends. In the absence of interactions of this type, most
polymer mixtures are immiscible.
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Infrared Spectroscopy
The electromagnetic spectrum can be divided into many regions. At a shorter wavelength
than visible light, yet longer than microwaves, we find the infrared region (10-133,300
Hz). According to theory, a molecule may absorb infrared radiation that has the
appropriate frequency to excite it from one vibrational or rotational energy level to
another. When a beam of infrared light is passed through a sample, said sample will
absorb certain frequencies, and the pattern of absorption can be displayed in a spectrum,
which will be characteristic of the particular molecule being analyzed. The spectrum is
characteristic of a molecule’s individual functional groups (e.g. CH2, CH3, C=O, etc.).
These characteristic spectra can be viewed as “fingerprints” of molecules and used for
qualitative analysis of a sample (e.g. identification), as well as for quantitative analysis,
due to the absorptions or band intensities being proportional to the amounts of molecules
present of each functional group.
Modern instruments use interferometers to obtain spectra and are called Fourier
Transform Infrared (FTIR) spectrometers. A schematic of how an FTIR spectrometer
works can be seen in figure 1-1. The interferometer is composed primarily of a fixed
mirror, a movable mirror, and a beam splitter, a source of radiation and a detector. An
infrared beam is transmitted towards the beam splitter, after which half of the beam goes
to the fixed mirror, and the other half to a mirror that is moving at a specified velocity.
Both beams are then recombined at the beam splitter. When the moving mirror is at the
same distance from the splitter as is the fixed mirror, the amplitudes of all frequencies are
in phase and recombine constructively. As the moving mirror is moved farther from the

5

splitter, the signal goes in and out of phase with the original beam. This modulated
radiation beam is then focused through a sample and at a detector, and is called an
interferogram. This interferogram is Fourier transformed to give a spectrum.

Figure 1-1: Schematic of the workings of an FTIR machine.

Previous Studies of the OH and NH Stretching Region
Many studies have been made of the molecular vibrations of hydrogen bonding groups
during the last eighty years.

In the 1930’s, Fox and Martin1 used mid infra-red

absorption spectra of hydroxyl compounds to assign a sharp fundamental absorption band
of single phenol molecules at a wavelength of 2.75µ, and it’s much broader “association”
band of “double” phenol molecules at 3µ. In most modern studies, wavenumbers are
used instead of wavelengths, so that 2.75µ corresponds to a wavelength of 104/2.75=3636
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cm-1, and 3µ corresponds to 104/3=3333 cm-1. The first band increased as the second
band diminished in relation to the dilution of the compounds in a non-polar solvent or by
raising its temperature, both causing the hydrogen bonds to split up. Once a dilution of
0.01 mol/l was reached, this association band was almost non-existent. They also noticed
that a broad view of the spectra allowed them to see the first overtone harmonic of the
fundamental frequency in the region of 1.5µ (6667 cm-1). These values would be much
weaker, but could serve as a backup confirmation of the existence of the original bands.
Around 1940, Kempter and Mecke2 (as referenced by 3,4,5) also examined phenol.
Based on its second overtone, they concluded that the coupling of monomers into dimers,
and subsequently forming multimers, followed a behavior described by a single
equilibrium constant. They used extensive quantitative data and laid down the first
“modern” theory.

Ten years later, Coggeshall and Saier3 used the first round of

commercially available IR spectroscopy machines to collect their data, and specified a
new, two-constant model that was in greater accordance with the experimental data. In
1970, Whetsel and Lady4 reconfirmed this model by running experiments with phenol in
carbon tetrachloride and cyclohexane in a Fourier transformed IR-9 spectrometer,
changing the scale of the location of the first overtone harmonic from a wavelength of
1.417 μm to a wavenumber of 7054 cm-1, assuming the relationship that a wavenumber
[cm-1] equals 1/(wavelength*1000) [μm]. Their in-depth analysis tried to fit the data to
models with formation constants for dimers, trimers, tertramers, pentamers, hexamers,
heptamers, octamers, multimers, and combinations thereof, only to conclude that
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Coggeshall and Saier’s two constant model was the one that kept all the constants
positive and held a closer fit.
This series of experiments are a take-off point for the work done by Coleman and
Painter et al. in the 1980-90’s.6,7,8,9,10 Mid-Infrared spectroscopic studies were used to
determine self-association equilibrium constants for ethyl phenol in a cyclohexane
solution and its inter-association constant in Toluene. Data was collected from running
Fourier Transform Infra Red spectra (FTIR) and then compared with the mathematical
two constant model confirmed by Whetsel and Lady. However, all of this work relied on
the measurements of a single band, the OH stretching mode of “free”, non hydrogen
bonded groups.

Analysis of the OH Stretching Region
When molecules contain a hydroxyl (OH) group, the region of the spectrum where O-H
stretching is observed is very sensitive to hydrogen bonding interactions, causing this to
be an area greatly focused on. Unfortunately, from an accuracy point of view, the bands
that are located in this area are broad and overlapping, making it quite difficult to reach a
definitive decision on band assignments. Because of this, people have put great effort
into developing predictive models, as can be viewed in Painter and Coleman’s extensive
work with hydrogen-bonded polymer blends.6

Most of this work revolved around the

study of polymer systems that involved one self-associating component (e.g., poly (vinyl
phenol), nylons, polyurethanes, etc.) and a second that does not, but has a functional
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group capable of being an "acceptor" for the hydrogen-bonding proton of the first (e.g.,
polyesters, polyethers, polyacrylates, polypyridines). It was possible to determine selfassociation parameters in systems with nylons and polyurethanes, since they have a
carbonyl group, which facilitated the spectroscopic determination of the fraction of
hydrogen-bonded species. Unfortunately, many of those polymers crystallized or were
thermally unstable.
One polymer that is very simple to analyze in blends is poly (vinyl phenol), also
known as PVPh, since it copolymerizes with many other units, like styrene, and displays
a wide range of phase behaviors when mixed with other polymers. Unfortunately, it still
has its issues that impede the measurement of self-association constants. PVPh does not
dissolve in simple hydrocarbons, like cyclohexane at room temperature, due to its high
molecular weight. The liberty was therefore taken to assume that the association of
phenolic units was not altered significantly by their incorporation into polymer chains,
and so, self-association constants were obtained from studies of phenol and ethyl phenol.
A great part of this project is helped by the work done by Whetsel and Lady,4 due to the
fact that they tabulated their data, which was then reused to calculate and compare
constants with different models.
This thesis project was started by the desire to develop a new method with which
to calculate self-association equilibrium constants for phenolic materials, and, hopefully,
expand to other materials from there. An additional goal was the identification of groups
associated with hydrogen bonded species. There was great interest in the OH stretching
region of the vibrational spectra of assorted molecules, which contained hydroxyl groups,
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with an emphasis on ethyl phenol (EtPh) and PVPh. Curve-resolving was used to better
study these regions, so as to better identify the contributions of the assorted modes to the
spectrum.

The use of Temperature Studies
Many people have attempted to use Fourier transformed infrared (FTIR) temperature
studies to better understand the temperature dependency of polymer mixtures for the past
half century. Emphasis has been placed on the polymers’ ability to interact, for which
studies have been focused on strong intermolecular interactions, mainly involving
hydrogen bonds. Unfortunately, the characterization of H-bonds is still a bit sketchy.
They are rather strong forces, but nowhere near as strong as covalent bonds. Hydrogen
bonds are transient when in a liquid state, breaking and reforming many times a second as
a result of thermal motion.
Although there hasn’t been much change to basic IR machinery in recent years,
there has been great evolution in computing and the ability to analyze data obtained
experimentally. It has become much easier to do calculations, but this can also lead to
errors when the technique is treated as a “black box”. Curve resolving presents a
particular problem.

Even though previously published values of the enthalpy of

molecular interactions of polymer blends, calculated through van’t Hoff plots11, were in
agreement with those for low molecular weight analogues, it is possible that these
matches are a happy coincidence, due to how untrustworthy older curve resolving
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calculation methods might have been12. Accordingly, in the second chapter of this thesis,
the focus will be on a detailed study of a model compound, ethyl phenol, where curve
resolving methods will be discussed in detail.

Co-Polymers and Blends
Polymers possess physical properties that permit them to perform in many diverse
applications, over a wide temperature range, under mechanical stress, and in difficult
chemical and physical environments. The use of polymers is constrained chiefly by their
organic chemistry, which seriously limits their hardness, density, and their ability to resist
heat, organic solvents, oxidation, and ionizing radiation. In particular, most polymers will
melt or decompose when heated to a couple hundred degrees Celsius. Fortunately, the
addition of glass fibers, asbestos powder, carbon black, metal particles, wood flour or
even other polymers can drastically change, for better or worse, properties like strength,
toughness, rigidity, dimensional stability, heat and weather resistance, lubricity, electrical
conductivity and even lower production costs.13
The final chapter in this thesis deals with poly(styrene-co-vinyl phenol) (PSVPh)
blended with poly(vinyl methyl ether) (PVME).14,15,16 The focus is placed on the different
hydrogen bonds that can form by varying co-polymer concentrations, and how they are
affected by high temperature.
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Chapter 2:
HYDROGEN BONDING IN ETHYL PHENOL
Introduction
As mentioned in the introduction to this thesis, there is a rich literature stretching back
many years concerning the application of vibrational spectroscopy to the study of
hydrogen bonds, and the crucial role these interactions play in the properties of many
materials17,18,19. For molecules containing hydroxyl (OH) groups, much attention has
been focused on the O-H stretching region of the spectrum, because of its sensitivity to
the strength of hydrogen bonding interactions and the types of associated species that are
present. However, the band profiles of hydrogen bonded OH stretching modes are broad
and complex, and band assignments have often been in dispute, imposing some limits to
the use of vibrational spectroscopy in structural studies.
There are many other reasons to study the OH stretching region of the spectrum
that can be found in the large amount of work found in the chemical engineering
literature describing the thermodynamic properties of self-associating (usually hydrogenbonding) molecules, much of which has focused on alcohol/hydrocarbon mixtures.
Various approaches have been used to model hydrogen bonding, which can be generally
divided into two classes: “chemical” and “physical” models. Physical theories treat
hydrogen bonds generally as strong, physical interactions that often involve many
different types of contact points on each molecule, making the resulting equations
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complex and full of adjustable parameters. On the other hand, chemical theories treat the
mixture in terms of the equilibrium distribution of hydrogen-bonded species, normally
described in terms of equilibrium constants, that are in turn related to the enthalpy and
entropy of hydrogen-bond formation. Associated species are allowed to mix randomly
and the physical interactions between them (e.g., dispersion forces) are described by a
separate series of parameters.

An advantage to this approach is the separation of

hydrogen bonding from other interactions, allowing for autonomous composition and
temperature dependencies. As an example, dispersion forces can vary as 1/T, while
hydrogen bonds follow the van’t Hoff relationship. Nevertheless, there are still a number
of parameters that have been determined through fitting of thermodynamic data. Often
these parameters only provide a good description of the data set from which they were
obtained, and it is difficult to extrapolate predictions that will prove meaningful when
applied to other mixtures.
If parameters describing hydrogen-bonding interactions could be determined by
an independent experimental method, such as infrared spectroscopy, then predictive
models would be easier to establish. Aspiron et al.20,21,22 took this approach in their
recent work on alcohols and other low molecular weight materials. This approach has
also been extensively utilized at Penn State when studying hydrogen-bonded polymer
blends.6,23,24,25 Most of the systems studied in this latter work involved one component
that self-associates (e.g., poly(vinyl phenol) (PVPh), nylons, polyurethanes, etc.) and a
second that does not, but has a functional group capable of being an “acceptor” for the
hydrogen-bonding proton of the first (e.g., polyesters, polyethers, polyacrylates,
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polypyridines). In addition, although self-association parameters in systems like the
nylons and polyurethanes could be determined, because they have a carbonyl group (thus
facilitating the spectroscopic determination of the fraction of hydrogen bonded species),
many of these polymers crystallized or were thermally unstable. PVPh and its blends
were the most amenable to analysis, particularly as vinyl phenol could be readily
copolymerized with other units, such as styrene, allowing exploration of mixtures that
exhibit a range of phase behaviors. Unfortunately, self-association constants for PVPh
could not be measured directly, as unlike low molecular weight alcohols and phenols it is
not soluble in simple hydrocarbons like cyclohexane.
In this chapter, a new methodology for the calculation of self-association
equilibrium constants for phenolic (and other) materials will be described. In addition, as
mentioned above, the OH stretching region of the vibrational spectra of molecules
containing such groups is of fundamental interest. Accordingly, a detailed analysis of the
OH stretching region of ethyl phenol (EtPh) will also be presented. This alkyl substituted
material is a more appropriate model for poly(vinyl phenol) and other phenolic
compounds than phenol. The spectra of the polymers will be considered in more detail in
the following chapter. A curve-resolving methodology will be applied here in order to
identify the contributions of various modes to the spectrum.
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Experimental Section
Cyclohexane (99.5% anhydrous) and 4-Ethylphenol (99%) were purchased from
Aldrich Chemical Company. Reagent grade toluene was purchased from J. T. Baker. All
were used without further purification. Twenty solutions of EtPh in cyclohexane were
prepared in concentrations ranging from 0.0019 to 0.603M. Seventeen toluene solutions
were also prepared, with concentrations ranging from 0.0085 to 7.0959M. Measurements
were made as weight fractions and then converted to molarities using molecular weight
values of 122.17 g/mol for EtPh and 77.9 g/lt for cyclohexane, both taken from Aldrich
data sheets, and 86.69 for toluene.
These solutions were injected into potassium bromide (KBr) liquid cells for FTIR
analysis. Concentrations lower than 0.0643M for cyclohexane and 0.0720M for toluene
were run in a 1.06mm thick cell, while the six larger cyclohexane concentrations and
those in toluene between 0.1448 and 0.2957M were run in a 0.1mm cell, in order to avoid
over-absorption. The highest four concentrations in toluene were run in a 0.035mm cell.
A Bio-Rad model FTS-45 Fourier transform infrared (FTIR) spectrometer was used to
record infrared spectra at a resolution of 2 cm-1 at ambient temperatures by co-adding 128
interferograms (“scans”) and is illustrated in figure 1-1 in the introduction.
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Curve Resolving
In order to clearly reveal the EtPh OH stretching modes, the spectrum of the
corresponding solvent was subtracted from that of each solution (Figure 2-1) in the
appropriate proportion in order to eliminate overtone and combination bands:
-0.9
-0.95
-1
-1.05
-1.1
-1.15
-1.2
-1.25

3700

3600

3500

3400

3300

3200

-1.3
3100

Figure 2-1: The infrared spectrum for cyclohexane (lower) and 0.1M EtPh in
cyclohexane (upper) before subtraction. The influence played by the solvent on
the peaks is very noticeable.

The contribution from cyclohexane was mathematically subtracted using a
weighted spectrum of pure cyclohexane obtained in the same liquid cell as the EtPh
sample, focusing on the absolute absorbency of the bands around 3620 cm-1 (Figure 2-2):
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Figure 2-2: Infrared Spectra for concentrations of EtPh in cyclohexane ranging
from 0.1-0.6 M.

These values were then multiplied by 1000, permitting the curve resolving
program used to have an accuracy of three more decimal places. Each different spectrum
was then curve resolved according to the following procedure:

A flat base line was set for each of the concentrations, focusing on the values in
the 2000-4000 cm-1 range (Figure 2-3). In the following example, the base line was set at
-5 (which represents -0.005 at original scale) and not 0 absorbance in order to account for
slight baseline differences between solution and pure solvent spectra (a). Even though
there were some over absorbed solvent peaks due to the thickness of the cell (b), it is
possible to ignore these since they are not in the region being studied. Using a thinner
cell would have caused a poor signal/noise ratio, leaving the desired bands difficult to
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analyze accurately. Some bands were over absorbed in the solvent runs, but not in the
solutions, hence the large negative peaks present after their subtraction (c).

Figure 2-3: Baseline set for 0.3 M focusing on minimum peaks (a). (b) is a peak
that was over absorbed by the solution, while (c) were over absorbed by the
solvent.

After the position of the baseline was set, attention was focused on the 3180-3720
cm-1 region of the spectrum for cyclohexane and 3100-3640 for toluene, as this is where
the OH stretching modes are located.
Once all of the sample spectra were collected, they were curve resolved using a
program called Spectra Fit 1.0, developed several years back for the purpose.

It

approximates the shape of the spectrum by adding a series of individual bands, each of
which is a sum of Gaussian and Lorentzian (also known as Cauchy) shapes, the
convolution of which give a Voigt profile.

It was shown by Liu et al.26 that this
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approximation is a very good one. The Gaussian and Lorentzian components were
summed in the proportion f to (1-f), respectfully, according to equation 1:

I(ν)=fA0exp{−ln2[(ν−ν0)/Δν1/2]2}+(1−f)A0/{1+[(ν−ν0)/Δν1/2]2}

A0 is the peak height,

0

(1)

is the wavenumber coordinate of the peak maximum and

are the frequencies of the points that describe the bands.
Concentrations were run sequentially, and the values from the previous
concentration were then used as a starting point for the next sample. A first run of 50
iterations was done with fixed positions and widths, with a second run of 200 iterations
done with all values free. The parameters that were measured for each band where
position, intensity, width at half-height and shape, which varied from purely Gaussian
(valued as f=1) to purely Lorentzian (valued as f=0).
The values that resulted from curve resolving were then normalized using Excel
and divided by 1000 to regain their original scale.

Results and Discussion
Band Assignments in the OH region of Ethyl Phenol in Cyclohexane
In very dilute solutions, EtPh exists largely as “monomers”, meaning the individual
molecules have no hydrogen bonding partners. As the concentration of EtPh increases,
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various hydrogen-bonded species begin to appear, making it possible to both gain insight
into band assignments and obtain data that can be used to determine association constants
through the study of variations with concentration. Many previous studies have used
carbon tetrachloride (CCl4) as a solvent, presumably because of its simple structure and
spectrum. With modern instruments, though, it is easy to remove the contributions of
solvent bands to the spectrum.

In addition, Whetsel and Lady4 noted a very clear

difference in the degree of association of phenol in CCl4 relative to cyclohexane.
Marcus27 pointed out that CCl4 and aromatic hydrocarbons form adducts with OH
containing molecules, presumably through the formation of weak hydrogen bonds.
Accordingly, focus was placed on cyclohexane as a solvent, along with some studies in
toluene, in order to explore the bonding interactions within poly(vinyl phenol).
Before explaining the process, it is worth mentioning that when curve-fitting
complex band profiles, one can often obtain results that are good in terms of a least
squares fit, but make no spectroscopic sense in terms of things like relative intensities and
band widths. First, it is important that a baseline be accurately set; it is not recommended
to use the automatic baseline correction programs available on modern instruments, as
they grievously distort spectra. Second, a prior knowledge of the number of bands
present together with good estimates of their positions, intensities, etc., need to be used as
a starting point to ensure (as far as possible) a convergence to a fit that makes chemical
and spectroscopic sense. The baselines used were essentially flat and were set at a
position determined between 3700 and 3800 cm-1. Curve fitting was begun using the two
extreme concentrations.
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The OH stretching region of the spectra obtained at concentrations of 0.099M,
0.298M and 0.603M are shown in figure 2-4, with the band numbers referring to those
bands belonging to the higher concentration of the three.
The lowest concentration has a very distinct spectrum, in that it consists only of
one prominent band at a frequency of about 3620 cm-1. Keeping with the idea that a lone
monomer in infinite dilution will not have anything to bond to, this peak is assigned to
the OH stretching mode of monomeric (no hydrogen bonded partners) EtPh molecules. It
is important to note that as concentrations increase and interactions begin to interfere
with the vibrations of monomers and hydrogen bonds, the frequencies of these peaks will
start to vary slightly, so that bands will be referred to as “near” a specific value.
When the spectrum was observed with greater detail, a shoulder, attributed to a
second, weaker band, was noticed near 3615 cm-1. This mode is probably a “hot” band
(

12

transition), which would be because of anharmonicity.
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Figure 2-4: The infrared spectrum of ethyl phenol in cyclohexane at three
different concentrations. Top spectrum, 0.099M solution; middle spectrum
0.298M solution; bottom spectrum, 0.603M solution.

At the highest concentration of EtPh used in this study (~0.6M), only the bands
that could be identified by eye together with the hot band were initially included in the
fit. The band identified at 3443 cm-1 is the most questionable of these, but a close
examination of the most intense peak near 3332 cm-1 reveals that this latter mode is
markedly asymmetric on the high wavenumber side and the 3443 cm-1 band was included
in the fit on this basis. Nevertheless, apart from the three spectra corresponding to the
lowest concentrations of EtPh, it became apparent that the asymmetry on the low
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wavenumber side of the 3620 cm-1 band required the inclusion of a mode near 3604 cm-1
in order to fit the band profile. The results obtained by curve fitting the spectra obtained
at concentrations of EtPh in cyclohexane of 0.1 M and 0.6 M are shown in figures 2-5 and
2-6 respectively. The asymmetry of the band near 3620 cm-1 that required the inclusion

of the 3604 cm-1 mode becomes obvious to the naked eye at higher concentrations.

Figure 2-5: The infrared spectrum of a 0.099M solution of ethyl phenol in
cyclohexane curve-resolved into its component bands.
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Figure 2-6: The infrared spectrum of a 0.603M solution of ethyl phenol in
cyclohexane curve-resolved into its component bands.

As has been expressed above, accurate band assignment is a great concern, and is
detrimental when it comes to calculating association constants.

It is necessary to

determine whether the band near 3620 cm-1 is due solely to monomeric OH groups, or if
it is caused by monomeric and end-group free OH species. A schematic for these
conformations is shown in figure 2-7. There are two different types of end groups when it
comes to hydrogen-bonded chains, those that offer up a hydrogen donor, but have with
the O atom H-bonded (

in figure 2-7) and those with both an unoccupied oxygen
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acceptor, as well as H donor ( ). According to Whetsel and Lady4, who used the peak
height of the band near 3620 cm-1 and an overtone mode in the near infrared to calculate
the association constants, the contribution of the free OH ends to the height of the
monomeric peak wasn’t significant, and can be corroborated through error analysis. This
study, however, uses the areas of the peak in order to achieve greater accuracy. In this
case, the overlap of bands can have a more significant effect.

Figure 2-7: Identification of the types of hydrogen bonded and “free” OH
groups present in solution.

If one were to assume that one of the secondary peaks near 3620 cm-1 belonged
solely to donor end-group free OH modes, it would have to increase in intensity with the
concentration of EtPh, relative to that of the monomeric band. The sum of both, though,
should decrease at higher concentrations due to the monomers having more species to
bind with. Other than the previously defined “hot” band near 3615 cm-1, all other bands
increase with concentration, indicating that they are due to hydrogen bonded species.
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According to calculations done with the association constants that were calculated
previously, similar to those of Whetsel and Lady, approximately 50% of the free groups
at a concentration of 0.6M should be monomeric. This makes sense when comparing the
relative intensities of the free and hydrogen-bonded bands in figure 2-6. Keeping with
these specifications, there is still only one band that can be attributed to the free OH
stretching mode, near 3620 cm-1, who’s frequency shifts only slightly (about 1 cm-1)
throughout the different concentrations, and hence contains indistinguishable
contributions from both monomeric and end-groups. The modes due to hydrogen-bonded
species become more apparent at greater concentrations, revealing a very prominent band
near 3332 cm-1.
After determining the trends of monomers and end groups, it is necessary to
evaluate and assign the modes of the various hydrogen-bonded species. This also has its
difficulties, but is highly helped along by the study of previous literature. Early studies
of phenol worked with the solvent CCl4, associating a strong band near 3350 cm-1 to
hydrogen-bonded multimers and a shoulder near 3480 cm-1 to dimers4,28. Hall and
Wood29, and more recently Ohta and Tominaga30, observed characteristics that led them
to define four functionally different groups, which they labeled α, β, γ and δ (figure 2-7).
The α group corresponds to the monomer; the β group to an end group where the proton
is not acting as a donor, but the oxygen atom acts as an acceptor; the γ group to an end
group where the proton is acting as a donor, while the oxygen atom is not acting as an
acceptor; the δ group is where both the oxygen atom and proton act as acceptor and
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donor, respectively. This last classification is the one that is designated to the strongest
of the hydrogen-bonded groups, the band near 3332 cm-1.
There are several different types of δ groups, and it has commonly been accepted
that OH groups can, in addition to chains, hydrogen-bond into cyclic species.

The

prevalence of cyclic species isn’t great, as hydrogen-bonds have a strong preference to
remain linear.

Small rings, like those of a dimer, are highly unlikely for steric

reasons,28,29 but cyclic trimers have been observed as isolated species in studies of
supersonic jet streams31. Ebata et all observed that the free OH of bare phenol resided
near 3657 cm-1, while hydrogen bonded trimers could be distinguished in the spectra near
3440 cm-1, shifted about 215 cm-1 from the free mode. In the experiments here, though,
the strongest hydrogen-bonded band is shifted ~290 cm-1 from the OH stretching mode,
located near 3332 cm-1. The frequency shift that exists between these two bands is
proportional to the difference in the strengths of their hydrogen bonds, indicating that the
stronger H-bonds in linear multimers results in this arrangement being preferred by this
system over cyclic species. Other studies done by Marcus27 observed that dielectric
polarization studies of solutions of alcohols in CCl4 favored cyclic species at low
concentrations, though open chain structures won out at higher concentrations. Both
types of species, though, were still noticeably present. After tabulating the data for EtPh
in cyclohexane, it was noticed that the ratio of the peak height of the band near 3445 cm-1
decreases relative to that at 3332 cm-1 as a function of increasing concentration, as can be
seen in figure 2-8.
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Figure 2-8: The ratio of the peak heights of the bands at 3508 and 3332 cm-1,
together with the ratio of the peak heights of the bands at 3445 and 3332 cm-1,
plotted as a function of composition (for ethyl phenol in cyclohexane).

All this makes it appear that the band near 3332 cm-1 most likely belongs to δ
hydrogen bonded groups in multimers, while the 3443 cm-1 is most probably due to δ
hydrogen bonded groups in cyclic trimers.
The ratio between the peak heights of the curve resolved mode near 3508 cm-1and
that at 3332 cm-1 is also shown in figure 2-8. Previous work had assigned the former
mode to dimers, though the use of equilibrium constants that is explained below shows
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that the fraction of the species present that are dimers varies with concentration, as is
demonstrated in figure 2-9.
As the solution becomes more concentrated, monomers begin to bond and dimers
become more prevalent. This continues up until a concentration of about 0.1M, after
which other hydrogen-bonded species become increasingly favored and dimers are
overtaken by larger chains. In order for the band near 3508 cm-1 to be caused by dimers,
it should follow the same behavior and increase steadily with concentration, before
leveling off. Calculations are done by normalizing the area of the band, dividing it by the
concentration and cell thickness (A/cl). This data begins to fall into place when the band
is instead assigned to γ species end groups, where the proton is acting as a donor and the
oxygen atom remains unbonded. It is expected for the concentration of γ end groups to
increase, compared to δ bonded groups, at low concentrations. Once chain lengths begin
increasing, though, γ end groups are expected to decrease as the concentration increases
as they are presented with more elements to bond to.
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Figure 2-9: Plot of the normalized area of the band at 3508 cm-1 as a function of
composition, compared to a plot of a calculation of the fraction of dimers.

There are still four modes left surrounding the 3332 cm-1 mode that need to be
assigned (near 3560, 3604, 3190 and 3111 cm-1) with the highest one being the least
complicated. When studying the spectra of EtPh in toluene, which will be discussed in
depth later on, a most prominent band at low concentrations is found near 3554 cm-1, and
is assigned to weak hydrogen bonds that are formed between OH groups and the π-bonds
of aromatic rings28,32. A side test run, that involved adding toluene to a cyclohexane
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solution, presented a significant increase in the intensity of this band, corroborating this
assignment.
Unfortunately, the band near 3604 cm-1 is not as simple to assign, as it appears as
a shoulder in both cyclohexane and toluene solutions. It can be assumed that it is some
kind of combination mode, but that is only a guess.
There are two possibilities when trying to designate the mode near 3190 cm-1.
Cyclic structures with very strong hydrogen bonds have been identified in the spectra of
phenolic resins and calixarenes. The cyclic modes in phenolic resins appear in the range
between 3200 and 3250 cm-1, while the stronger bonds found in calixarenes appear in the
3130 to 3170 cm-1 range32,33,34,35. This idea is unfeasible, though, because in phenolic
resins the rings are linked together by specific methylene bridges and conformations that
bring the OH groups into close proximity, allowing them to strongly hydrogen bond into
cyclic structures. The hydrogen bonded ethyl benzene molecules in the EtPh solution
aren’t subject to these conformational restraints, and so another assignment is necessary.
When a liquid has a polar functional group, strong interactions between
permanent dipole moments can influence local structure to coincide with strong
vibrational coupling that involves transition dipole interactions. This influence is a result
of the tendency that molecules have to line up, even if in a liquid state, to some degree.
Ordered systems that consist of a finite number of coupled oscillators present a series of
bands that systematically decrease in intensity, mapping the dispersion curve of the
theoretically infinite oscillator chain.

When the system is disordered, though, it is
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expected that a superposition of the effect of finite chain length and imperfect alignment
should result in asymmetric broadening of the observed vibrational mode towards the
lower wavenumber side, resulting sometimes in a resolvable shoulder36,37.

Since

hydrogen bonds are highly polar, and they prefer a relatively straight alignment, it is most
probable that such coupling gives rise to this band.
The farthest band, a shoulder near 3113 cm-1, is also unlikely to be a cyclic
arrangement of functional groups, due to all of the above arguments. It is then suggested
that this is a combination mode, owing some of its intensity to a Fermi resonance
interaction with the fundamental band near 3332 cm-1. All of these band assignments are
summarized in table 2-1.

Table 2-1: Band assignments for cyclohexane and toluene solutions of ethyl phenol.

Cyclohexane Solutions
Band
Assignment
(wavenumber)
3620
Free OH (monomer and end-group)
3615

Free OH “hot band” ( ν1→2 transition)

3604

Unknown (combination mode?)

3560

OH–π hydrogen bonded groups

3508

γ hydrogen bonded OH groups (see figure 2-7)

3443

δ hydrogen bonded OH groups in cyclic trimers (see figure 2-7)

3332
3189-3113

δ hydrogen bonded OH groups in linear chains(see figure 2-7)
Unknown – possibly a result of transition dipole coupling,
combination modes or strongly hydrogen bonded cyclic structures.

32

Toluene Solutions (50%)
Band
Assignment
(wavenumber)
3590 (3603 in
Unknown (combination mode?)
dilute solutions)
3552
OH–π hydrogen bonded monomer groups
3512

OH–π hydrogen bonded end-groups

3448

γ hydrogen bonded OH groups (see figure 2-7)

3349
3249,
3114

δ hydrogen bonded OH groups in linear chains(see figure 2-7)
3192, Unknown – possibly a result of transition dipole coupling,
combination modes or strongly hydrogen bonded cyclic structures.

Studies of Ethyl Phenol in Toluene Solutions
As was previously mentioned, work was done dissolving EtPh in toluene as well
as cyclohexane. Even though the ideas and assignments developed from cyclohexane
solutions are useful, there are some difficulties when considering toluene solutions.
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Figure 2-10: The infrared spectrum of ethyl phenol in toluene at three different
concentrations. Top spectrum, 50% (by weight) solution; middle spectrum 25%
(by weight) solution; bottom spectrum, 10% (by weight) solution.

Figure 2-10 presents the spectra of three different toluene solutions: 10%, 25%

and 50% by weight. The highest peak in lower concentrations can be observed near 3554
cm-1. If we assume that it is the same as the monomer band in cyclohexane solutions, it
stands shifted more than a full 50 cm-1. It is well documented that OH groups can form
weak hydrogen bonds to the π-bonds of an aromatic ring28,32, and so this band is assigned
to OH-π hydrogen bonds. Using the same train of thought, the strongest band present at
the higher concentrations, near 3360 cm-1, is assigned to δ hydrogen bonded groups, as
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per the schematics in figure 2-7. There is a 30 cm-1 discrepancy between this band in
toluene compared to the same band in cyclohexane (near 3332 cm-1), which suggests that
the δ hydrogen bonds formed in an aromatic medium are somewhat weaker than those
formed in aliphatic hydrocarbon solutions. However, when considering bond strengths, it
does not matter where the absolute frequency of the hydrogen-bonded band resides, but
the shift that it holds relative to the frequency of the free (monomer). It is still uncertain,
though, where this band stands in toluene, as there is an overwhelming presence of πbonds.
As the concentration of EtPh in toluene is increased, the band near 3554 cm -1
decreases in intensity relative to other modes, while bands near 3515 cm-1 and 3440 cm-1
become more prominent (see figure 2-10). One possibility is that the former is due to γ
hydrogen bonded OH groups and the latter due to δ hydrogen bonded groups in cyclic
trimers. However, in the spectrum of phenolic polymers, such as poly(vinyl phenol), the
band most often associated with “free” groups is found near 3510 cm-1 and can be
assigned to OH–π hydrogen bonded groups. This would mean that both the bands near
3554 and 3515 cm-1 are due to OH–π hydrogen bonded species. This makes sense if the
higher wavenumber mode near 3554 cm-1 is due to monomer OH groups hydrogen
bonded to the π electrons of an aromatic ring, while the 3515 cm-1 OH stretching mode is
an “end-group” OH hydrogen bonded to the π electrons of an aromatic ring.
The curve-resolved spectra of the 10% and 50% EtPh in toluene solutions are
shown in figure 2-11 and figure 2-12, respectively. The most prominent band, observed
near 3455 cm-1 in the 10% solution, loses intensity as the concentration increases,
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specifically in comparison to the more prominent band near 3332 cm-1 that was assigned
to δ hydrogen bonded groups in linear chains. This presents two different possibilities: to
assign this band to γ hydrogen bonded OH groups, or δ hydrogen bonded groups in cyclic
trimers. There is only one band in this region, unlike the two present in cyclohexane
solutions, and γ hydrogen bonded OH groups still need to be present, so the band near
3455 cm-1 is assigned to these structures. The strength of cyclic trimer hydrogen bonds is
weak relative to OH–π hydrogen bonds, and both compete for the same groups, so it is
concluded that they are not observed in these solutions.

Figure 2-11: The infrared spectrum of a 10% solution (by weight) of ethyl
phenol in toluene curve-resolved into its component bands.
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Figure 2-12: The infrared spectrum of a 50% solution (by weight) of ethyl
phenol in toluene curve-resolved into its component bands.

After these assignments, there are still three weaker bands left in the 50% toluene
solution near 3249, 3192 and 3114 cm-1. As presented in the discussion of the
cyclohexane solution spectra, these modes are probably due to the effects of transition
dipole coupling, overtone/combinations in Fermi resonance with the OH hydrogen
bonded fundamental, or to some strongly hydrogen bonded cyclic structure; the first two
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possibilities being the most likely. Band assignments for the OH modes observed in
toluene solutions are also summarized in table 2-1.

Calculations
The Calculation of Association Constants
Coggeshall and Saier3 established in the 1950’s that a minimum of two equilibrium
constants are necessary to account for hydrogen bonding in alcohols and phenols. An
association constant K1 is defined by them for dimer complexes, while a constant KC
represents the association of all greater multimers.

These constants are related as

follows:

n

Kc C
n
K1 K c

n 1

where α is the fraction of hydroxylated molecules which are unassociated,

(2)

n

is the

hydroxylated molecules that have already been bound into a multimer of the n+1th order,
Kc is the general dissociation constant for multimers and C is the concentration in moles
per liter of hydroxylated material. Since it is defined that the total sum of Σαn = 1, the
expression for Kc is derived as:
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Kc

C
2 K1 K1
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2K1K1
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(3)

where:

K1

2 2C
1

(4)

It was shown through mathematical evaluation that lim 2C (1

) K1 /2 is determined

as C approaches 0. Therefore, K 1 can be determined from a plot of K1

2

2

C (1

)

versus C extrapolated to zero concentration, and then used to evaluate KC. This method
has been used in the past, but it is now believed subject to considerable error and a new
approach has been devised.
In 1970, Whetsel and Lady4 took Kempter and Mecke’s2 one constant and
Coggeshall and Saire’s3 two constant models and came up with the following
formulations for the self-association equilibria:

nC1

A
l

Kn

Kn

Cn

[Cn ]
[C1n ]

(5)

n
1C1

2
2K 2C1

...

n
n K n C1

1C1

n
n 2

K n C1n

(6)
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2K 2C12

3K 3C13

n

nK n C1n

...

C1

nK n C1n

(7)

n 2

where A is absorbance, l is the pathlength (thickness of cell) [mm], C1 is monomer
concentration [M], CA0 is the stoichiometric concentration [M], ε1 is monomer
absorptivity, εn is the absorptivity of the nth species, and Kn is the association constant for
a multimer of n+1 length. For the special case of εn=0, Eqs. (6) and (7) reduce to:

A
= 1C1
l

(8)

and:

C

0
A

A
l 1

n

nKn
n 2

A
l 1

n

(9)

The number of parameters in Eq. (9) can be reduced by following Coggeshall and
Saier and making K2 and K independent constants, with Kn=K2Kn-2 when n>2. Eq. (8)
can then be simplified into:

A
C l

(10)
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where the subscripts for the concentration and absorptivity were also dropped. This is the
Beer Lambert law, which empirically relates the absorption of light to the properties of
the material through which the light is traveling. It can be used to graph ε vs. C, and
determine the extinction coefficient when the concentration approaches zero (Figure 2-13)
using a least squares “best fit” of a sixth order polynomial.

Figure 2-13: Plot of the normalized intensity (band area) of the “free” OH group
as a function of concentration (ethyl phenol in cyclohexane).

What had been done in the past, in Yang’s work7, was that ε was used to
determine the ideal absorptivity of the free OH stretching mode.

The ratio of

absorbances and A0, substituted in his text by I/I0, determined the fraction of non-
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hydrogen bonded (disassociated) free monomers f mOH that should be present at any given
concentration:

I
I0

f mOH

(11)

and rewriting the Beer-Lambert law as:

I0 = C

l

(12)

The general equilibrium constants K C2 (a renaming of Coggeshall’s K 1 ) and K C
were then related to f mOH and C with the following expression:

2
Kc
f mOH

2
C
K c2

1
K c2
2
K c2

2

2

0.5

(13)

4

where γ was defined as:

2 f mOH

2

1- f mOH

C
(14)
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Figure 2-14: Plot of the factor γ, defined by Coggeshall and Saier, equation 4, as
a function of composition (ethyl phenol in cyclohexane).

To evaluate K C in this method, it is first necessary to evaluate K C through
2

plotting γ versus C and extrapolating to zero concentration (figure 2-14).

limC 0

1
KC 2

(15)
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K C2 is found and used to calculate K C at the assorted concentrations. The values
greater than 0.1M are graphed and a tendency is found (figure 2-15).

Figure 2-15: Graph used to calculate

K C ( K C vs C).

Since K C and K C2 have units of [L/mol], it is necessary to convert them into the
dimensionless constants that were originally sought: K2 and KB.

K2

1000
KC 2
VB

(16)

KB

1000
KC
VB

(17)
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where K 2 is the dimensionless equilibrium constant for dimers, KB is the dimensionless
equilibrium constant for multimers, and VB is the molar volume of ethylphenol
[cm3/mole] (128.9) which was calculated with John F. Graf’s Miscibility Guide 2.0
program.

Unitless Equilibrium Equations and Series Inversion
Now, this old method is not completely thrown out for the analysis done in this work. A
different approach was taken in order to determine unitless relations for the equilibrium
constants based on volume fractions ϕ, which can be found following the work of
Coleman, Graf and Painter6.

The following expression stands for self-associating units, referred to as B:

B
h 1

Bh

(18)

where ϕBh is the volume fraction of all hydrogen-bonded chains of length h, while ϕB is
the total volume fraction of B units present in the mixture. Since the equilibrium constant
gives the equilibrium between species, the following can be written:
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B1 B1

K2

B2

B2 B1

K3

B3

Kh

Bh-1 B1

(19)

Bh

and the definition of the individual equilibrium constants for each chain length is:
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1
2

B2
2
B1
B3
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Bh
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Bh

1

B1

2
3

(20)

h 1
h

Note that these are dimensionless equilibrium constants and are related to those
defined by Coggeshal and Saier through Eqs. (16) and (17). This is a two constant
model, where it is assume that K3=K4=…=Kh=KB. Cleaning up the first two values in eq.
(20) results in:

B2

= 2K 2

2
B1
3
B1

B3

3K 2K B

Bh

h K h K h-1...K 2

The components are added together:

(21)
h
B1
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(22)

Bn
n =1

Hence:

B

2K 2

B1

2
B1

3K 2 K B

3
B1

...

(23)

Since it is possible to get the fraction of free hydrogens through IR spectroscopy,
equal to

B1

B

, rather than their desired volume fraction, it is necessary to invert the

series using the following schematic:

a2 x 2

a3 x 3

a4 x 4 ...

y

a1 x

x

A1 y A2 y 2 A3 y 3 A4 y 4 ...
1
a1
a2
a1 3
1
2
a1 a3
5 2a2
a1
1
2
3
a1 a4 5a2
7 5a1 a2 a3
a1

A1
A2
A3
A4

into which the following relations are substituted:

a1 1
a2 2K 2
a3 3K 2K B

A1 1
A2
2K 2
A3

8K 2

2

3K 2K B

(24)
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resulting in:

B1

=

B

- 2K 2

2
B

2

+ 8K 2 - 3K 2 K B

3

(25)

B

which divided by ϕB to get the fraction of free hydrogens gives:

B1

= f F = 1- 2K 2

2

B

+ 8K 2 - 3K 2K B

2
B

(26)

B

and upon substituting:

B

nBVB
V

CVB

(27)

where V is the total volume of the solution, and ends up in:

2

2

f F = 1- 2CVB K 2 + 8K 2 C 2VB - 3K 2K B C 2VB

2

(28)

where the fraction free fF is what had previously been noted as f mOH . Since VB K 2
and VB K B

KC 2

KC , a plot of this equation substituted by the corresponding values of fF and

C and traced by a polynomial trend that crosses the Y axis at a value of 1, the value of KC

2

can be derived from the second term in the equation (figure 2-16). Substituting this value
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in eq. (16) results in obtaining K2, and substituting in eq. (13) turns up Kc, which gives
KB through eq. (17).

Figure 2-16: Linear regression of lower concentrations in order to obtain KC2
and then K2.

These last values of K2 and KB, obtained through Painter’s formulas6, are then
used to find the ideal behavior of the polymer by substituting in the following formula:

B

B1

1-

K2
KB

K2
1
*
K B 1- K B B1

2

(29)
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obtained from eq. (23), and evaluated giving values to ϕB from 0 to 1, under the
condition that
divided by

B to

B1

maintain less than 1/KB. The values obtained for

B1

were then

get the fraction of cyclohexane that is free, f F , graphed to give an ideal
1

curve and compared with the data obtained (figure 2-17).

Figure 2-17: Calculated fraction of free EtPh f F1 plotted with fraction free f mOH
from data vs. concentration.

Once self-associating values for EtPh, K2 and KB, in an inert solvent are
established, it is necessary to find the inter-associating constant KA that describes the πbonds between EtPh and toluene.6
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B1 B1

K2

Bh B1

KB

Bh +1 h 2

Bh

KA

Bh A

A1

B2
(30)

It is necessary to take into account that dilution is no longer the only factor
keeping B units apart from each other. B units will now also be hydrogen bonded to the
π-bonds (the A units) of toluene, and KA and KB will be in competing equilibria:

K2

2

B2
2
B1
B h+1

KB

Bh

B1

BhA

KA

Bh

A1

h

(31)

h 1
hr
h +r

Since the different A and B molecules can be assumed to be of different sizes, an r
term has been introduced to relate the molar volumes VA/VB. The stoichiometric balance
for all B units can be seen as:

B

B1

Bh
h 2

BhA
h 1

h
h +r

and the formation of the individual h-mers can be described as:

(32)
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3
K B K B2
2

B3

=

B
h 2

K2
KB

Bh

B1

1

,

B1

h
KB
h +1

Bh

Through substitutions of

2
B1

= 2K 2

B2

Bh

K2
KB

2

, ...,

(33)

B h-1

2,

B1

the equation can be reworked into:

1
B1

(34)

2

1- K B

B1

In a similar way:

BhA
h 1

h
= KA
h +r h 1

Bh

A1

h +r h
hr h +r
(35)

KA

A1

B1

r

Bh
h 2

which, after substitutions, becomes:

B

B1

1

K2
KB

K2
1
*
KB 1 K
B

2
B1

1

KA

A1

r

(36)
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The same technique also formulates into:

A

A1

BhA
h 1

r
h +r

(37)

and using:

h -1

KB

=

B1

h 1

1
1 KB

(38)
B1

offers:

A

A1

KA

A1

B1

1

K2
KB

K2
1
KB 1 KB

(39)
B1

Separating similar sections of eqs. (36) and (39) and gives:

1

1

K2
KB

K2
1
KB 1 KB

(40)
B1
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1

2

K2
KB

K2
1
KB 1 K
B

(41)

2
B1

which can then be used to relate spectroscopic parameters to the stoichiometry of
hydrogen bonding:

f FI

1
2

f FII

1
2

f FIII

1

1
KA

(42)

A1

r
A1
A

where f FI represents the fraction of EtPh molecules that are not able to self-associate
because they are hydrogen-bonded to the π-bonds of toluene, and f FIII relates to the
fraction of toluene molecules that are free from hydrogen bonding. 1- f FII can now be
related to measurements of the π-bonded band previously confused, due to its proximity
in behavior, to the fraction-free band in cyclohexane solutions.
An iterative process was then used to obtain r and KB.

AF
c0 m l

r

1

B1

B1

2

B

B

r

1
2

(1 r )

B1
B

(43)
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Essentially, a value of KB was assumed and r was calculated as a function of
composition. For values of KB less than about 60 (dimensionless units), r was calculated
to be negative, while for values of KB greater than 100, r was calculated to vary
systematically with composition. A value of KB = 80 was about optimum and the
resulting values of r calculated as a function of composition are shown in figure 2-18.

Figure 2-18: Plot of the absorption coefficient of the end-group free OH band to
the monomer free OH band as a function of the volume fraction of ethyl phenol
in cyclohexane solutions.
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This illustrates the fact that at low concentrations, the area of the free band is
dominated by the contributions of monomer groups and there are huge errors in r
calculating r . At higher concentrations there would be equivalently large errors because
end-groups would dominate in their contributions to the free band, but it can be seen that
in the region of concentration where both contribute significantly to equation (43), a
value of r = 0.2 is determined. Using this value the area of the free band was calculated
and is compared to experimental values in figure 2-9. Given the inevitable errors in dilute
concentration work, the agreement is reasonable.

Conclusions
The OH stretching region of the infrared spectrum of phenolic compounds is
complicated. The focus of this study was to identify the major bands present and make
assignments using careful curve-resolving methods. Two sets of solutions were studied,
one using cyclohexane as a solvent, the other using toluene. Assignments were based on
identifying four major types of OH groups labeled α, β, γ and δ. The α group corresponds
to the monomer; the β group to an end group where the proton is not acting as a donor,
but the oxygen atom acts as an acceptor; the γ group to an end group where the proton is
acting as a donor, while the oxygen atom is not acting as an acceptor; the δ group is
where both the oxygen atom and proton act as acceptor and donor, respectively. In
cyclohexane solutions, the band due to “free” (non hydrogen bonded groups) contains
overlapping contributions from both monomeric and end-group species. The strongest
band in the spectra obtained at the highest concentration of ethyl phenol is due to OH
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groups present in linear chains of hydrogen bonded OH groups (as recognized in
numerous other studies), but a band due to cyclic trimers has also been identified. The
assignment of other modes is more uncertain and various possibilities are discussed.
In toluene solutions, assignments are more complicated, because bands due to
OH–π hydrogen bonds are observed instead of free groups. Finally, the data from
cyclohexane solutions was used to calculate equilibrium constants capable of describing
the distribution of species present. A new methodology for determining the equilibrium
constant describing association in the form of dimers is presented.
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Chapter 3:
TEMPERATURE EFFECTS ON THE OH
STRETCHING REGION OF PVPH
Introduction
There have been numerous studies that have used Fourier transformed infrared (FTIR) to
better understand the temperature dependence of the phase behavior of polymer mixtures.
Emphasis has been placed on the polymers’ ability to interact with one another, focusing
particularly on strong intermolecular interactions, mainly involving hydrogen bonds.
Unfortunately, the characterization of the types of H-bonds present in certain systems is
to some degree incomplete. They are rather strong forces, but cannot be considered
covalent bonds due to their lack of rigidness, even if they do prefer to be straight rather
than bent (even if they can be bent).
There is a rich literature stretching back many years concerning the application of
vibrational spectroscopy to the study of hydrogen-bonds and the crucial role these
interactions play in the properties of many materials.17,18,19 Previous work done in this
laboratory was largely concerned with the effect of hydrogen bonding on the miscibility
of polymer mixtures, studying the effect of temperature on the NH stretching region of
the spectra of nylons,11,38,39 polyurethanes40 and polyureas.41 This work was primarily
focused on changes in bands that were assigned to “free” (non hydrogen bonded) and
bonded groups in order to obtain parameters that could be used to understand the balance
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of interactions that determine miscibility. It was observed that in order to explain the
large changes in intensity of the band or bands due to hydrogen bonded groups relative to
the band due to non bonded groups that occur as temperature is increased, one would
have to invoke very large changes in absorption coefficients.38 However, the band
profiles of hydrogen bonded NH and OH stretching modes are broad and complex and
band assignments have often been in dispute, imposing some limits on use of vibrational
spectroscopy in structural studies.
The previous chapter in this thesis represents more recent work done on the OH
stretching region of the infrared spectrum of ethyl phenol, using it as a model for
phenolic polymers. By systematically studying and curve-resolving spectra obtained as a
function of composition, the most prominent bands contributing to the overall profile
were identified. In this chapter, work will be extended to an assignment of the bands
present in the OH stretching region of the spectrum of poly(vinyl phenol), PVPh.

Experimental Section
Sample Preparation
Methyl ethyl keytone, MEK (2-Butanone 99.5+%) was purchased from Aldrich Chemical
Company and used without further purification. Poly (4-vinylphenol) was purchased
from Polysciences, Inc. PVPh was dissolved in MEK at 2% (w/v), and cast on to
potassium bromide (KBr) windows for FTIR analysis. The windows were left in a
vacuum oven overnight at 100˚C to remove residual solvent and water. The individual
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films were then pressed between two KBr windows while still hot, to achieve an even
distribution of polymer over the entire area.
Ten different configurations of depositing the solutions on the windows were
tried, using the technique that resulted the most even to create at least five films of each
solution. The films that best obeyed the Beer-Lambert law (maximum absorption ~0.7 in
the wavenumber range of interest) were then used in this study. Spectra were obtained as
a function of temperature using a temperature controlled, custom made, horizontal cell (to
prevent flow at high temperatures) and a Bio-Rad model FTS-45 Fourier transform
infrared (FTIR) spectrometer. Spectra were acquired at a resolution of 1 cm -1, with a
minimum of 256 interferograms, or scans, being signal averaged at 10˚C intervals from
25–190˚C.

Curve Resolving
As discussed in the previous chapter, analyzing spectra that is composed of many broad
and overlapping bands, such as those observed in the OH and NH stretching region of the
infrared spectrum, is a complicated and a somewhat subjective task. This methodology
will again be described in some detail. The first concern involves the band shape used in
the fit. Experimental infrared absorption bands are often composed of a convolution of
Gaussian and Lorentzian (Cauchy) shapes that result in a Voigt profile, but can be
approximated using the following sum function:
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I(ν)=fA0exp{−ln2[(ν−ν0)/Δν1/2]2}+(1−f)A0/{1+[(ν−ν0)/Δν1/2]2}

(1)

The Gaussian and Lorentzian shapes that combine to make up the overall profile
of the individual band are assumed to have equal half-widths at half-height, Δν1/2, and are
present in the proportions of f to (1-f). A0 is the peak height, ν0 is the wavenumber
coordinate of the peak maximum and ν are the frequencies of the points that describe the
bands.

Liu et al.26 have shown that this particular sum function is an excellent

approximation to a true Voigt profile.
It is very easy to obtain mathematically sound curve resolving fits to data, in
terms of a least squares fit, but have them make no spectroscopic sense when it comes to
relative intensities and band widths. These inaccurate results were avoided by paying
close attention to details, including manually setting a baseline and bypassing the
automatic baseline correction programs available on modern instruments, as these can
seriously distort the spectra. More importantly, though, was the use of prior knowledge
of the bands that should be present, to be used as a starting point for calculations. A good
estimate of their positions and shapes was obtained from the study used in chapter 2, in
order to encourage a convergence that is spectroscopically and chemically meaningful.
Linear baselines with a slight slope were set by observing the trends of the area
between 2000 and 4000 cm-1 and focusing on the minimum absorption positions near the
3700-3100 cm-1 range. The first and most difficult obstacle presented during curve
resolving was the identification of the number of bands present in the spectral region.
The bands are very broad and overlap a considerable amount, rendering second derivative
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techniques ineffective. Fortunately, human perception has often been touted42 as quite
capable of noticing changes in shape and inflections due to the presence of overlapping
bands. Unfortuantely, this is not good enough to serve as a concluding fit. Figure 3-1
shows the results obtained by curve resolving the spectrum of PVPh obtained at 60˚C
using only the number of bands identified initially by eye.

Figure 3-1: The infrared spectrum of poly(vinyl phenol) obtained at 60˚C curve
resolved in a manner that leads to results that make no spectroscopic or chemical
sense.
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Even thought the overall band profile obtained by adding the individual curveresolved bands is in good agreement with the original spectrum, it is a clear example of a
solution that does not make sense. It is expected that the strongest band obtained by
curve resolving should correspond to the maximum absorption of a sample’s spectrum,
here near 3374 cm-1, following in line with the characteristics of hydrogen bonded
groups. Instead, this solution presents two greater bands on either side of this central
peak. A second solution was then initiated by taking these bands and manually changing
their positions, widths and intensities to something that better resembled a “correct”
solution. Knowledge used to manipulate these peaks was obtained from the previous
work on ethyl phenol (EtPh) – toluene solutions, since it is known that phenolic OH
groups can form weak hydrogen bonds to the π-bonds of an aromatic ring.28,32 The
systematic variation of various modes with concentration managed to provide very useful
overall profile characteristics to apply to the spectrum of PVPh. This was discussed in
some detail in the previous chapter.

Results and Discussion
Band assignments in the OH stretching region of poly (vinyl phenol).
Infrared spectra of PVPh as a function of temperature were obtained in the range 25˚C–
190˚C. An example of the spectra obtained at 25˚C, 60˚C and 150˚C can be seen in figure
3-2. The band usually assigned to hydrogen bonded groups can be found near 3360 cm -1

at room temperature, and noticeably shifts to higher frequencies and drops in intensity as
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heat is applied. In contrast, the band or bands contributing to the shoulder near 3515 cm-1,
usually assigned to “free” OH stretching modes, does not appear to change much at low
temperatures, but is somewhat more intense at the higher temperatures in the range of this
study. It is this type of observation that in previous studies led to the conclusion that there
is an extremely large change in the absorption coefficient of hydrogen bonded bands with
increasing temperature and frequency shift, a result of the decreasing strength of the
hydrogen bonds in these systems.11,38

Figure 3-2: Infrared spectra of poly(vinyl phenol) obtained at 25˚C, 60˚C and
150˚C.
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The results of curve resolving the spectra obtained at 60˚C and 150˚C are shown
as examples in figures 3-3 and 3-4. The number of bands and their initial positions were
chosen on the basis of the study of EtPh in toluene described in the preceding chapter.

Figure 3-3: The infrared spectrum of poly(vinyl phenol) obtained at 60˚C curveresolved into its component bands.

All the bands were determined to be Gaussian. The spectrum of the sample was
offset slightly in the figure from the profile obtained by summing the individual curveresolved bands to show that an excellent fit has been obtained. Unfortunately, the results
are subject to a much larger error than one would like, because changes in the width and
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intensity of one of the weaker modes can be compensated by equivalent changes in one
or more of its neighbors. Nevertheless, there are clear trends with temperature that make
spectroscopic sense when compared to studies of model compounds as a function of
composition. (PVPh cannot be studied as a function of composition in non-hydrogen
bonding solvents, because of its lack of solubility in such solvents.)

Figure 3-4: The infrared spectrum of poly(vinyl phenol) obtained at 150˚C
curve-resolved into its component bands.
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The bands that can be readily assigned to hydrogen-bonded or “free” groups are
those resolved near 3548 cm-1, 3514 cm-1, 3456 cm-1 and 3351 cm-1 at 25˚C. All four
bands can be seen to move to higher wavenumbers as the temperature is increased. This
is typical of bands assigned to groups involved in hydrogen bonding interactions, as this
interaction weakens with increasing temperature. In the remainder of the chapter, band
assignments and peak positions will be referred to as those that are identified at 25˚C.
These bands at higher frequencies have often been assigned to free (non hydrogen
bonded) groups, dimers and multimers in past works,28,4 and some even to cyclic
species.31 Hall and Wood29 suggested bands should be assigned based on observable
characteristics, as has recently been adopted by Ohta and Tominaga.30 They identified
four functionally different groups, which they labeled α, β, γ and δ, illustrated
schematically at the top of figure 3-5.
The α group corresponds to the monomer, where neither the oxygen atom nor the
proton of an OH group is involved in hydrogen bonding; the β group corresponds to an
end group where the proton is not acting as a donor, but the oxygen atom acts as an
acceptor; the γ group to an end group where the proton is acting as a donor, while the
oxygen atom is not acting as an acceptor; the δ group is where both the oxygen atom and
proton act as acceptor and donor, respectively.
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Figure 3-5: Schematic representation of the types of hydrogen bonded groups
found in poly (vinyl phenol).
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These assignments made sense in terms of the changes in intensity of the OH
stretching modes of EtPh with concentration, as was explained in the previous chapter.
In cyclohexane solutions, the monomer (α) and free end group band (β) of EtPh could not
be distinguished and both contributed to a band observed near 3620 cm-1. In toluene
solutions, however, both bands are shifted to lower wavenumber as a result of hydrogen
bonding to aromatic π orbitals and can now be separately observed near 3552 cm-1 and
3512 cm-1. Accordingly, the bands curve resolved near 3550 cm-1 and 3515 cm-1 in the
spectrum of PVPh were assigned to these groups, which are illustrated schematically at
the bottom of figure 3-5 and which are designate α−π and β−π, respectively. In a similar
fashion, the bands near 3456 cm-1 and 3351 cm-1 (at 25˚C) were assigned to γ groups
(where the proton is acting as a donor, while the oxygen atom is not acting as an
acceptor) and δ groups (where both the oxygen atom and proton act as acceptor and
donor, respectively). The latter is the strongest in the spectrum of PVPh at low
temperatures and corresponds to bands that were previously assigned to hydrogen bonded
groups in general or to multimers.
Now that the main hydrogen bonded bands have been assigned, the rest of the
bands towards the edges of this region, those near 3592 cm-1, 3228 cm-1, 3187 cm-1, and
3121 cm-1, at room temperature, will be considered. Clearly present shoulders in the
spectra of both EtPh and PVPh indicate the presence of at least two bands in the 3250 cm1

to 3100 cm-1 range, which could not be fit to the overall band profile accurately without

including a third band. However, both the 3187 cm-1 and 3121 cm-1 modes move to lower
wavenumbers with increasing temperature, in contrast to the bands assigned to hydrogen
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bonded groups, which move to higher wavenumbers. This suggests that these bands are
not associated with OH stretching fundamentals, but are probably overtone/combination
modes of some description. The band near 3228 cm-1 at room temperature shifts to
higher wavenumber (3234 cm-1 at 150˚C), however, suggesting that it is associated with
hydrogen bonded OH groups. One possibility, discussed in the preceding chapter, is a
cyclic structure with very strong hydrogen bonds. These have been identified in the
spectra of phenolic resins and calixarenes. The former can be observed in the range 3200
to 3250 cm-1, while the stronger hydrogen bonds found in certain calixarenes are found
between 3130 and 3170 cm-1.32,33,34 However, these materials consist of phenols linked
together by methylene bridges in a specific manner and there appears to be a link
between the conformation of these molecules, which brings the OH groups into close
proximity, and the ability to form strongly hydrogen bonded cyclic structures. It is not
clear that there are equivalent conformational constraints on PVPh segments and an
alternative assignment was then decided on.
In liquids with polar functional groups, local structure, as influenced by strong
interactions between permanent dipole moments, coincides with strong vibrational
coupling that is a consequence of transition dipole interactions. The former influences
the latter as a result of the tendency of the molecules to align to some degree, even in the
liquid state. In ordered systems consisting of a finite number of such coupled oscillators,
one observes a series of bands of systematically decreasing intensity that map the
dispersion curve of the theoretically infinite oscillator chain. In disordered systems, one
would expect to see a superposition of the effect of finite chain length and imperfect
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alignment, resulting in an asymmetric broadening of the observed vibrational mode that
in some cases appears as a resolvable shoulder. The highly polar nature of hydrogen
bonds and their preference for a (more or less) linear alignment would suggest that this
might be what is observed here. 36,37
Finally, there is a weak band near 3592 cm-1. This mode, although weak in
intensity, can be clearly observed as an inflection point in the spectra of both PVPh and
EtPh (see figure 3-6). This mode is also difficult to assign. It was postulated that this is a
combination mode of some type, but frankly this is a guess. A summary of these band
assignments (at room temperature frequencies) is given in table 3-1.

Table 3-1: PVPh band assignments (room temperature).

Band (wavenumber)
3592
3550
3515
3455
3357
3229
3187
3119

Assignment
Unknown (combination mode?)
OH-π hydrogen bonded monomer groups ( -π)
OH-π hydrogen bonded end groups ( -π)
hydrogen-bonded OH groups
hydrogen-bonded groups in linear chains
Unknown – possibly a result of transition dipole coupling,
combination modes or strongly hydrogen bonded cyclic structures

Returning now to the bands that can be clearly assigned to hydrogen bonded
species, the peak heights of the bands assigned to α−π and β−π groups are plotted as a
function of temperature in figure 3-6.
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Figure 3-6: Peak heights of the monomer and end-group OH bands (α−π and
β−π) plotted as a function of temperature.

It can be seen that the 3548 cm-1 mode assigned to α−π (monomer-π) groups
increases significantly in intensity as the temperature is increased, with the rate
apparently changing near the Tg of the sample, 140˚C. This mode is curve resolved with
greater accuracy than its immediate neighbors, because it lies on the outer edge of the
overall band profile and is defined by more data points. Accordingly, the peak height of
the β−π groups, resolved near 3514 cm-1, shows more scatter, but appears to increase in
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intensity to a much smaller extent than the band due to α−π groups. (Plots of band areas
show the same trend.)
Plots of the peak heights of the hydrogen bonded modes corresponding to γ and δ
groups shown in figure 3-7 display a similar trend, in the sense that one mode shows
greater changes than the other.

Figure 3-7: Plot of the peak heights of the hydrogen bonded bands observed (at
room temperature) near 3351 cm-1 (δ group) and 3456 cm-1 (γ group) at 25˚C.
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The peak height of the band due to δ groups, the most intense OH band at 25˚C
resolved near 3351 cm-1, decreases significantly in intensity as the temperature is
increased, with an inflection point in the curve near 140˚C. On the other hand, the band
due to γ hydrogen bonded groups appears to increase slightly with increasing
temperature, although as with the band due to β−π groups (OH end groups hydrogen
bonded to π orbitals), there is significant scatter in the data, because these bands are
curve-resolved with less accuracy.
These results are consistent with a change in the distribution of hydrogen bonded
chain lengths with increasing temperature. As the average length of these chains gets
shorter, there are more end groups present, both oxygen acceptors and proton donors (and
there must be equal numbers of each of these species), relative to groups residing in the
interior of hydrogen bonded chains. This is reflected in the large decrease in the intensity
of the band due to δ groups relative to the intensities of bands assigned to γ and β−π
groups. In previous work, this large decrease in intensity was largely attributed to a
change in the absorption coefficient as the strength of the hydrogen bond decreased and
the band center shifted to higher wavenumber, but as is explained below, such changes
are actually very small.
There are two more observations that warrant mentioning. Almost 20 years ago,
it was observed that the statistics of hydrogen bond formation in the form of linear chains
is the same as linear polycondensation reactions between bifunctional monomers.6 There
are two consequences presented by this. First, monomers are the most prevalent species
by number, but not by weight. However, at low degrees of conversion in polymerizations,
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equivalent to higher temperatures and shorter hydrogen bonded chains in this study, their
(weight) concentration relative to other species increases significantly. This is why the
band due to α−π groups increases dramatically with increasing temperature while the
band due to β−π groups increases only slightly. Second, the polydispersity of the chain
lengths also decreases with decreasing conversion or, in this case, increasing temperature.
Accordingly, one would anticipate that the band due to hydrogen bonded δ groups should
reflect a narrower distribution of environments.
Band shapes and widths are also affected by various relaxation phenomena,43 but
all the bands in this region of the spectrum were found to be Gaussian, reflecting what is
called the slow modulation limit, so that the width of the band at half-height reflects the
distribution of local environments. The width of the 3351 cm-1 δ band did indeed
decrease with increasing temperature, as shown in figure 3-8, while the (full) width at half
height of the 3548 cm-1 band (γ groups) remained essentially constant (within error), as
also shown in figure 3-7, consistent with this interpretation.
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Figure 3-8: Plot of the width at half-height of the hydrogen bonded bands
observed (at room temperature) near 3351 cm-1 (δ) and 3548 cm-1 (γ) as a
function of temperature.

The final observation involves the relative changes in absorption coefficients. As
show above, the band assigned to monomer groups, α−π, increases in intensity with
temperature, while the band due to δ groups decreases. The bands due to γ and β−π
groups, meanwhile, change only a small amount. Both the peak heights and band areas
of the 3351 cm-1 (δ) and 3548 cm-1 (α−π) modes were normalized to the values
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determined at room temperature and the results were plotted in figures 3-9 and 3-10. The
frequencies of both increase with temperature, as shown in figure 3-11, and the peak
height values were determined at these peak positions.

Figure 3-9: Plot of the peak heights of the hydrogen bonded δ group (near 3351
cm-1 at 25˚C) and the monomer α−π group (near 3548 cm-1 at 25˚C) as a
function of temperature. Both sets of data are normalized to the values
determined at 25˚C. Also shown is the sum of the values determined at each
temperature divided by 2.
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Figure 3-10: Plot of the peak area of the hydrogen bonded δ group (near 3351
cm-1 at 25˚C) and the monomer α−π group (near 3548 cm-1 at 25˚C) as a
function of temperature. Both sets of data are normalized to the values
determined at 25˚C. Also shown is the sum of the values determined at each
temperature divided by 2.
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Figure 3-11: Plot of the frequencies of the hydrogen bonded δ group (near 3351
cm-1 at 25˚C) and the monomer α−π group (near 3548 cm-1 at 25˚C) as a
function of temperature.

The plots of normalized peak heights and band areas should reflect the change in
relative concentrations of the hydrogen bonded δ groups and monomer α−π groups with
temperature, if there is no change in absorption coefficients, or if the changes were in
proportion. Accordingly, if one band increases in intensity about 40% (to a normalized
value of 1.4), the other should decrease by about 40% (to a normalized value of about
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0.6), because of the relatively small changes in the intensities of the β−π and γ groups.
The sum of normalized peak heights and areas when divided by two should then be unity.
The sum is very close to a value of 1 for both areas and peak heights, as also shown in
figures 3-9 and 3-10. Accordingly, changes in absorption coefficient with temperature

appear to affect both bands by essentially the same amount.

The large change in

absorption coefficient of the hydrogen bonded band relative to a band assigned to free
groups postulated in a previous study is most probably due to a change in the distribution
of hydrogen bonded species that were not resolved in this previous work.

Conclusions
It has already been established that the OH stretching region of the infrared spectrum of
phenolic compounds is intricate and complicated. The goal of this study of poly(vinyl
phenol) was to identify the major bands present and make assignments using careful
curve-resolving methods. Spectra were obtained as a function of temperature.
Assignments were based on identifying four major types of OH groups labeled α, β, γ and
δ.

29,30

The α group corresponds to the monomer; the β group to an end group where the

proton is not acting as a donor, but the oxygen atom acts as an acceptor; the γ group to an
end group where the proton is acting as a donor, while the oxygen atom is not acting as
an acceptor; the δ group is where both the oxygen atom and proton act as acceptor and
donor, respectively. Both the α and β groups were hydrogen bonded to π orbitals. The
strongest band in the spectrum obtained at the lowest temperature is due to OH groups
present in linear chains of hydrogen bonded OH groups (as recognized in numerous other
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studies). There was little change in the absorption coefficient of this mode relative to
α−π groups with increasing temperature. The apparent change detected in previous work
is more probably associated with a change in the distribution of bonded and “free”
species present.
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Chapter 4:
HYDROGEN BONDING IN PVPH/PVME BLENDS
Introduction
As discussed in previous chapters, infrared spectroscopy is very sensitive and effective at
analyzing hydrogen bonding interactions.

When used in a temperature study, it is

possible to observe significant frequency shifts and large changes in the intensity of
hydrogen bonded bands in the NH and OH stretching region of the spectrum of various
polymers.

Such changes were originally interpreted in terms of large changes in

absorption coefficients.38
Complications arise when trying to separate bands in this region of the spectrum,
as they have wide and overlapping modes that are due to hydrogen-bonded groups. As
was shown in the previous chapters, the studies of ethyl phenol and PVPh have clarified
some of the issues.44,45 By systematically studying and curve-resolving spectra obtained
as a function of composition and temperature, the most prominent bands contributing to
the overall profile were identified. In effect, two different types of free and bonded bands
were assigned, as discussed previously. In this chapter, the analysis of the OH stretching
region is extended to a study of a miscible blend system, where two different
poly(styrene-co-vinyl phenol), (PSVPh), copolymers were blended with poly(vinyl
methyl ether), PVME.

82

Experimental
Methyl ethyl ketone, MEK (2-Butanone 99.5+%) was purchased from Aldrich Chemical
Company and used without further purification.
Two blends were provided by Prof. Tim Lodge, CEMS, University of Minnesota,
MN, and used as is. They were composed of poly(styrene-co-vinyl phenol) (PSVPh),
where the mole percent of styrene was 80 and 50%, and then blended with poly(vinyl
methyl ether) (PVME) at 50% by weight.
Blend samples were dissolved in MEK at 2% (w/v), and cast on to potassium
bromide (KBr) windows for FTIR analysis. The windows were left in a vacuum oven
overnight at 100˚C to remove residual solvent and water. The individual films were then
pressed between two KBr windows while still hot, to achieve an even distribution of
polymer over the entire area.
Films that best obeyed the Beer-Lambert law (maximum absorption ~0.7 in the
wavenumber range of interest) were used in this study. Spectra were obtained as a
function of temperature using a temperature controlled, custom made, horizontal cell (to
prevent flow at high temperatures) and a Bio-Rad model FTS-45 Fourier transform
infrared (FTIR) spectrometer. Spectra were acquired at a resolution of 1 cm -1, with a
minimum of 256 interferograms, or scans, being signal averaged at every 10˚C from 40–
170˚C.
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Curve-Resolving
There are often many ways to fit a complex band profile that are mathematically sound,
yet make no spectroscopic sense. These can provide many combinations of relative
intensities and band widths, which in the end lack any true meaning. The same problems
and methods used to mitigate them were discussed in detail in the previous chapters
dealing with the OH stretching region of ethyl phenol and PVPh.44,45 This final project
used the same methodology, including a program that uses a function that is a sum of
Lorentzian and Gaussian band shapes, once again applied to the chosen region of the
spectrum, called Spectra Fit 1.0.

Results and Discussion
Infrared spectra of PSVPh50/PVME and PSVPh80/PVME blends (50% of each
component by weight) were obtained as a function of temperature in the range 40˚C–
170˚C. As examples, spectra of the PSVPh50/PVME blend recorded at 40˚C, 100˚C and
170˚C are shown in figure 4-1. It can be seen that as the temperature is increased the peak
position of maximum absorption, near 3320 cm-1 at room temperature, shifts to higher
wavenumbers. The strongest band in the spectrum of PVPh at room temperature is near
3350 cm-1 and the shift to lower frequency in the spectrum of the blends is a result of the
formation of OH–ether hydrogen bonds, which are stronger than their OH–OH
counterparts. The intensity of maximum absorption also decreases significantly with
increasing temperature. In contrast, the bands contributing to shoulders near 3550 cm-1
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and 3660 cm-1 become more intense with increasing temperature. Bands in this region of
the spectrum are usually associated with “free” or non-hydrogen bonded OH groups.

Figure 4-1: Infrared spectra of a PSVPh50/PVME blend (50%) obtained at
40˚C, 100˚C and 170˚C.
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Figure 4-2: The infrared spectrum of the PSVPh50/PVME (50%) blend
obtained at 40˚C curve-resolved into its component bands.

These bands can be readily assigned to various types of hydrogen bonded or free
groups based on a previous study of PVPh, which in turn used an approach to band
assignments of OH groups used by Hall and Wood29 and Ohta and Tominaga.30 These
authors identified four functionally different groups, which they labeled α, β, γ and δ,
illustrated schematically at the top of figure 4-3. This project proposes the addition of a
fifth group, labeled , to describe OH–ether hydrogen bonds. The α group corresponds to
the monomer, where neither the oxygen atom nor the proton of an OH group is involved
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in hydrogen bonding; the β group corresponds to an end group where the proton is not
acting as a donor, but the oxygen atom acts as an acceptor; the γ group to an end group
where the proton is acting as a donor, while the oxygen atom is not acting as an acceptor;
the δ group is where both the oxygen atom and proton act as acceptor and donor,
respectively.

Figure 4-3: Schematic representation of the types of hydrogen bonded groups
found in PSVPh/PVME blends.
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In the spectra of the blends, it was not possible to distinguish between

and

free OH groups. Furthermore, because OH groups can form weak hydrogen bonds to
aromatic

orbitals, a free OH band near 3600 cm-1 and an OH- group near 3538 cm-1

was observed.45 The former is almost invisible at room temperature, but is easily seen at
higher temperatures (see figure 4-1). Both increase in intensity as the temperature of the
sample is raised. The bands near 3442 cm-1 and 3373 cm-1 (at 40˚C) can be assigned to γ
groups (where the proton is acting as a donor, while the oxygen atom is not acting as an
acceptor) and δ groups (where both the oxygen atom and proton act as acceptor and
donor, respectively), respectively. The band curve resolved near 3296 cm-1 (again at
40˚C) is assigned to groups, inter-associated OH–ether hydrogen bonded OH stretching
modes.
As observed in previous chapters, most of the changes in the OH stretching region
of the spectrum are a result of a change in the distribution of hydrogen bonded and free
species, rather than changes in absorption coefficients.45 The intensities of the

and

hydrogen bonded groups decrease in intensity as the temperature is increased, as shown
in figures 4-4 and 4-5 for PSVPh50/PVME and PSVPh80/PVME blends, respectively.
The enthalpy of hydrogen bond formation between OH and ether oxygen groups is larger
than that between OH/OH phenolic groups, so the intensity of the inter-associated band
decreases at a faster rate than the

hydrogen bonded groups. (Equilibrium constants

describing the distribution of hydrogen-bonded groups are related to the enthalpy through
the van’t Hoff relationship.) Similarly, as the average length of hydrogen bonded chains
decreases with increasing temperature, the number of γ end groups, where the proton is
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acting as a donor, while the oxygen atom is not acting as an acceptor, increases, hence the
intensity of the band near 3442 cm-1 also increases.

Figure 4-4: Plot of the intensities of chosen bands curve resolved in the infrared
spectra of the PSVPh50/PVME 50/50 blend plotted as a function of temperature.
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Figure 4-5: Plot of the intensities of chosen bands curve resolved in the infrared
spectra of PSVPh80/PVME blends plotted as a function of temperature.
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In order to relate the intensities of these OH stretching modes to the concentration
of corresponding OH hydrogen-bonded species one would need to know absorption
coefficients for each mode. These are presently unknown. However the experimental
results are consistent with the number of OH-OH and OH-ether hydrogen bonds
calculated using the equilibrium constants determined in previous work (same table as
previous supplementary materials) and modified to account for self-concentration.46 The
calculated fraction of hydrogen-bonded groups of various types for PSVPh50/PVME
blends at 40˚C is shown as a function of blend composition in figure 4-6. It can be seen
that the fraction of OH groups hydrogen bonded to ether oxygen groups is significantly
larger than the fraction of OH groups engaged in OH/OH hydrogen bonds, in accord with
spectroscopic observations. Interestingly, a far larger fraction of vinyl phenol units are
hydrogen bonded to ether oxygen groups than PVME groups are hydrogen bonded to
phenolic OH groups. This is a consequence of the large difference in molar volume of the
units in the copolymer and PVME segments. At a composition of 50% by weight there
are almost twice as many PVME segments than VPh or styrene segments. A plot of the
fraction of VPh and PVME segments that are involved in OH-ether hydrogen bonds is
shown in figure 4-7. Calculations were made for a 50/50 blend at temperatures of 25˚C
and 100˚C.
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Figure 4-6: The fraction of hydrogen bonded groups of various types plotted as
a function of blend composition at 40˚C for a 50 wt.% blend of PSVPh50/PVME.
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Figure 4-7: The fraction of VPh and PVME segments that are involved in OHether hydrogen plotted against the styrene content of the copolymer. Calculations
were made for a 50/50 blend at temperatures of 25˚C (blue) and 100˚C (red).
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Chapter 5:
CONCLUSIONS
The goal of this research was to obtain an understanding of hydrogen bonding in phenolic
polymers and their blends. Hydrogen bonds are dynamic, continually breaking and
reforming under the influence of thermal motion, and there exists at any instance of time
a distribution of species consisting of “free” monomers, h-bonded dimmers and h-bonded
multimers.

It was important to establish good methodologies, involving sample

preparation and data collection, in order to calculate all of these elements.
Systematically, it was decided that analysis of both polymers and model compounds
would be necessary.
Since PVPh is insoluble in inert solvents, like cyclohexane, and polar solvents
compete with its inter-association, it was necessary to analyze a lower mass analogue that
would self-associate in a condensed state by forming hydrogen bonds, but that would
create single phase mixtures in inert solvents at low concentrations that don’t have
intramolecular interactions. Ethyl phenol was chosen for this case, as data acquired with
its experiments can then be extrapolated to more complicated polymers, copolymers and
blends.
There was a great emphasis placed on minimizing error throughout all of these
projects, greatly due to the nature of how the results were intended to be used. It was
very important to establish proper curve resolving methods and pay attention to detail,
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since there is great room for subjectivity and lack of focus leading to inaccuracy. As was
shown in chapter 3, with figure 3-1, curve resolving programs will give erroneous results
when left unattended. It is not uncommon for inexperienced researchers to take this as a
proper, undebatable conclusion, which is why analysis of these spectra were done over
and over again, in search of congruency and reproducibility. One of the greatest sources
for error and delay encountered in this series of data collection was the combination of
high humidity summers and a low purging machine. Since KBr is highly hydrophilic, a
lot of time had to be dedicated to keeping the samples dry and the machine purged to
avoid interference. Other common errors that readily present themselves in IR studies
include using autocorrecting baseline features that come standard with newer IR
machines, using samples that are too thick and over absorb the infrared (as described by
the Beer-Lambert law), or that are too thin and allow a great noise/sample ratio.
While it was possible to establish a new mathematic system to calculate the
miscibility constants for EtPh for both cyclohexane and toluene, by developing unitless
equilibrium equations through series inversion, the currently more useful conclusion of
chapter 2 was that of the band assignments and designation of the types of hydrogen
bonded groups.
The goal of the study of PVPh, chapter 3, was to identify the major bands present
in the OH stretching region, based on those stipulated in chapter 2.

Increasing

temperature causes the average strength of h-bonds to decrease, (observed in the infrared
spectrum by a shift to higher frequency) which was previously attributed to a decrease in
the absorption coefficient.
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These results, as can now be seen, are consistent with a change in the distribution
of hydrogen bonded chain lengths with increasing temperature. As the average length of
these chains gets shorter, there are more end groups present, both oxygen acceptors and
proton donors (and there must be equal numbers of each of these species), relative to
groups residing in the interior of hydrogen bonded chains. This is reflected in the large
decrease in the intensity of the band due to δ groups relative to the intensities of bands
assigned to γ and β−π groups.
The same goals were set in chapter 4, where OH stretching bands were defined
for PSVPh/PVME copolymer blends. Note was taken of the inclusion of ether groups
and how their hydrogen bonding with free hydrogens greatly competes with the original
h-bonding of the free oxygens in the phenolic and styrene groups.

Future Works
With the information gathered in these projects, it is now possible to extend this work to
the analysis of other systems, such as PVPh/PMMA blends, where the effect of tacticity
(for example) might be of importance.
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