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Abstract

The measurement of chemical composition as a function of molecular weight has always been a challenge for analytical chemists. In this
paper, we present a unique way to combine gel permeation chromatography (GPC) with pyrolysis—gas chromatography—mass spectrometry
(Py-GC-MS) for this purpose. A commercially available solvent-evaporative interface, originally designed for GPC-IR measurements,
was used to deposit the eluent of GPC onto aluminum foil. Small strips of aluminum foil were cut and subjected to Py—GC-MS analysis.
Compared with the GPC-IR measurements, the proposed technique offers the advantage of being able to distinguish between structurally
similar monomers in a complex copolymer. As an example, a copolymer composed of four monomers was analyzed. The results clearly
demonstrate that this technique can be applied to complex polymeric systems to yield information regarding chemical heterogeneity versus
molecular weight.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction composition versus molecular weight study. However, in
many occasions expensive deuterated mobile phases have
The properties of a polymeric system depend on its chem-to be used and sensitivity is always a concern (see for ex-
ical composition and its molecular weight. Furthermore, the ample[3]). Attempts to use on-line IR detection with flow
properties depend on how the chemical composition is dis- cells have not been very successful due to IR-opague mobile
tributed across the molecular weight. The chemical compo- phase resulting in limited spectral windof#ls-9]. Acommer-
sition versus molecular weight also reflects the history of cially available solvent-evaporative interface (LC-transform
how the polymer was synthesized. It has been the desireby Lab-connections) offers a much more economical and
of many analytical chemists to measure the chemical com-faster alternativ§l0—13] This solvent-evaporative interface
position as a function of molecular weight. This is some- collects the eluent of a GPC experiment on a rotating ger-
times achieved by preparative gel permeation chromatog-manium disc or a moving MALDI plate. The germanium
raphy (GPC) followed by spectroscopic characterization of disc could be subject to IR analysis while the MALDI plate
isolated fractiong1,2]. However, preparative GPC is usu- could be used for TOF mass detection. This GPC-IR cou-
ally tedious and consumes a large amount of mobile phase pling or GPC—-MALDI TOF requires only one GPC run, thus
GPC-NMR is an emerging technique that is well-suited for reducing the experiment time and mobile phase consump-
tion significantly. Since its discovery and commercialization,
this solvent-evaporative interface has been used widely to in-
* Corresponding author. Fax: +1 262 631 4039. vestigate chemical composition as a function of molecular
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MALDI-TOF does not provide compositional information 2. Experimental
directly—it provides molar mass. GPC—IR experiments do
provide information on chemical composition versus molec- 2.1. Material
ular weight. One disadvantage of GPC—IR experiments is
the difficulty in handling copolymers composed of more ~ The material studied in this paper was a resin-supported
than three types of monomers. Another disadvantage of€mulsion. For the purpose of this paper, we simply regard
the GPC—IR experiments is the difficulty to distinguish be- it as a polymer emulsion that consists of a high molecular
tween structurally similar monomers by IR spectroscopy in weight latex and a low molecular weight resin. The resin was
a copolymer. For example, in a random copolymer of methyl @random copolymer of styreng;methyl styrene and acrylic
acrylate, methyl methacrylate and methacrylic acid, it is dif- acid; the latex was a random copolymer of styrene and 2-
ficult to distinguish methyl acrylate from methyl methacry- €thylhexyl acrylate. These polymer subjects were dispersed
late by IR information alone. Yet the properties of poly- as anemulsion, with-40% (wt.) solid and~60% water.
mers made from structurally similar monomers could be dra-
matically different. Poly(methyl acrylate) has a glass tran-
sition temperature that is almost 100 lower than that of
poly(methyl methacrylate)14]. Many commercial styrene
acrylic copolymers in printing and coating industry are com-
posed of four or five monomers, of which, some are likely
to have a high degree of structural similarity. When deal-
ing with these complex copolymers, the two disadvantages
of GPC—-IR combine to make it unlikely that complete in-
formation on composition versus molecular weight can be
obtained. We found it necessary to develop an alternative
analytical method t_o gnable consistgnt differentiation be- 5 3 gpc eluent collection
tween structurally similar monomers in a complex polymer

system. We used an LC-transform series 400 (manufactured by
Pyrolysis—gas chromatography-mass spectrometry (Py— ap_connections, Northborough, MA, USA) to collect the
GC-MS) has proven to be a powerful tool in the g entfrom GPC. In preparation for each GPC experiment,
compositional analysis of a copolymei5-17] During py-  the | C-transform germanium disc was completely covered
rolysis under inert atmosp_here, co_polymers often decomposeby a piece of Al foil. The Al foil was wrapped around the
to monomers and other information-rich fragments. These yisc in 5 way that firmly secured this foil to the disc, and left
monomers and fragments are then separated by GC, bey smooth Al surface on the disc. The opaque side of the Al
fore identification by MS. Compared with IR Spectroscopy,  fojj was used to collect the polymer residue. It was found that
Py-GC-MS can differentiate structurally similar monomers. he gnaque side provided more adhesion than the glossy side
A combination of GPC with Py-GC-MS described here is iy hossible due to the surface roughness on the opaque side.
thus highly desirable because it allows us to monitor the com- The eluent from the PDA detector was introduced into the
position of structurally similar monomers as a function of | ~_i-ansform without splitting. The sheath gas wasdtia

molecular weight. _ flow rate of 3.4 1/min. The sheath gas temperature was set at
In this paper, we employ a Py-GC-MS detection for GPC 1g40¢. The germanium disc was rotating at°1@in. After

experiments using only commercially available instruments. o gpc run, seven aluminum strips with a width of 1 mm
The solvent-evaporative interface was used to deposit thegq 5 length of-5 mm were cut radially across the polymer
eluent of GPC experiments on conventional aluminum foil, trace. (An example of how the Al strips were cut is shown in
leaving a trace of polymer residue resolved by GPC. Small Fig. 2) The 1 mm width corresponded to an angle of kid
strips of aluminum foil were then cut at selected GPC reten- ; spc retention time of 10s. The centers of the aluminum

tiontimes, corresponding to different molecular weights. The strips were chosen at GPC retention times of 12, 13, 14, 15
effect is a “micro-preparative GPC". The aluminum strips, 16 17 and 18 min. T

along with the polymer residue, were analyzed directly by
Py—-GC-MS.

As a test of the proposed technique, we applied such a
combination of GPC with Py—GC-MS to the analysis of a
styrene—acrylic polymer of known composition. The polymer
was prepared from four monomers, two of which are struc-
turally similar. With one GPC run, we derived information 2 4. Py-GC-MS experiments
on polymer chemical composition as a function of molecular
weight. Discussions and suggestions are also included onthe The pyrolyzer used was a CDS PII pyroprobe 2000 (man-
potential improvements of this technique. ufactured by CDS Analytical, Oxford, PA) attached to the

2.2. GPC experiments

The GPC experiments were performed using a Wa-
ters 2690 pump and on two sequentially-connectegdrh
300mm x 7.5mm styrene di-vinylbenzene columns from
Polymer Laboratories. The mobile phase was THF flowing
at 1.0 cnd/min. The detector for the GPC was a Waters 996
PDA detector. The GPC sample was prepared by dissolv-
ing ~0.7 g of co-polymer emulsion in 10 chof THF. The
injection volume was 15l

The GPC-IR experiments were performed using the same
GPC and LC-transform devices under the same instrument
conditions as described above. The only difference was that
in the GPC-IR experiments, the germanium disc was used to
collect the GPC eluent directly without Al foil.
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GC. The GC-MS system was an HP 5890 Il GC with an HP
5965B IRD and an HP 5972 MSD with an ion detection range
of 33 Daltons to 450 Daltons. The GC column was a 30 m
HP-5 column with He as the eluting gas. The He flow rate
was set at constant 1 ml/min. To keep the paper precise, we
will present the data from IRD in a separate communication.
The IRD data are consistent with the MS data in all aspects.
In preparation for each Py—GC-MS experiment, one Al
strip was carefully placed in the quartz tube of the pyrolyzer
liner along with some quartz wool. The Al strip was held in
position in the tube by the quartz wool in a location that cor-
responded to the middle of the pyrolyzer coil. The pyrolyzer
coil was heated to 710C for 10s at the beginning of the
GC run. The GC oven started at 50, ramping to 200C at
10°C/min. The whole GC run took 20 min. Afterward, it was

observed that the aluminum strip had been deformed due to

melting. Fig. 2. An example of an Al foil covered collecting disc. In this example, six
strips of Al foil were cut at 20, 30°, 40°, 50°, 60° and 70 for Py—GC-MS
analysis. The width of the Al strips is 1 mm.

3. Results and discussion
deposited onto the Al foil covered germanium disc. Shown in

The molecular weight distribution of the material stud- Fig. 2is an example of an Al foil covered germanium disc. By
ied is shown inFig. 1L The GPC chromatogram gives a bi- close-examination ofthe picture one can see a white trace par-
modal distribution—a peak and a shoulder. The early elut- allel to the edge of the disc. This trace is the polymer residue,
ing peak has a retention time of 14.4min at the peak max- resulting from the separation by GPC. Using a razor blade,
imum, corresponding to the latex. When calibrated against seven equal-width strips (a—g Fig. 1) across the polymer
polystyrene standards, the peak molecular weight is aboutresidue trace were cut from the Al foil and were subjected
22,600 Da. The shoulder does not show a clear peak max-to Py—GC-MS experiments. Each of the seven strips carried
imum due to overlapping with the earlier eluting peak. If polymer residues corresponding to a specific retention time
we assign a peak maximum retention time of 17.0 min, this range.
would correspond to a molecular weight of 10,000 Daif cal- ~ We first attempted to combine GPC with Py—-GC-MS by
ibrated against polystyrene standards. The small peaks fromusing the solvent-evaporative device (LC-transform) without
19.5 to 24 min are oligomers and other low molecular weight the Al foil. At the advice of the LC-transform manufacturer,
materials present in the emulsion. we tried to scrape selected sections of the polymer residue off

The GPC effluent of the above material was directed into the germanium plate with a razor blade. But often the poly-

the solvent-evaporative device (LC-transform) where it was mer residue shattered into small pieces or the whole trace
of the polymer residue was torn off. We also tried to wash

off selected sections of polymer residue from the germanium
plate. A micro-syringe was used to dispense a small drop of
solvent onto a targeted section of the polymer trace. After
allowing time for solubilization, the resulting solution was
withdrawn into the micro-syringe. But, it was difficult to en-
sure complete removal of polymer in selected regions and it
was almostimpossible to control the size of the wash-off spot.
The use of Al foil solved all the above problems, allowing
complete isolation of small selected sections of the polymer
trace with ease.

The Py—-GC-MS analysis of individual Al strips reveals
monomer composition present at various retention times. As
L by by T an example, we present Kig. 3the Py—GC-MS results of
16 20 24 point ¢ inFig. 1 The top trace oFig. 3is the total ion count
time (min) chromatogram. The peaks in the top trace were identified

. _ by their MS spectra. As an example, shown in the bottom
Fig. 1. GPC chromatogram of the polymer emulsion sample from the UV de- t fFig. 3is th t f k 2. Thi
tector. The chromatogram was obtained at a UV wavelength of 254 nm. Cir- race orrig. SIS the mass spectrum or peak <. IS mass

cles indicate the positions where Py—GC—-MS experiments were performed. SPECtrum is ConSiS.ter!t with a library Sp?Ctrum Qf styrene. A
AU stands for absorption units. small peak at~3min in the top trace did not give a good
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‘ ‘ ‘ styrene—acrylic in nature. However, it is difficult to identify
! Ml ! Al the monomer composition froffig. 4 alone.

M/z->30 40 50 60 70 80 90 100 110 120 One advantage of our GPC Py-GC-MS combination
Fig. 3. The Py—-GC-MS results on point cfiig. 1 Top trace The total over the original GPC—IR is illustrated by a comparison of
ion count chromatogram of point ¢ iig. 1 Peak identities(1) 2-ethyl- Figs. 3 and 4In Fig. 3, all four monomers were effectively
1-hexene; (2) styrene; (3)-methyl styrene; (4) 2-ethylhexyl acetate; (5)  separated by Py—GC before the MS detector unambiguously
2-ethylhexyl acrylate;_ (6) styrene dimdgottom trace The MS spectrum identified them. In the contrasgjg. 4 does not provide ade-
obtained on peak #2 in the top trace. . . . e .

guate information for the identification of all the monomers.

We will further attempt to measure the ratio change of these
quality mass spectrum. But this small peak showed 55 ion monomers as a function of molecular weight with the GPC
and 72 ion-indications of acrylic acid. The other monomers Py—GC-MS combination.
we identified at point c ifrig. 1, according to the MS spec- The chemical composition of a copolymer is determined
tra, area-methyl styrene and 2-ethylhexyl acrylate. In addi- by the monomer percentages. To monitor the chemical com-
tion to these monomers, we also observed 2-ethyl-1-hexeneposition change versus molecular weight, we look at the
and 2-ethylhexyl acetate, which are pyrolysis products of 2- change of monomer ratios versus GPC retention time. From
ethylhexyl acrylate. Styrene dimer is also present, providing the top trace ofFig. 3, we could obtain peak area of the
further indication that the composition at point chigy. 1 individual monomers, except acrylic acid. Due to the poor
contains styrene. signal to noise ratio, acrylic acid did not always give a peak

We further examined the Py—GC—-MS results across all in the TIC chromatograms. We thus constructed single ion
seven points irFig. L Point ¢ inFig. 1 comes before the  chromatograms using the acrylic acid parent iove(= 72).
peak maximum of the latex peak. It is the resin not the latex From the 72 ion chromatogram we extracted the peak areas
which was prepared from-methyl styrene. Yet we observed and use them to represent acrylic adidble 1lists the peak
a-methyl styrene as one of the monomers at point c. This areas of the four monomers and 2-ethyl-1-hexene. The ra-
suggests that there is a certain amount of resin present evetios of peak area were then calculated at all seven points in
at point c inFig. 1, showing that the molecular weight distri- ~ Fig. 1, using the numbers ifable 1 Shown inFig. 5is the ra-
bution of the resin is quite broad. The same broad moleculartio of 2-ethylhexyl acrylate to styrene, as a function of GPC
weight distribution is also true for the latex. We observed the retention time. The ratio decreases with the GPC retention
monomers from both the resin and the latex at all seven Al time. The ratios of 2-ethylhexyl acrylate édemethyl styrene
strips. and 2-ethylhexyl acrylate to acrylic acid also decrease with

In order to compare the proposed GPC Py—GC-MS ex- the GPC retention time. Ratios of 2-ethyl-1-hexene to other
periment with the conventional GPC—IR experiment, we also monomers show the same trend. All of these indicate that
performed the GPC—IR experiment using LC-transform on 2-ethylhexyl acrylate is more abundant at higher molecular
the same polymer emulsion. ShownHig. 4is the IR spec- weight than at lower molecular weight, consistent with the

trum at point c inFig. 1 Fig. 4shows aromatic €H stretch- fact that 2-ethylhexyl acrylate was included in the preparation
ing between 3000 to 3200 cth and aliphatic GH stretch- of the high molecular weight latex but not the low molecular
ing from 2700 to 3000 cm'. Also in Fig. 4there is a €O weight resin.

peak at~1700cnT!. Around 700-800 cm' there are two Among the four monomers in this copolymer, styrene and

peaks from mono-substituted aromatielCbending. It could a-methyl styrene are structurally similar. The separation of
be derived fromFig. 4 that the composition at point ¢ is these two monomers by Py—GC allowed us to study the ratio
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Table 1
Peak areas of pyrolysis products from MS chromatograms

Corresponding position iRig. 1

a b c d e f g
Acrylic acid parent ion BDL 29E3 8.3 E3 1.7E4 1.0E4 1.2E4 6.8 E3
2-Ethyl-1-hexene 1.3E6 8.9E6 2.2E7 3.9E7 7.8 E6 1.4 E6 15E5
Styrene 9.9E6 6.2 E7 1.4E8 2.7E8 59 E7 2.0E7 6.3 E6
a-Methyl styrene 8.8 E5 4.3E6 9.6 E6 19E7 1.2E7 16 E7 7.1E6
2-Ethylhexyl acrylate 1.6 E6 1.3E7 2.6 E7 5.1E7 1.1E7 1.7E6 1.8E5

BDL stands for “below detection limit”.

of these two monomers as a function of molecular weight.
The results are presented kig. 6. To obtain the ratio of
a-methyl styrene to styrene from the GPC—IR experiments,
one needs to distinguish styrene framrmethyl styrene in

IR spectra, such as shown ftig. 4. This is difficult if not
impossible. Being able to differentiate structurally similar

monomers is another advantage of GPC Py—GC-MS combi-

nation over GPC—IR.
According to Fig. 6, the ratio of a-methyl styrene to

ratio of a-methyl styrene to 2-ethylhexyl acrylate was also
found to increase as a function of GPC retention time, while
the ratio ofa-methyl styrene to acrylic acid was unchanged
versus GPC retentiontime. Analysis of these three peak ratios
lead us to conclude thatmethyl styrene was more abundant
at lower molecular weight than at higher molecular weight.
This is understandable and is expectedwanethyl styrene
was present only in the preparation of the low molecular
weight resin.

styrene increases as a function of GPC retention time. The Asillustrated above, all the possible monomer area ratios
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Fig. 5. The peak area ratio of 2-ethylhexyl acrylate to styrene vs. GPC re-
tention time. Ratios were obtained from MS chromatogram peak areas in
Table 1
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Fig. 6. The peak area ratio afmethyl styrene to styrene vs. GPC retention
time. Ratios were obtained from MS chromatogram peak aregatite 1

were generated frorable 1 This accounts to six possible
monomer/monomer area ratios. In addition, area ratios of 2-
ethyl-1-hexene to monomer area were taken into account.
We considered how these ratios changed as a function of
GPC retention time. The analysis showed that acrylic acid
is more abundant at lower molecular weight than at higher
molecular weight. Styrene seems to exist significantly both at
lower and higher molecular weight. Overall, the information
on chemical composition versus molecular weight obtained
from the analysis agrees well with the fact that the copolymer
was made of a latex and a resin with previously mentioned
compositions. This validates the combination of GPC with
Py—GC-MS as a convenient tool in the study of chemical
heterogeneity versus molecular weight.

Our intention was to demonstrate the technique on an un-
complicated model of known composition. Although shown
on afour-monomer copolymer, this GPC Py—GC-MS combi-
nation will also be applicable to more complex systems since
GC is capable of resolving many monomers with one run.
All monomers can be resolved using various GC conditions,
including different GC columns and different oven tempera-
ture programs. The potential of Py—GC has been explored and
is well-established for other polymers such as polyimides,
epoxy and polydienefl5,17,18] It is foreseeable that this
GPC Py-GC-MS combination can also be applied to non-
styrene—acrylic polymers. Recently Py—GC-MS has been ap-
plied to large bio-moleculgd9]. The combination of HPLC
and Py—GC-MS with application on bio-molecules is also
worth exploring.

This technique could be further improved with more ef-
forts. We have only been able to monitor the trend in polymer
composition versus molecular weight. However, the weight
percentages of monomers versus molecular weight could be
available based on suitably obtained detector response which
can be derived from Py—GC analysis of standard materials.
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Also, other pyrolysis instruments such as Curie-point py- The authors gratefully acknowledge Johnson Polymer for its
rolyzers might offer some advantages over the heat resistanceupport and for granting permission to publish this work.
pyrolyzer used in this paper. This is because a Curie-point py-
rolyzer operates at designated Curie temperatures and with
consistent pyrolysis temperature, we expect better quantita-References
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