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Characterization of Styrene Copolymers Using
Size-Exclusion Chromatography with On-line
FT-IR and Viscometer Detectors

Zengrong Zhang and Rolf Saetre
NOVA Chemicals Corporation, Calgary, Alberta, Canada

Abstract: Size-exclusion chromatography (SEC) provides a rapid method for
determining molar mass distributions of macromolecules. In this article, we dem-
onstrate the method of SEC coupled with an on-line Fourier-transform infrared
(FT-IR) detector and an on-line differential viscometer developed for copolymer
characterization. Using a chemometric technique to analyze the FT-IR spectra
allows for determining copolymer concentration and composition. The combi-
nation of the FT-IR concentration detector and the viscometer allows the univer-
sal calibration method to be used for measuring copolymer molar mass. Molar
mass distribution and compositional distribution are described and the method’s
application demonstrated using several types of styrene copolymers.

Keywords: Copolymer; Fourier-transform infrared spectrometry; Partial least
squares;  Size-exclusion chromatography; Styrene-butadiene copolymer;
Styrene-methylmethacrylate-butadiene copolymer; Styrene-methylmethacrylate-
butylacrylate-butadiene copolymer; Universal calibration

INTRODUCTION

In the characterization of polymers, size-exclusion chromatography
(SEC) has become a popular technique for determining polymer molar
mass averages and molar mass distribution (MMD) since its inception
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in the 1960s.Y) Conventional SEC generally calibrates the molar mass of a
given substance to the retention volume using narrow MMD standards.
The most commonly used standards are narrow MMD polystyrene (PS)
standards since these materials are commercially available and cover an
extremely broad range of molar masses. The only case where conven-
tional calibration can be rigorously held true is when there is no variation
of structure (e.g., branching, conformation, etc.) between the standards
and unknowns. Conventional calibration curves generated from narrow
MMD PS standards will generate “polystyrene equivalent” molar masses
if applied to other polymers, and this can be misleading. An important
breakthrough in SEC calibration was the discovery by Benoit and his
coworkers®® that SEC separates polymers by hydrodynamic volume.
These researchers demonstrated that data plotted in the form of log
([nNIM) versus Vg, where [#] is intrinsic viscosity, M is molar mass, and
Vg is retention volume, fell on a single curve for different polymer types
and for different branched architectures and copolymers. This single
curve can be considered as a universal calibration (e.g., M1[n;] = M»[#2],
for two polymers 1 and 2). The intrinsic viscosity is a function of molar
mass, which is described by the Mark-Houwink relationship [5] = KM%,
where K and o are constants for a given polymer in a given solvent at a
given temperature. If a column has been calibrated with polymer 1 (e.g.,
PS), the calibration line for polymer 2 (e.g., polyethylene) can be calcu-
lated, provided that the constants K and « are available for both poly-
mers with sufficient accuracy. With advances in instrumentation and
computer interfacing, the use of on-line viscometers has become popular
in SEC for polymer characterizations.”* > Combination of an online vis-
cometer and a concentration detector allows the universal calibration to
be used in SEC analyses of polymers for which the Mark-Houwink
constants (K and o) are not available.

The difficulty with SEC analysis of copolymers is in the measurement
of the polymer concentration at each elution volume. The concentration
detectors commonly used in SEC analyses are differential refractive index
(DRI) and ultraviolet (UV) detectors. Since the composition of the copo-
lymer sample is expected to change as a function of molar mass, the use
of a DRI or UV concentration detector will produce a response that will
vary with the polymer composition in an unpredictable manner. The use
of multiple concentration detection is generally inevitable in the analysis
of copolymers. Typically, a combination of UV and DRI detection is
used,’ but other detector combinations have also been described.”!
For example, the combination of UV and DRI detection is used to char-
acterize poly(styrene-b-methylmethacrylate) block copolymers.®! The UV
detector set at 262nm, at which wavelength poly(methylmethacrylate)
does not absorb, was used to measure the polystyrene content, and the
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DRI was used to measure the total change in refractive index. The UV
signal was then used to correct for changes on polymer refractive index
and allow the concentration of both components at each elution volume
to be calculated. However, one has to keep in mind that dual concen-
tration detection is applicable only for copolymers with two monomers
or for binary polymer mixtures. This will be addressed in more detail
in a later discussion.

Fourier-transform infrared (FT-IR) spectrometry is an important
technique for coupling with SEC. Two main approaches have been used
in interfacing SEC and FT-IR. In one method, a sample eluent from the
SEC is deposited on a substance using a sample deposition interface.'"!
The solid deposit is subsequently analyzed offline by FT-IR.I!!8]
Conversely, the SEC eluent is passed through a flow cell and FT-IR
spectra are acquired continuously in on-line FT-IR methods.[">?"! With
the commercialization of a high-temperature flow cell manufactured by
Polymer Laboratories,”!! on-line detection using FT-IR spectrometry
is becoming more important in size-exclusion chromatography for
copolymer characterization. Size-exclusion chromatography combined
with Fourier-transform infrared spectrometry (SEC-FT-IR) has found
acceptance in determining compositional distribution of copolymers.*?
An investigation has been performed to compare on-line flow cell
and offline solvent elimination interface for SEC-FT-IR analysis with
respect to their chromatographic integrity (i.e., peak asymmetry,
chromatographic resolution) and qualitative and quantitative aspects.>!
The relatively large volume of the flow cell and the inherent deposition
characteristics of the solvent elimination interface led to a comparable
decrease in chromatographic resolution. The peak asymmetry was
not significantly affected by either interface. The sensitivity was found
to be higher for the solvent elimination interface and the detection
limit worse for the flow cell. However, the repeatability of flow cell
SEC-FT-IR was considerably better than solvent elimination SEC-
FT-IR due to the well-defined optical path length of the sample in the
flow cell.

In this work, we demonstrate the method of SEC coupled with an
on-line FT-IR detector and an on-line differential viscometer (SEC-
FT-IR-viscometry) developed recently for styrene copolymer characteri-
zations. Molar mass distribution and compositional distribution are
described and the method’s application demonstrated using several types
of styrene copolymers. In order to measure the polymer concentration
and chemical composition, a partial least squares (PLS) approach is used
when analyzing the FT-IR spectra of the eluting polymer solutions. The
combination of the FT-IR flow cell and viscometer allows the universal
calibration method to be used for characterization of copolymers.
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EXPERIMENTAL SECTION
Chemicals

The antioxidant 2,6-di-zert-butyl-4-methylphenol (BHT, 99%) used
in this study was purchased from Aldrich and the solvent 1,2,4-
trichlorobenzene (TCB, EM Science, Omnisolve grade) from VWR.
Polybutadiene (Stereon 40A) was provided by Firestone Polymers and
poly(methymethacrylate) from Aldrich. A narrow MMD polystyrene
sample (PS47500, Mw = 47500, Mw/Mn = 1.06) was obtained from
Pressure Chemical Company and a broad MMD polystyrene sample
(NBS 706) from National Bureau of Standards. The narrow MMD poly-
styrene standards used for SEC column calibration were purchased from
several suppliers: Tosoh Corporation, American Polymer Standards
Corporation, and Polymer Laboratories. The copolymers of styrene
and methylmethacrylate (I and II) and copolymer of styrene and
butylacrylate (III) were synthesized in our lab using free-radical poly-
merization. Their chemical compositions (i.e., weight fractions of
styrene of 79%, 27%, and 80% for I, II, and III, respectively) were
measured using nuclear magnetic resonance (NMR). Styrene-butadiene,
styrene-methylmethacrylate-butadiene, and styrene-methylmethacrylate-
butylacrylate-butadiene copolymers were synthesized in our lab as
described elsewhere.[**!

Static FT-IR Measurements

Sample solutions were prepared by dissolving an appropriate amount of
polymers in approximately 20mL of TCB at 140°C. Both solvent and
samples were weighed to the nearest 0.1 mg. The concentrations of poly-
mer solutions in mg/cm? were calculated using the density of TCB (i.e.,
1.3257 g/cm3 at 140°C). The polymer solutions were transferred with a
syringe to the FT-IR flow cell (Polymer Laboratories, | mm optical path
length, 70 uL in volume, CaF, windows) that was preheated to 140°C,
and the corresponding FT-IR spectra were obtained by scanning after
a one-minute equilibration time. The FT-IR flow cell was mounted on
a base plate in the sample compartment of the FT-IR spectrophotometer.
Infrared spectra were acquired on a Bruker TENSOR 27 FT-IR spectro-
photometer equipped with OPUS operating software. The sample and
detector compartments of the spectrophotometer were continuously
purged with dried nitrogen gas. The spectra were acquired in the absor-
bance mode and were background corrected against pure solvent. All
spectra were measured at 8cm ™! resolution with 32 scans.
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SEC-FT-IR-Viscometry Measurements

Samples of experimental resins were dissolved in TCB by heating the mix-
ture for 4h at 150°C in an oven. BHT was added to the mixture in order
to stabilize the polymer against oxidative degradation. The BHT concen-
tration was 250 ppm. Sample solutions were chromatographed on a
Waters 150-C high-temperature chromatography unit equipped with four
PLgel Mixed B columns (Polymer Laboratories) using TCB as the mobile
phase with a flow rate of 1.0mL/min. BHT was added to the mobile
phase at a concentration of 125 ppm to protect SEC columns from oxi-
dative degradation. The sample injection volume was 300 uL. The SEC
eluent was introduced to the FT-IR flow cell via a heated transfer line.
The FT-IR flow cell outlet was connected to the differential viscometer
(Viscotek Corporation, Model 150R) via a heated transfer line. The
FT-IR flow cell was mounted on a base plate in the sample compartment
of the FT-IR spectrophotometer. The viscometer was sitting inside
the column compartment of the Waters 150-C. The temperatures of the
transfer lines, FT-IR flow cell, and the column compartment of the
Waters 150-C were kept at 140°C. A Bruker TENSOR 27 FT-IR spectro-
photometer was used in these studies. The sample and detector compart-
ments of the spectrophotometer were continuously purged with dried
nitrogen gas.

All FT-IR spectra were acquired using OPUS process software.
Background spectra of the TCB solvent were obtained prior to each
run. All spectra were measured at 8cm ™' resolution with 16 scans (one
spectrum in ~every 6s). Spectra from individual time slices were ana-
lyzed in “real time” for component concentrations using a chemometric
technique (i.e., PLS). The concentration data, along with the viscometer
differential and inlet pressures, were acquired using OPUS process soft-
ware. These data were processed using Excel and OMNIC software to
provide molar mass and composition distributions.

RESULTS AND DISCUSSION

In on-line flow cell SEC-FT-IR analysis, it is important to employ a
mobile phase having low or preferably no infrared absorptions in the
analytically important spectral regions for the polymers of interest.
Although tetrahydrofuran (THF) is a good solvent for the copolymers
investigated in this study, it is not a suitable mobile phase for on-line flow
cell SEC-FT-IR analysis since there is very strong solvent infrared
absorption band due to the C—H stretching vibrations in the spectral
region for the copolymers of interest between 2800 and 3000cm .
Typically, chlorinated solvents having low infrared absorption are good
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candidates for the mobile phase of SEC-FT-IR analysis. For example,
tetrachloroethylene (TCE) will be a good choice of mobile phase for
styrene-butadiene copolymer analysis even at ambient temperature.
It was found that 1,2,4-trichlorobenzene (TCB) at 140°C is a good solvent
for copolymers studied in this work and for other copolymers currently
under investigation. To simplify the instrument setup and to avoid
frequent solvent switching, TCB was used as the mobile phase in
this work.

In order to determine the concentration of an unknown sample, the
FT-IR flow cell must be calibrated to generate a calibration curve that
correlates the measured absorptions with the known concentrations of
standards. This is straightforward for a single component (i.e., homopo-
lymer) system since a linear correlation exists between the sample con-
centration and the absorbance of a peak. For a multicomponent (i.e.,
copolymer) system, peaks used for the analysis must be well separated.
For styrene copolymers, resolved single peaks or absorption bands for
each component are not available. For example, the FT-IR spectra of
polystyrene, poly(methylmethacrylate), and polybutadiene in TCB are
shown in Figure 1. Due to the strong IR absorptions from solvent
TCB, the spectral window that can be used to quantify the sample con-
centration for this type of polymer is 2800 to 3050cm ', in which the
spectra overlap seriously (Figure 2).

In this work, the PLS technique is used to analyze FT-IR spectra
for the determination of polymer concentration and composition. PLS

- - -Polystyrene
— Poly(methyl methacrylate)
— Polybutadiene

Absorbance

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm‘l)

Figure 1. FT-IR spectra of polystyrene, poly(methylmethacrylate), and
polybutadiene.
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Figure 2. Expanded FT-IR spectra of polystyrene, poly(methylmethacrylate),
and polybutadiene.

regression is an extension of a multiple linear regression model. A good
tutorial on the PLS algorithm was presented by Kowalski.**! In chemo-
metrics, partial least squares regression has become a popular tool for
modeling linear relations between multivariate measurements. It has been
successfully applied to FT-IR quantitative analyses,"'’*? and commercial
PLS software is available from FT-IR instrument suppliers (e.g., OPUS
QUANT, Bruker; TQ Analyst, ThermoNicolet). In our study, the PLS
software purchased from Bruker (OPUS QUANT) was used for quanti-
tative FT-IR spectral analyses.

For building a calibration model using the PLS method, a sufficiently
large number of samples are made to represent the styrene copolymer
systems. This is done by mixing the TCB solutions of individual
polymers. For example, PS47500, poly(methylmethacrylate), poly(styrene-
co-methymethacrylate), and polybutadiene solutions are mixed to
prepare samples to represent styrene-methylmethacrylate-butadiene
copolymer system. The concentration of each component is calculated
based on the polymer masses and the composition of copolymers. Mono-
mers (e.g., styrene, methylmethacrylate, butadiene) are considered as
components in these copolymer systems. The spectra obtained from the
static FT-IR measurements of sample solutions are input into the OPUS
QUANT software along with the component concentrations. The spectra
are then defined into two independent sets, one for calibrating the system
and the other for validating the model. Both sets consist of about the
same number of spectra and each set covers the whole concentration
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range. Second derivatives of the spectra in given frequency ranges are
used in the calculations.

The PLS method is a “full spectrum method.” However, in some
cases spectral noise in the samples may cause the PLS algorithm to inter-
pret these features, which can degrade the model. In these cases it is better
to narrow a spectrum down to a few absorption bands. As shown in
Figure 1, residual IR absorptions from the solvent TCB are detected after
background correction against pure solvent TCB, especially in the fre-
quency range from 3050 to 3150 cm ! and when the wave number is less
than 1900 cm ', due to strong IR absorptions of TCB in these frequency
ranges. These contribute in a sample spectrum as spectral noise. There-
fore, two absorption bands (3017 to 3032cm ™' and 2831 to 2986cm ™ ')
in which there is much less spectral noise were chosen for building the
calibration model in this study.

PS47500 and polybutadiene were used for preparing samples to rep-
resent styrene-butadiene copolymer system. Styrene and butadiene were
considered as the two components for this system. The training set was
composed with 27 standards that covered a concentration range of
0-1.95mg/mL and a composition range of 0-100% (styrene weight
fraction). The ranks used in the calibration model were three for the
two components. For the styrene-methylmethacrylate-butadiene copoly-
mer system, PS47500, poly(methylmethacrylate), two poly(styrene-
co-methylmethacrylate) (I and II), and polybutadiene were used to
prepare the standard solutions for building the PLS calibration model.
Styrene, methylmethacrylate, and butadiene were considered as the three
components for this system. The training set was composed with 49
standards that covered a concentration range of 0-1.22mg/mL and a
composition range of 0-80% (styrene weight fraction). The ranks used
in the calibration model were four for all three components. PS47500,
two poly(styrene-co-methylmethacrylate) (I and II), poly(styrene-co-
butylacrylate), and polybutadiene were used for preparing samples to
represent styrene-methylmethacrylate-butylacrylate-butadiene copolymer
system. Styrene, methylmethacrylate, butylacrylate, and butadiene were
considered as the four components for this system. The training set
was composed with 89 standards that covered a concentration range of
0-3.85mg/mL and a composition range of 0-80% (styrene weight
fraction). The ranks used in the calibration model were five, five, six,
and five for styrene, methylmethacrylate, butylacrylate, and butadiene,
respectively.

Figure 3 shows the calibrations in the PLS calibration model for the
three components (styrene, methylmethacrylate, and butadiene) of styr-
ene-methylmethacrylate-butadiene system. Forty-five samples with dif-
ferent concentrations and compositions were used as the validation
samples. The concentrations and compositions predicted by the PLS
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calibration model match well with the expected concentrations and
compositions. The relative standard deviations (RSD) are 0.6% and
1.8% for concentration and composition measurements, respectively.
For the styrene-butadiene and styrene-methylmethacrylate-butylacry-
late-butadiene copolymer systems, the concentrations and compositions
predicted by the corresponding PLS calibration models also match
well with the expected concentrations and compositions. Twenty-four
samples with different concentrations and compositions were used as
the validation samples in the PLS calibration model for the styrene-
butadiene system; the relative standard deviations (RSD) are 0.5% and
0.4% for concentration and composition measurements, respectively.
Eighty-one samples with different concentrations and compositions
were used as the validation samples in the PLS calibration model for
the styrene-methylmethacrylate-butylacrylate-butadiene system; the rela-
tive standard deviations (RSD) are 1.0% and 1.8% for concentration and
composition measurements, respectively.

As Mark-Houwink constants are not available for styrene copoly-
mers, an SEC with an on-line viscometer and a concentration detector
(e.g., FT-IR detector in this work) is needed, i.e., universal calibration,
to determine the molar mass distribution of these polymers. Applying
the above PLS calibration models to the FT-IR spectra allows for deter-
mining the concentration and composition (i.e., the weight fractions of
monomers) of the eluting copolymer at each slice. For example, for a
three-component copolymer system, the corresponding concentrations
C,, Cg, and C, for each component are predicted from the PLS cali-
bration model. The copolymer concentration C can be calculated by
C=C,+Cg+ C, as well as the copolymer composition (i.e., the weight
fractions w,, wg, and w, of the monomers o, f8, and y) by w, = C,/C,
Wpg = C/;/C, and W, = C},/C.

A differential viscometer (Viscotek Corporation, Model 150R series
viscometer) is coupled with SEC to measure the viscosities of the eluting
polymer solutions. It is well known that this viscometer actually measures
the pressure difference AP at the differential pressure transducer between
the inlets of the sample capillary and the reference capillary, which have a
common outlet, and the overall pressure P; at the inlet of the bridge.
Specific viscosity (1s,), which is defined as 1y, = (7 — 10)/no (Where 7 is
the viscosity of the sample solution and 7, is the viscosity of the pure
mobile phase), is thus obtained from the differential pressure and the inlet
pressure by 75, = 4AP/(P; — 2AP). Since the concentrations in SEC are
typically very low, the intrinsic viscosity [], which is defined as the limit-
ing value of 7g,/c for ¢ — 0, can be approximated by [n] = nsp/c.[zﬂ

The universal calibration is constructed in the form of log ([#]M) ver-
sus retention time t, since the flow rate is set at 1 mL/min and the reten-
tion time equals retention volume. A total of 16 narrow molar mass
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distribution polystyrene standards (molar mass range 5 x 10 to 5 x 10°)
were used to construct the calibration curve, and the values for concen-
tration and specific viscosity at the peak positions were used. For the four
PLgel Mixed B columns used in this study, the data points fit into a linear
relationship.

When two detectors are used in a SEC system, it is essential that the
time difference for the eluting polymer to reach the two detectors (inter-
detector volume) be known precisely. Otherwise, the calculated values
will contain significant errors. There are a number of approaches that
can be used to determine the inter-detector volume. The most common
one is to measure the difference between peak positions from the two
detectors using a narrow molar mass distribution polymer standard.
Using this approach, an inter-detector delay time of 0.52min was
obtained when the flow rate was set at 1.0 mL/min in our work, in which
the two detectors were configured in series in the order of FT-IR detector
and differential viscometer. It was found that the inter-detector volume
as measured from the difference in peak retention volumes of narrow
molar mass distribution standards from one detector to another varied
with molar mass when the detectors were in a parallel configuration. In
the series configuration no such dependence was observed. This agrees
well with the observations by Balke and his coworkers when they inves-
tigated the use of dual detectors in SEC.?"?® It could partly account for
difficulties in analyzing narrow molar mass distribution polymers in
parallel configuration systems and may be due to flow rate variation in
different branches of the parallel configuration during elution of a
sample.

In order to optimize a chromatographic condition (i.e., sample con-
centration) for a maximum response from the FT-IR detector with
reasonably good chromatographic resolution, a broad molar mass distri-
bution polystyrene sample (NBS 706) was analyzed under different sam-
ple concentrations. The weight-average molar mass of this sample is
about 250000 and the number average molar mass is about 115000.
As shown in Figure 4, distortions of the differential molar mass distri-
bution curves (i.e., shifting to lower molar mass) were observed at high
sample concentrations due to the column overloading (i.e., the columns
are no longer separating the sample based on molar mass). With a fixed
injection volume of 300 uL, it is found that adequate chromatographic
resolution is maintained using concentrations less than 4.7mg/mL for
this polystyrene sample under the tested concentration range of the
present work. This agrees well with the published work!?? in which
adequate chromatographic resolution was maintained on a system of
two PLgel Mixed B columns with an injection volume of 500 uL and a
concentration of 1.6 mg/mL for a broad molar mass polyethylene resin.
For the SEC-FT-IR-viscometry analyses of styrene copolymers, sample
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NBS 706 Polystyrene

1.2
- 1.7 mg/mL
1.0 1 —2.7 mg/mL
= o8- -—3.9 mg/mL
= 0.
3 ~—4.7 mg/mL
T 0.6 {-6.2mg/mL
% 0.4 - ~9.6 mg/mL
0.2 A
0.0 — : \
2.0 3.0 4.0 5.0 6.0 7.0
LogM

Figure 4. Distortions of molar mass distribution curves due to column
overloading.

concentrations are usually kept in the range of 2.5 to 4.5mg/mL in
this work.

The accuracy of the SEC-FT-IR-viscometry method for measuring
molar mass distribution and average molar masses can be checked
by comparing the results of homopolymers (e.g., polystyrene) to those
obtained using the SEC-DRI method. The differential molar mass distri-
bution of NBS 706 obtained using the SEC-FT-IR-viscometry method is
shown in Figure 5. For comparison, this sample was also subjected to

14 NBS 706 Polystyrene

1.2 4

- SEC-FTIR-viscometry
1.0 1 —SEC-DRI

0.8 -
0.6 -
0.4 -
0.2 -

0.0 . : :
2.0 3.0 4.0 5.0 6.0 7.0
LogM

dwf/dLogM

Figure 5. Differential molar mass distribution of NBS 706 sample obtained with
two different detector systems.
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SEC-DRI analysis using an SEC instrument with a DRI concentration
detector. The two methods provided practically identical results in terms
of the weight-average molar masses (243000 and 256000 for SEC-FT-IR-
viscometry and SEC-DRI, respectively), which are very close to the
value (250000) reported in literature.”! However, as shown in Figure 5,
the SEC-FT-IR-viscometry method gives a broader molar mass distri-
bution compared to the result obtained from the SEC-DRI method. This
is most likely a result of different detector volumes for the two systems.
The FT-IR cell is 70 pL, which is significantly larger than the 10puL
DRI cell.

Styrene and butadiene are defined as the two components for the
FT-IR detection in the SEC-FT-IR-viscometry analysis of styrene-
butadiene copolymers. Shown in Figure 6 is an example of SEC-
FT-IR-viscometry analysis for this type of sample. One of advantages
of SEC-FT-IR-viscometry is its capability for composition distribution
analysis. Traditional SEC analysis determines molar mass distribution
of macromolecules and provides average molar masses. Since FT-IR is
able to measure polymer composition along with polymer concentration,
SEC-FT-IR-viscometry analysis provides the composition distribution
of styrene copolymer in addition to the molar mass distribution and aver-
age molar masses. As shown in Figure 6, one curve represents molar mass
distribution and the other represents composition distribution (i.e.,
styrene content as a function of molar mass).

As mentioned in a previous section, the use of multiple concentration
detection methods is generally inevitable in the analysis of copolymers
and dual-concentration detection has been described.’®! The principle

Styrene-butadiene copolymer

- MW Distribution
0.9 4 Mw 137000
0.8 {Mn 21000 ~+ Styrene content
07 /Pd 65 °

0.6
0.5 A1
0.4
0.3 -
0.2
0.1 -
0.0

- 100
- 90

dWf/dLogM
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2.0
LogM

Figure 6. SEC-FT-IR-viscometry analysis of styrene-butadiene copolymer.
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of dual detection is rather simple: when a copolymer that contains the
monomers A with a concentration of C, and the monomers B with a
concentration of Cg is eluted in the slice i of the peak, it will cause signals
R; and R, in detectors 1 and 2, respectively. The signal magni-
tudes depend on the corresponding response factors f;o and f|g for
detector 1 and f,o and f,g for detector 2. From the relationships
R; = f1ACA +f1gCg and R, = £,4,Cp + f,5Cp, the monomer concentra-
tions can be calculated by CA = (leZB — RZle)/(flAf2B — szle),
CB = (R]sz — RZflA)/(lefZA — fZBflA)- Therefore, the COpOlymer con-
centration C can be calculated by C = C, + Cg as well as the copolymer
composition (i.e., the weight fractions wa and wg of the monomers A and
B) by wa = Ca/C and wg = Cg/C. It is obvious that dual-concentration
detection is applicable only for copolymers with two monomers or for
binary polymer mixtures. The advantage of SEC-FT-IR—viscometry is
its capability to characterize styrene copolymers with three or more com-
ponents (i.e., monomers). Shown in Figure 7 are the molar mass distri-
bution and composition distributions of a styrene-methylmethacrylate-
butadiene copolymer. Styrene, methylmethacrylate, and butadiene are
defined as the three components for FT-IR detection in the SEC-
FT-IR-viscometry analysis for this type of copolymer. The molar mass
distribution and composition distributions for a more complex copoly-
mer system, styrene-methylmethacrylate-butylacrylate-butadiene copoly-
mer, are shown in Figure 8. Styrene, methylmethacrylate, butylacrylate,
and butadiene are defined as the four components for FT-IR detection
in the SEC-FT-IR-viscometry analysis for this type of copolymer.

Styrene-MMA-butadiene copolymer
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Figure 7. SEC-FT-IR-viscometry analysis of styrene-methymethacrylate-
butadiene copolymer.
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Styrene-MMA-BA-butadiene copolymer

- MW distribution Mw 141000

1.0 9 - MMA content Mn 34000 [ 100

0.9 {1 — BA content A Pd 41 - 90

0.8 4 = Butadiene content ¢ . L go 2
s 07 — Styrene content 70 £
g 0.6 L 60 ¢
3 0.5 L 50 2
£ 04 L 40 &
T 0.3 -30 g

0.2 - -20 O

0.1 - s L 10 ©

0.0 st T T I 0

2.0 3.0 4.0 5.0 6.0 7.0

LogM

Figure 8. SEC-FT-IR-viscometry analysis of styrene-methylmethacrylate-
butylacrylate-butadiene copolymer.

CONCLUSIONS

A SEC-FT-IR-viscometry method has been developed to allow for the
determination of molar mass averages, molar mass distribution, and
composition distributions (i.e., comonomer contents as a function of
molar mass) of styrene copolymers. The current method couples an
on-line FT-IR detector and a differential viscometer with SEC. Using a
chemometric technique, partial least squares, to analyze the FT-IR spec-
tra allows for determining the concentration and composition (i.e., the
weight fractions of monomers) of the eluting copolymer at each slice.
The combination of FT-IR concentration detector and differential vis-
cometer allows the universal calibration approach to be applied for the
determination of molar mass of the eluting copolymer at each slice.
Chromatographic conditions were optimized to maximize sample concen-
tration at the detectors while maintaining acceptable chromatographic
resolution. As examples for the application of this method, molar mass
distribution and comonomer content as a function of molar mass were
described for styrene-butadiene, styrene-methylmethacrylate-butadiene,
and styrene-methylmethacrylate-butylacrylate-butadiene copolymers.
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