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ABSTRACT:

Pyrolysis-gas chromatography using the sample decomposition in the presence of an organic alkali,

tetramethylammonium hydroxide (TMAH), was applied for end group determination of industrially available polycarbon-
ate (PC)’s. Various phenolic compounds were observed in the conventional pyrograms of the PC’s, which were formed
through the C-C bond cleavage as well as that of carbonate linkages. On the other hand, the PC main chain almost quan-
titatively degraded through reactive pyrolysis at carbonate linkages to yield the dimethyl derivatives of the constituents such
as bisphenol-A through a hydrolytic pyrolysis reaction in the presence of TMAH. In a similar manner, characteristic meth-
yl ethers such as anisole and p-tert-butylanisole were formed from end groups. By this method, highly accurate and rapid deter-
mination became possible for the contents of their end groups. This information, in turn, enabled accurate estimation of the
number average molecular weight of PC’s without using any reference polymers.
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It is well known that the structure of end groups
changes depending upon the polymerization processes,
such as initiation, chain transfer, and termination mech-
anisms. Furthermore, since initiators and/or termina-
tion reagents for polymerization incorporated into the
polymer chain ends often cause significant changes in
properties of the resulting polymer. This has led to a
growing demand for accurate and precise characteriza-
tion of end groups. However, end group characteriza-
tion is not an easy task because of their very low concen-
tration compared with monomeric ones which consti-
tute the main chain of the polymer.

Recently, nuclear magnetic resonance (NMR) has been
extensively utilized to characterize end groups of poly-
mers.! In addition, pyrolysis-gas chromatography (Py-
GC) has been noted as a very powerful tool to analyze the
end groups in poly(methyl methacrylate),”?”” polysty-
rene (PS),%° and the others.!°

With respect to polycarbonate (PC), most of the
literatures describing end groups dealt with uncapped
oligomers produced through hydrolysis of the polymer.
Techniques used to characterize phenolic end group in
uncapped PC oligomers includes ultraviolet spectrom-
etry,!! 713 potentiometric titration,'* infrared spectrom-
etry,'? and size exclusion chromatography (SEC).!%:13
Although conventional Py-GC was also used to charac-
terize the end groups in PC’s, the reported results were
restricted to the identification and semi-quantitative
estimation of average molecular weight (M W) of frac-
tionated polycarbonate (PC)’s,'®> mainly because of the
less quantitative recoveries of the degradation products
on the pyrogram leaving some residue after pyrolysis and
the complexity of the products consisting of various polar
phenolic compounds.

Recently, Challinor!® reported that pyrolysis of vari-
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ous condensation polymers in the presence of organic
alkali such as tetramethylammonium hydroxide (TMAH)
resulted in a simplified pyrogram consisting of methyl
derivative peaks which are quantitatively formed from
the constituents of the polymer. Applying this technique,
the compositional analysis of aromatic polyesters!’ and
the quantitative determination of methacryloyl end
groups of PS macromonomer” were successfully achiev-
ed on the basis of the observed pyrograms. The same
technique has been also applied in the fields of charac-
terizing microorganisms, geological samples and rosin
sizing agents in paper.!8~2!

In this work, reactive Py-GC in the presence of TMAH
is applied for quantitative characterization of the end
groups in industrially available PC’s. Results obtained
by this method are compared with those by SEC and 'H
NMR.

EXPERIMENTAL

Samples

Poly-[2,2-propane-bis(4-phenyl carbonate)] (PC) is
one of the most important engineering plastics bear-
ing excellent transparency and mechanical properties.
The main chain of ordinary PC molecules consist of
bisphenol-A units bonded with carbonate linkages, while
various terminal groups are formed depending on the
polymerization process. The solvent method (SM) in
which p-tert-butylphenol is often used to control the MW
of the polymers in addition to the main materials such
as sodium salt of bisphenol-A and phosgen, provides PC
molecules endcapped with p-tert-butylphenoxy groups as
shown in Scheme 1. On the other hand, the melt method
(MM), in which bisphenol-A and diphenylcarbonate are
directly reacted through transesterification, is known to
yield PC molecules with either phenoxy or hydroxyl end
group described in Scheme 2.



End Groups in Polycarbonates

- — o O o —»

NaOH
bisphenol-A

phosgen

CHjy 4 catalyels

(e.g. triethylamine)

Scheme 1.
Gy /O"O
e et
CHs O catdlyﬁn
(e.g. ZnO)

Cl CH
”{O‘-@—ﬁ:‘:O—O@?\L:I—O—i;—O—O—X +2n O»oH

x= (a) —(ﬁ—o or (b) —H

Scheme 2. Melt method (transesterification).

Sample Preparation

In this work, industrially available SM- and MM-PC
samples were fractionated as follows. Raw PC weighing
about 10 g was dissolved in 500 ml of methylene chloride.
After an aliquot of precipitant (n-heptane) was added to
the solution, the resulting precipitate was filtrated off as
the first fraction. This procedure was repeated for the
filtrate. In this manner, the original two solutions were
fractionated into three fractions M-1—M-3 and S-1—
S-3, respectively by the successive reprecipitation method
both for MM- and SM-PC samples. Each fraction was
dried in vacuo at 60°C for 24 hours.

Reactive Py-GC Conditions

Figure 1 illustrates the sample preparation for reactive
pyrolysis. A vertical micro furnace pyrolyzer (Yanaco
GP-1028) was directly attached to the injection port of
a gas chromatograph (Shimadzu 7AG) equipped with a
flame ionization detector (FID). About 50 ug of the
cryomilled PC powder and 1ul of TMAH solution
(25 wt% in methanol) (Aldrich Chemical Co., Inc.) taken
in a platinum sample cup was introduced into the heated
center of the pyrolyzer under the flow of He carrier gas.
In this study, the hydrolytic pyrolysis temperature in the
presence of TMAH was empirically set at 400°C because
of the following reason. Above 400°C additional peaks
were produced mainly due to the contribution of the
ordinary pyrolysis, while bellow 400°C significant peak
broadening was observed. A fused silica capillary column
(Quadrex MS, 25m long x0.25mm i.d.) coated with
polydimethylsiloxane (0.25um thick) was used. The
50mlmin~?' carrier gas flow rate at the pyrolyzer was
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Figure 1. Vertical micro furnace pyrolyzer and sample preparaton.

reduced to 1.3 mlmin ! at the capillary column by means
of a splitter. The column temperature was initially set
at 50°C and then temperature programmed up to 300°C
at a rate of 4°Cmin~!. The identification of the char-
acteristic peaks on the resulting pyrogram was mostly
carried out by use of a GC/mass spectrometer (MS) sys-
tem (Shimadzu QP1000) to which the pyrolyzer was also
attached.

SEC Measurement

The average MW of each fractionated PC was
measured by SEC using PS standards. The system
consisted of a column oven (Japan Spectroscopic Co.,
Ltd. [JASCOQO] 860-CO), a pump (JASCO 800-PU), a
refractive index detector (JASCO 830-RI) and a
integrator (JASCO 807-IT). A 100 ul sample solution
(0.25%) was injected into a column (Showa Denko K.
K., Shodex K-803 combined in series with K-80M) held
at 30°C under a 1 mlmin~! flow of chloroform.

The intrinsic viscosity ([#]) of a given polymer is given
by Mark-Houwink—Sakurada’s equation,
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[]= KM (1)

where M is MW of a polymer, and K and a are the
specific constants characteristic of the polymer system
under given solvent and temperature. In SEC measure-
ments, the relationship between [#] and M of different
polymers eluting at the same retention volume is given by

(niM,=[nl,M, @3]

where [#]; and M, are values for a given polymer, and
[n], and M, are those for the reference polymer.
Provided that M, represents the actual MW of a given
PC sample and M, is that of PS standard eluting at the
same retention volume, M, can be determined by
substituting Mark—Houwink—Sakurada’s viscosity equa-
tion into equation 2 and arranging,

where a;=0.82 and K,=120x10"* for PC in
chloroform at 25°C, and a,=0.794 and K,=0.49 x 10™*
for PS in chloroform at 30°C available from references
were used.?%23

NMR Measurement

'H NMR spectra were obtained on a Varian VXR500
(500 MHz) spectrometer under the following conditions;
spectral width of 8000Hz, acquisition time of 2s,
relaxation time of 3s and pulse width of 1.0 us. About
Smg of a sample dissolved in CDCl; (ca. 1 ml) was
measured at room temperature. Chemical sifts were
recorded in parts per million relative to the standard
tetramethyisilane. The accumulation of 100 scans (about
10min) was used to obtain 'H NMR spectra having
sufficient S/N values for each samples.

K, a/+1
logM, = log 24+ —logM, (3) RESULTS AND DISCUSSION
a,+1 K, a,+1
Figure 2 shows the typical pyrograms of (a) a raw
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Figure 2 Pyrograms of SM-PC: (a) a raw SM-PC observed by conventional pyrolysis at 600°C and (b) a fractionated SM-PC (S-2) observed by

reactive pyrolysis at 400°C in the presence of TMAH.
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SM-PC sample observed by conventional pyrolysis at
600°C, and (b) a fractionated SM-PC (S-2) observed by
reactive pyrolysis at 400°C in the presence of TMAH.
In the case of conventional pyrolysis at 600°C, various
phenolic compounds such as phenol, cresols and bis-
phenol-A were formed through the cleavages not only
at carbonate linkages but also at C-C bondings.!5-24~28
Although p-tert-butylphenol is observed as one of the
characteristic products from the terminal groups, the
quantitative analysis of the end group is not possible by
using the relative peak intensity of p-fert-butylphenol,
because of less quantitative recovery on the observed
pyrogram.

When the SM-PC sample was pyrolyzed at 400°C
without adding TMAH, only small and broad peaks were
observed because of slow and insufficient thermal
decomposition. In contrast, using reactive pyrolysis at
400°C in the presence of TMAH, the PC decompose
selectively at the carbonate linkages into dimethylether
of bisphenol-A from the main chain along with p-
tert-butylanisole from the terminal groups. Thus, after
the excess reagent-related products such as trimethyl
amine and methanol are eluted, only the two main peaks
are observed in the pyrogram; p-tert-butylanisole and
dimethylether of bisphenol-A. In this case, the whole
polymer samples were almost quantitatively degraded
into these two products. Therefore, the content of end
groups can be accurately determined from the relative
peak areas between these two peaks after making the
molar sensitivity correction for the FID response by use
of the effective carbon number.?°

Here, since both terminals in the SM-PC molecules
are supposed to be completely end-capped with p-rert-
butylphenoxy groups, the number average molecular

Hs

‘_-_’_’_,//

weight (M,) of the SM-PC samples can be estimated
from the result of the end group determination as fol-
lows,

_ Iy/154 P
(I/10.2)2
M,=DP x 254+ 326 5)

where DP is the degree of polymerization, /; and I are
the intensities of the peaks due to the main chain and
the end groups, respectively, and divisors 15.4 and 10.2
are empirically determined effective carbon numbers,
which compensated the molar sensitivity for FID re-
sponse, of the respective components. Since one poly-
mer molecule has two end groups, the denominator in
eq 4 was divided by 2. The values of 254 and 326
in eq 5 are the MW of the monomer unit and the two
end groups, respectively.

Figure 3 shows a methyl-proton region of the 'H NMR
spectrum of a fractionated SM-PC (S-2). Peaks appeared
at 1.68ppm and 1.32ppm were assigned to methyl-
protons of bisphenol-A and those of the end groups, that
is, the p-tert-butylphenoxy groups, respectively. The end
groups and then M, are also determined using relative
intensities between these two peaks.

Estimated M, values by reactive Py-GC for three
fractions of SM-PC are summarized in Table I along
with those by SEC and NMR. Generally, the values
determined by Py-GC are in fairly good agreement with
those obtained by NMR. However, those by SEC show
slightly smaller values. Considering the fact that the
M, values by SEC are calculated empirically using PS
standards, those by Py-GC and NMR, in which any
reference standards are not used, might be rather close

|
A

1.80 1.70 1.60 1.50 1.40 1.30 ppm

Figure 3 Methyl-proton region of 'H NMR spectrum of SM-PC (S-2) measured in CDCl; at room temperature. Peaks at }.78 ppm and 1.32 ppm
are due to a bisphenol-A (monomer unit) and the end group, respectively. Peak at 1.43 ppm is due to H,O mainly contaminated in CDCl;.
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to the absolute ones. Furthermore, highly precise results
can be obtained by Py-GC, e.g., CV'=1.8% for S-2 and
0.6% for S-3 sample for five repeated measurements.
Figure 4 shows the typical pyrograms of (a) a raw
MM-PC sample observed by conventional pyrolysis at
600°C, and (b) a fractionated MM-PC (M-1) observed
by reactive pyrolysis at 400°C in the presence of TMAH.
Similarly to the case of SM-PC, various phenolic
compounds were observed in the pyrogram (a). In this

case, the characteristic products of the end groups in the
MM-PC molecules are to be phenol and bisphenol-A
from the phenoxy and the hydroxyl end groups, re-
spectively. However, the fact that phenol is also ob-
served in Figure 2(a) indicates that the characteristic
products of the end groups are indistinguishable from
those formed from the main chain in the MM-PC
samples. Therefore, the end groups in MM-PC’s can
not be directly determined by conventional Py-GC.
In addition, as for NMR measurement for MM-PC

Table 1. Estimated number average molecular weight samples, we can not obtain quantitative results for
of fractionated SM-PC sample the end group information, because it is not possible
Estimated M, values to distinguish proton signals due to end phenyl and
Fraction no. B hydroxyphenyl group from those due to phenyl groups
by Py-GC by NMR by SEC in the main chain of PC.
On the other hand, a peak of anisole, which is the
S-1 27200 30200 23400 characteristic product from the terminal phenoxy group,
S-2 9800° 9600 8300 . .
S-3 5000° _ 4000 is completely separated from that of dimethyl ether of
bisphenol-A formed from the main chain in Figure 4(b).
2CV'=1.8% for five measurements. ®CV=0.6%. Therefore, the content of phenoxy terminal groups can
(a) OH OH OH OH OH OH
CHy CHp OH HsC-GH  HC—C-CH; | H,C-C-CH,
OH CHs CH,  CHs
" / / v >
l l h J - 1 AN A A | -
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Figure 4. Pyrograms of MM-PC: (a) a raw MM-PC observed by conventional pyrolysis at 600°C and (b) a fractionated MM-PC (M-1) observed

by reactive pyrolysis at 400°C in the presence of TMAH.
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Table II. Average number of phenoxy end groups
in a fractionated MM-PC molecule

Fraction no M2 nja® %a* %b?
’ " by Py-GC od %ob

M-1 34300 94.2 71.4 28.6
M-2 16300 38.0 83.6 16.4
M-3 4200 11.9 67.4 32.6

2 Corrected after SEC measurement. °The ratio between monomer
units and phenoxy end groups. ©Proportion of phenoxy end group
in a molecule (%oa+ %b=100). ¢Proportion of hydroxyphenyl end
group in a molecule.

CH. CH.
+ : <':H: : _g},.ol : C]HZQ ~
X= (a) —g-o@ o (b) —H

be determined from the peak area ratio between anisole
and dimethylether of bisphenol-A. The other minor un-
known peaks were not taken into consideration be-
cause of their negligibly small peak intensities.

In the case of the MM-PC, it is known that the numbers
of phenoxy and hydroxyl end groups are not always the
same, but changes depending on the polymerization
conditions. Here, once the ratio between monomer units
and phenoxy end groups (r/a), and M, are determined,
the proportion of each end group can be estimated. Table
IT summarizes the proportion of phenoxy end group (%a)
in the molecules for each fraction of MM-PC along with
their corrected M, and the ratios, n/a obtained by reactive
Py-GC. Here the M, values measured by SEC were
corrected using the following relation,

M, (by Py-GC)=1.15 x M, (by SEC)+ 358 (6)
correlation factor: 0.9999

where the constants 1.15 and 358 are determined by the
least-square method on the basis of the results for SM-PC
fractions shown in Table 1.

The results in Table II suggest that about 70—80%
of the end groups are phenoxy ones in the given MM-PC
samples. It is known that the hydroxyl end groups lower
the thermal stabilities of PC. Thus the observed results
also suggest that the industrial PC is generally produced
under the polymerization condition to lessen the hydroxyl
end groups.3°

CONCLUSION

Reactive Py-GC in the presence of an organic alkali,
TMAH, proved to be a very effective technique to
characterize the end groups in PC’s. The PC main chain
almost quantitatively degraded through reactive pyrol-
ysis into the dimethyl derivatives of bisphenol-A, while
the end groups yielded characteristic methyl ether such
as anisole and p-tert-butylanisole. By this method, ac-
curate determination of the end groups became possi-
ble. Additionally, this technique enabled highly accurate
estimation of M, of PC’s without using any reference
polymers.

Polym. J., Vol. 28, No. 12, 1996

Provided that the S/N =2 for the products characteris-
tic of the end groups is the detectable limit on the resulting
pyrograms, even the M,>10° could be estimated for
both SM-PC and MM-PC.
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