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on polystyrene standards) M, is 4400 g/mol while M, is 4800 
g/mol. 
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ABSTRACT The zwitterion 1-[ (4-carboxyphenyl)methyl]tetrahydrothiophenium hydroxide inner salt was 
synthesized from tetrahydrothiophene (thiolane) and 4-(chloromethyl)benzoic acid and characterized by NMR 
and IR spectroscopy. Bulk polymerization of the zwitterion over the temperature range 70-200 "C gave linear 
polymer in 88-96% yield. The polymer was identified as a random copolymer containing oxycarbonyl-l,4- 
phenylenemethylene and oxycarbonyl-l,4-phenylenemethylenethiotetramethylene repeat units based on NMR, 
IR, and elemental analysis. Size-exclusion chromatography showed the number-average molecular weight 
to vary with temperature in the range 5100-41 OOO. Solution polymerization in DMF gave lower polymer yields 
(38-69%), lower polymer molecular weights (3000-7400), and higher oligomer yields (3142%). HPLC 
fractionation coupled with NMR identified the oligomer fraction as consisting of a range of linear and cyclic 
oligomers of varying molecular size. The polymer end groups were identified by 'H NMR as OH and COOH. 
When methanol was present during polymerization, the COOH end group was replaced by COOCHB. Po- 
lymerization proceeded by ring-opening nucleophilic attack of carboxylate anion on the benzylic carbon and 
a-carbon of the tetrahydrothiophenium (thiolanium) ring to incorporate the two different types of repeat 
units into the polymer. Termination involved cyclization and reaction of propagating centers with water (and 
methanol, when present). 

Introduction 
Zwitterions have been proposed as reactive intermedi- 

ates in polymerizations involving various pairs of electro- 
philic and nucleophilic reactants (e.g., @-propiolactone or 
acrylic acid with 2-methyl-2-0xazoiine).~*~ Zwitterion PO- 

lymerizations involving stable (isolable) zwitterions have 
received relatively less attention. We recently reported 
the thermally initiated zwitterion polymerization of tet- 
rahydro-l-(4-hydroxy-l-naphthyl)thiophenium hydroxide 
inner salt which proceeds via ring-opening nucleophilic 
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attack of ArO- on the CH,-S+ bond of the tetrahydro- 
thiophepium ring.3 This paper reports the synthesis of 
l-[4-carboxyphenyl)methyl]tetrahydrothiophenium hy- 
droxide inner salt (I) and its thermal polymerization to a 
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Polymerization studies were carried with both the methanol- 
containing and methanol-free thiolanium benzoate zwitterion. 

Polymerization. For bulk polymerization experiments, 
thiolanium benzoate zwitterion was placed in a polymerization 
tube, sealed under vacuum (1 Torr), and heated a t  the desired 
temperature. Some bulk polymerizations were carried out under 
continuous vacuum (1 Torr). Solution polymerization was carried 
out in DMF a t  30% (w/v) monomer concentration in a sealed 
tube. The reaction mixture in bulk polymerization was dissolved 
in hot DMF and the resulting solution poured into a 15-fold excess 
of diethyl ether to precipitate the thiolanium benzoate polymer. 
For solution polymerizations, the reaction mixture was directly 
precipitated into diethyl ether. (The ether solutions were sepa- 
rately worked up to examine the nonpolymeric products. These 
products are referred to as ether-soluble products.) The pre- 
cipitated white solid polymers were isolated by filtration, washed 
with ether, and dried overnight in a vacuum oven (1 Torr) at 40 
"C. 

Size-Exclusion Chromatography (SEC). SEC of reaction 
mixtures and purified polymer products was carried out a t  100 
"C on a Waters 150C instrument with 840 Work Station using 
DMF (dried over 3-A molecular sieves) containing 0.05 N LiBr 
as the mobile phase a t  a flow rate of 1.0 mL/min. The stationary 
phase consisted of a set of four Ultrastyragel columns of lo6, lo4, 
IO3, and 500 A and one 100 8, Shodex column. The SEC cali- 
bration was based on polystyrene standards. 

Vapor Pressure Osmometry (VPO). The number-average 
molecular weights of purified polymer samples were determined 
with a Knauer vapor pressure osmometer using DMF (HPLC 
grade) at 105 "C. The instrument was calibrated with benzil (MW 
210.13). Four concentrations in the 1 4 %  (w/w) range were used 
for analysis. 

Spectroscopic Analysis. IR spectra of the thiolanium ben- 
zoate zwitterion and polymer were recorded on a Beckman 4260 
IR spectrometer using KBr pellet and thin film samples, re- 
spectively. The thin film sample was deposited on a NaCl plate 
from 1,1,2,2-tetrachloroethane solution; the solvent was evaporated 
overnight in a vacuum oven a t  50 "C. Mass spectroscopy was 
performed on a V.G. ZAB instrument operating a t  medium res- 
olution in the fast-atom (8 KV Xenon) bombardment ionization 
mode. 'H (200.1 MHz) and 13C (50.3 MHz) NMR spectra were 
recorded on an IBM WP 200SY FTNMR spectrometer using a 
5-mm dual W/ 'H probe. 'H NMR of the zwitterion was obtained 
a t  25 "C by using a 5% (w/v) solution in DzO. 'H NMR of the 
polymer was obtained a t  25 "C by using 1-4% (w/v) solution in 
1,1,2,2-tetrachloroethane-dz (TCE-d2). 13C NMR spectra of the 
zwitterion and polymer were obtained by using 10% (w/v) so- 
lutions in DzO and TCE-d2, respectively. Me4Si and sodium 
4,4-dimethyl-4silapntane-l-sulfonate (DSS) were used as internal 
standards in TCE-dz and DzO, respectively. The acquisition 
parameters for 'H NMR were 30" pulse angle, 6-5 total delay 
between pulses, and 128-256 total acquisitions. The acquisition 
parameters for 13C NMR were 30" pulse angle, 2.5-5 total delay 
between pulses, and 10 000-20 000 total acquisitions. Data were 
acquired and Fourier transformed in 16K. 

High-Performance Liquid Chromatography. Analytical 
HPLC of the ether-soluble reaction products was performed a t  
ambient temperature with a Waters system consisting of a p- 
Porasil column, an M-6000 solvent delivery unit, a U6K universal 
chromatography injector, and a 450 variable-wavelength UV 
monitor with an 8-pL flow-through cell. The mobile phase was 
methylene chlorideacetonitrile (1005) at a flow rate of 1 mL/min 
maintained a t  a pressure of 500-1000 psi. All solvents (HPLC 
grade, Fisher) were filtered (Millipore) prior to use. The recorder 
chart paper speed was 0.5 in./min. Sample size was in the range 
1-10 pg of sample injected in volumes of 5-25 pL of mobile phase. 
The UV detector was set a t  254 nm a t  0.04 AUFS (absorbance 
units for full scale) for detection of the aromatic moiety. 

The ether-soluble products were fractionated by preparative 
HPLC with a Waters Prep LC system 500 using a Prepack-500 
silica column with methylene chloride-acetonitrile (100:2) as the 
mobile phase. A solution of the products was injected into the 
column and eluted a t  a flow rate of 50 mL/min. Fractions of 100 
mL were collected and analyzed for purity by analytical HPLC. 
With the elution of successive components, the polarity of the 
mobile phase was gradually increased by increasing the acetonitrile 

Ia 

I Ia 

random copolymer I1 containing oxycarbonyl-1,4- 
phenylenemethylene and oxycarbonyl-1,4-phenylene- 
methylenethiotetramethylene repeat units. The two repeat 
units will be referred to as A and B repeat units, respec- 
tively, throughout this paper. I and I1 will be referred to 
as the thiolanium benzoate zwitterion (or monomer) and 
polymer, respectively. Although structure I1 is written as 
a block copolymer, I1 is not a block copolymer. I1 is a 
random copolymer with an overall composition given by 
the values of n and m. 

Experimental Section 
Materials. 4(Chloromethyl)benzoic acid, tetrahydrothiophene 

(thiolane), tetrahydrofuran (Aldrich), DMF, methanol, acetonitrile, 
methylene chloride, and diethyl ether (Fisher) were used as re- 
ceived unless otherwise indicated. 

Synthesis of Thiolanium Benzoate Zwitterion. The 
thiolanium benzoate zwitterion was synthesized according to eq 
2 and 3. Tetrahydrothiophene (thiolane) (31.0 g, 0.352 mol) was 

I11 ( 2 )  

anion-exchange 
resin 1 

Ia 

added with stirring to a solution of 4-(chloromethyl)benzoic acid 
(10.0 g, 0.0586 mol) in tetrahydrofuran (45.0 g) to yield a clear 
solution. The reaction vessel was sealed and heated a t  35 "C with 
stirring for 7 days. The insoluble product 111, 1-[(4-carboxy- 
pheny1)methylltetrahydrothiophenium chloride was filtered, 
washed twice with anhydrous diethyl ether, and dried under 
suction. The dry powder was purified twice by dissolving in a 
mixture of methanol (30 mL) and water (2 mL) and then pre- 
cipitated by pouring into diethyl ether (100 mL). A yield of 5.0 
g (35%) of white crystals was obtained after filtering, washing 
with diethyl ether, and drying for 2 h in the funnel with nitrogen 
pressure. 

1- [ (4-Carbo~yphenyl)methyl]tetrahydrothiophenium chloride 
(2.0 g, 0.0077 mol) was dissolved in methanol (20 mL) and treated 
with Dowex-2 anion-exchange resin (hydroxide form) to increase 
its pH to 10. The methanol solution was concentrated in a rotary 
evaporator a t  30 "C, diethyl ether added until the solution turned 
cloudy, and then the mixture cooled in a refrigerator to precipitate 
white crystalline thiolanium benzoate zwitterion. Purification 
by redissolution in methanol, addition of diethyl ether, and cooling 
yielded 1.3 g (76%) of thiolanium benzoate zwitterion after the 
mixture was dried for 2 h under pressurized nitrogen. The 
zwitterion obtained in this manner contained 0.4 mol of metha- 
nol/mol of zwitterion as determined by 'H NMR. Thiolanium 
benzoate zwitterion free of methanol was prepared by dropwise 
addition of a 20% solution of the zwitterion in methanol into a 
15-fold excess of anhydrous diethyl ether. The resulting solution 
was stirred for 1 h, fitered under suction, washed three times with 
diethyl ether, and then dried under nitrogen pressure for 2 h. 
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Figure 1. 200.1-MHz 'H NMR spectrum of thiolanium benzoate 
zwitterion. 

content in 2 %  increments. Pure fractions (i.e., fractions containing 
one component as determined by HPLC) of the same component 
and fractions containing one major and 1-2 minor components 
were combined, concentrated in a rotary evaporator under reduced 
pressure at 40 "C, and dried overnight in a vacuum oven at 40 
"C. 

The 
polymer (0.10 g) was dissolved in TCE (1 mL), and pyridine (0.040 
g) in TCE (0.5 mL) was added with stirring to the polymer solution 
at ambient temperature. Acetyl chloride (0.040 g) in TCE (0.5 
mL) was added with stirring and the reaction mixture stirred for 
2 h and then added to a 20-fold excess of diethyl ether. The 
resulting precipitate was filtered off, washed with water followed 
by acetone, and then dried overnight in a vacuum oven at 40 "C. 

Karl Fischer Titration. Karl Fischer titration for water was 
performed ampherometrically by using a Labindustries Inc. 1003 
Aquametry I1 Meter-Electrode. 

Results and Discussion 
Identification of Thiolanium Benzoate Zwitterion. 

The zwitterion is a white crystalline solid soluble in 
methanol, water, and hot DMF and Me2S0. I t  is formed 
as a hydrate with the water of hydration apparently in- 
volved in stabilizing the ionic centers as is the case for the 
tetrahydro-l-(4-hydroxy-l-naphthyl)thiophenium hy- 
droxide inner salts3 The methanol-free thiolanium ben- 
zoate zwitterion is a dihydrate as determined by three 
methods. First, lH NMR of the zwitterion showed a signal 
for water of hydration at  4.81 ppm (see below). Second, 
polymerization of the monomer resulted in a weight loss 
due to loss of water and tetrahydrothiophene. The total 
weight loss was corrected for the loss of tetrahydro- 
thiophene (determined by 'H NMR of the polymer) to 
yield the water loss. Third, Karl Fisher titration for water 
was performed ampherometrically. The three methods 
were in excellent agreement and yielded 2.0 mol water/mol 
of Zwitterion. Karl Fisher titration showed the metha- 
nol-containing zwitterion to contain 1.4 mol of water (in 
addition to 0.4 mol of methanol)/mol of zwitterion. 

The structure of the thiolanium benzoate zwitterion was 
established by IR and NMR spectroscopy. Figure 1 shows 
the 'H NMR spectrum of the methanol-free zwitterion 
with the signal assignments indicated in Ib based on 

Acetylation of Thiolanium Benzoate Polymer. 

I b  

chemical shift values,3A splitting patterns, and signal areas. 
(When methanol was present in the zwitterion, a singlet 
was observed a t  3.33 ppm for the CH30 protons.) The 
proton-decoupled 13C NMR spectrum supported structure 
I for the thiolanium benzoate zwitterion with the ppm 
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in IC based 

I 
4 7 9  t " O  

132  B 

IC 

on the chemical shift values for similar  carbon^.^-^ The 
chemical shifts of the aromatic carbons were calculated on 
the basis of additive effects of ~ubsti tuents.~ The sub- 
stituent parameters for Me2S+CH2 and COO-Na+ were 
used in the calculation to simulate those for the thiolanium 
ring and COO-, respectively. The observed chemical shift 
values were in good agreement with the calculated values 
with the largest difference being 2.7 ppm for the carbon 
para to COO-. There is no interaction between the S+ and 
COO- centers due to the presence of the methylene group 
between the benzene and thiolanium rings. Accordingly, 
no significant deviations are observed from the parts per 
million values calculated on the basis of the additivity 
principle of substituent effects. The situation is quite 
different for zwitterions in which the thiolanium ring is 
attached directly to the aromatic ring. Resonance inter- 
action between + and - centers is possible, and large up- 
field shifts are observed for the aromatic carbon attached 
to the sulfonium sulfur. For example, the difference be- 
tween calculated and observed chemical shift values is 28.9 
ppm for the tetrahydro- 1- (4-hydroxy- 1 -naphthyl)- 
thiophenium hydroxide inner salt.3 

The infrared spectrum of the sample in KBr generally 
supported structure I for the thiolanium benzoate zwit- 
terion. The spectrum showed absorptions at 3400 (H20); 
3040 (aromatic C-H); 2955,2918, and 2838 (aliphatic C-H); 
1543 (aromatic C-C); 875, 865, 840, 795, 785, and 715 
(aromatic C-H); and 1590 and 1360 (COO-) em-'. Ab- 
sorptions at  1440,1412,1305,1295,1260, 1105,1012, and 
945 cm-' were also compatible with structure I and at- 
tributed to aromatic C-C, methylene twisting and wagging 
vibrations, aromatic C-H in-plane bending vibrations, and 
SCH2 and CH, ring bending vibrations. A strong ab- 
sorption at  1641 and a broad absorption a t  3230 cm-' (a 
shoulder on the broad H 2 0  absorption a t  3400 cm-l) did 
not agree with structure I. The presence of these two 
absorptions may indicate that I exists in equilibrium with 
its hydroxide salt IV. The absorptions a t  3230 and 1641 

I 

D - Z Z i * C O O H  + H20 ( 4 )  

I V  

cm-l were assigned to the OH and C=O, respectively, of 
the COOH group of IV. The presence of IV is indicated 
only for solid samples of the thiolanium benzoate zwit- 
terion since infrared spectroscopy was carried out only on 
solid samples. The importance of IV in solution samples 
was not ascertained by infrared spectroscopy since the 
zwitterion was not soluble in an appropriate solvent. 
However, NMR analysis of solution samples in D,O gave 
no indication of the presence of any form other than I 
although a fast equilibrium between I and IV cannot be 
ruled out. 

Bulk Polymerization. Bulk polymerization of the 
thiolanium benzoate zwitterion was carried out in sealed 
tubes and under continuous vacuum. Polymerization 
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316 T Table I 
Effect of Temperature on Bulk PolymerizationoVb 

MW by SECC ratio of reDeat 
temp, "C yield, % Mn Mw/Mn units, AiBd 

Polymerization of CH30H-Free Zwitterion 
70 92 17900 1.2 3.2 

100 90 23700 3.1 3.0 
130 96 17400 2.1 3.2 
160 91 9 400 2.1 4.0 
200 88 5 100 1.4 99 

Polymerization of CH30H-Containing Zwitterione 
100 92 21300 3.0 3.0 
160 91 9 300 2.1 4.0 

Polymerization of CH30H-Free Zwitterion under Continuous 
Vacuum 

100 2720d 3.2 3.2 
130 41 OOdJ 1.7 

" Reaction time: 65 h. All polymerizations were done in sealed 
tubes unless otherwise noted. cAll SEC measurements was on pu- 
rified polymer samples unless otherwise noted. dMolar ratio of A 
to B types of repeat units as determined by 'H NMR. e 0.4 mol of 
CH30H/mol zwitterion. f SEC of unpurified reaction mixture. 
BSEC of soluble portion of unpurified reaction mixture. 

proceeded with release of water and tetrahydrothiophene 
which condensed at  the top of the reaction tube in sealed 
tube experiments. The products in all experiments were 
white solids soluble in hot DMF, DMSO, and TCE except 
that those obtained by polymerization under continuous 
vacuum at 130 "C were only partially soluble. The in- 
soluble portion, comprising about half of the total product, 
swelled in hot DMF. The zwitterion melted during po- 
lymerization a t  temperatures of 130 "C and above; po- 
lymerization at  70 and 100 "C proceeded in the solid state. 
'H NMR of the reaction mixtures showed the absence of 
unreacted zwitterion indicating complete conversion of 
monomer to products in all polymerizations. 

Molecular weights were determined by SEC (based on 
calibration with polystyrene standards), and the results 
are shown in Table I. In sealed tube polymerizations with 
methanol-free zwitterion, the polymer molecular weight 
increased with reaction temperature, reached a maximum 
at 100 "C, and then decreased a t  temperatures above 100 
"C. The decrease in polymer molecular weight was gradual 
until temperatures above 130 "C were reached. The 
presence of methanol did not have a significant effect on 
polymer molecular weight and yield. In polymerizations 
under continuous vacuum the polymer molecular weight 
was slightly higher at  100 "C and considerably higher at  
130 "C compared to those in sealed tube experiments. 
However, the polymer obtained a t  130 "C was only par- 
tially soluble in hot DMF, and the reported molecular 
weight is only for the soluble portion of the polymer. The 
insoluble portion swelled in hot DMF. The product ob- 
tained at  160 "C under continuous vacuum was completely 
insoluble but swollen by hot DMF. (The insoluble prod- 
ucts may be cross-linked.) 

Figure 2 shows a typical SEC plot for the thiolanium 
benzoate polymer. This plot, for polymer synthesized by 
bulk polymerization at 100 "C, shows a unimodal molecular 
weight distribution and indicates the absence of significant 
amounts of oligomers. However, there is a long tail of low 
molecular weight material. The low molecular weight tails 
of the SEC plots up to 48.2 min were included in calcu- 
lating the molecular weights presented in Table I. If the 
low molecular weight tails are excluded from the calcula- 
tions, the polymer molecular weights are considerably 
higher. For example, for the sample whose SEC plot is 
shown in Figure 2, the number-average molecular weight 

167 

Mv 

I I 

30 35 40 45 50 
MINUTES 

Figure 2. SEC of thiolanium benzoate polymer synthesized by 
bulk polymerization at 100 "C under continuous vacuum. 

Table I1 
Effect of Temperature and Concentration on Solution 

Polymerization" 
. MW 

ratio of 
SECb VPO repeat units, 

temp, "C yield, % Mn Mw/Mn M, A/B 
Polymerization of CH30H-Containing Zwitterionc 

100 68 7400 2.3 4.3 
130 69 5400 1.7 3370 4.1 
160 38 4100 1.2 4.7 
130d 81 7300 1.9 5800 3.7 

Polymerization of CH,OH-Free Zwitterion 
100 68 7400 2.7 4.5 
160 63 3000 1.3 6.9 

*SEC of purified 
polymers. 0.4 mol of CH30H/mol zwitterion. Monomer con- 
centration was 60% (w/v) for this experiment; 30% concentration 
was used in all other polymerizations. 

"Polymerization in sealed tubes for 65 h. 

is 80 600 for the portion of the sample eluting between 30 
and 37.5 min which corresponds to 80% of the total 
polymer products. 

Solution Polymerization. Solution polymerization was 
carried out in the 100-160 "C temperature range, and the 
results are shown in Table 11. The polymer products were 
white solids soluble in hot DMF, DMSO, and TCE. The 
polymer molecular weight decreased with increasing re- 
action temperature and increased with increasing monomer 
concentration. The molecular weights and yields were 
much lower than those obtained in bulk polymerization. 
The molecular weights of two samples were determined 
by vapor pressure osmometry (VPO), and the results are 
shown in Table 11. The number-average molecular weights 
by SEC were higher than those determined by VPO. The 
difference is attributed to the use of polystyrene standards 
for calibration of SEC. (The thiolanium benzoate polymer 
is more polar, is more solvated by DMF, and elutes faster 
in SEC compared to polystyrene.) Methanol affected the 
polymer yield at  160 "C but had negligible effect for po- 
lymerizations at  lower temperatures. When a 2-fold molar 
excess of methanol was added to the thiolanium benzoate 
zwitterion, the polymer yield dropped to 6% for polym- 
erization at  160 "C. 

Characterization of Polymer. The thiolanium ben- 
zoate polymers were characterized by IR, elemental 
analysis, and 'H and 13C NMR. Figure 3 shows the 'H 
NMR spectrum of the polymer prepared in bulk at 100 "C 
under continuous vacuum. The spectrum was consistent 
with structure I1 for the copolymer in which oxy- 
carbonyl-l,4-phenylenemethylene and oxycarbonyl-1,4- 
phenylenemethylenethiotetramethylene repeats units 



1526 Gunatillake et al. Macromolecules, Vol. 22, No. 4, 1989 

I I  I 8 . 5  

l L 1 I l  ~ 1 1 1 / 1 1 / 1 1 1 1 1 1 1 1 1 ~ 1 1 1 ~ 1 1 1 / , 1 / , , , , / / /  

Figure 3. 200.1-MHz lH NMR spectrum of thiolanium benzoate 
polymer synthesized by bulk polymerization at 100 "C under 
continuous vacuum. 

(subsequently referred to as A and B repeat units, re- 
spectively) are randomly placed along the polymer chain. 
The various 'H NMR signals are assigned as shown in IIb. 

8 I * I 3 2 PSX 1 

~ O C O ~ C A 2 - f E O C O ~ C H 2 ~ ~ H 2 C H 2 C H ~ C H ~  n 

I I b  e 70910i 
The ratios of A to B repeat units for various polymer 
samples were determined by 'H NMR spectroscopy using 
the ratio of signal areas for the two different types of 
benzylic protons (signals 3 and 6), and the results are 
shown in Table I. Polymers obtained by bulk polymeri- 
zation in the 70-130 "C temperature range contained three 
A repeat units for each B repeat unit. The ratio A/B 
increased to 4 a t  160 "C, and the product was a homo- 
polymer of A at  200 "C. Rapid removal of water and 
tetrahydrothiophene from the zwitterion during polym- 
erization had no effect on the copolymer composition as 
the A/B ratio was identical for sealed tube and continuous 
vacuum experiments. (The presence of tetrahydro- 
thiophene among the reaction products was verified by 'H 
NMR analysis of the unpurified reaction mixture from a 
sealed tube bulk polymerization. The spectrum showed 
two triplets at  1.92 and 2.80 ppm, assigned to CH2 and 
SCH, protons, respectively, of tetrahydrothiophene, in 
addition to the polymer signals. These two signals were 
absent in the spectrum of the purified polymer since tet- 
rahydrothiophene dissolves in the ether layer during pu- 
rification.) 

The A/B ratio was determined by kinetic factors not 
thermodynamic factors. This was ascertained by heating 
at  200 "C a polymer sample originally synthesized at  100 
"C. No change in the A/B ratio was observed upon heating 
at  the higher temperature. 

The elemental analysis (Found: C, 68.86; H, 5.38; S, 
4.92) for the polymer synthesized a t  100 "C was in good 
agreement with that calculated for a copolymer with an 
A/B ratio of three (Theory: C, 69.21; H, 5.17; S, 5.13). 

13C NMR spectroscopy supported structure I1 for the 
thiolanium benzoate polymer. Figure 4 shows the 13C 
NMR spectrum of the polymers and the signals are as- 
signed as shown in IIc. The methylene carbon region of 
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Figure 4. 50.3-MHz 13C NMR spectrum of thiolanium benzoate 
polymer synthesized by bulk polymerization at 160 O C .  

carbons. The spectrum of the aromatic region was 
somewhat complicated. The chemical shift values for the 
various aromatic carbons were calculated on the basis of 
additive effects of substituents on the aromatic ring? The 
substituent parameters for COOCH3 and CH20COCH3 
were used to simulate those on the aromatic ring of repeat 
unit A; the parameters for COOCHB and CH2SCH3 to 
simulate those on the aromatic ring of repeat unit B. The 
calculated chemical shift values were in excellent agree- 
ment with the observed values with the largest difference 
being only 1.0 ppm. The carbonyl carbons and several of 
the aromatic carbons showed multiple signals attributable 
to AB diads in the copolymer structure. Significantly 
higher intensities of these signals indicated the copolymer 
to be mostly random and not a block copolymer. A block 
copolymer would have very low concentrations of AB 
junctions and consequently low intensity carbon signals 
for the corresponding carbons. The A/B ratio of the co- 
polymer synthesized at  100 "C was calculated from the 
signal areas (obtained from an inverse gated decoupling 
experiments) for signals 6 and 12 which represented repeat 
units A and B, respectively. The A/B ratio obtained, 3.0, 
was in excellent agreement those calculated from 'H NMR 
and elemental analysis. 

NMR ('H and 13C) spectra of polymers obtained in so- 
lution polymerization under various conditions were similar 
to those of polymers obtained in bulk polymerization. The 
spectral data were consistent with structure 11. The A/B 
ratio was about 4, slightly higher than found in bulk po- 
lymerization, for all polymers except the polymer obtained 
at  160 "C with methanol-free thiolanium benzoate zwit- 
terion which had a ratio of 6.9. 

The infrared spectrum of the thiolanium benzoate 
polymer showed major absorption peaks at 3140 (aromatic 
C-H), 2940 (aliphatic C-H), 1575 and 1505 (aromatic 
C-C), 1265 and 1100 (C-0), 842 and 750 (aromatic C- 
H), and 1717 cm-' (ester C-0). Additional absorptions 
a t  1450, 1412, 1372, 1310, 1175, and 1015 cm-' are con- 
sistent with CO, CH,, aromatic CH, SCHp, and other 
moieties of structure 11. 

Polymer End Groups. The polymer end groups were 
identified by 'H NMR as hydroxyl (HO), carboxyl (COO- 
H), and ester methyl (COOCH3) for thiolanium benzoate 
Dolvmers Synthesized under various reaction conditions - -  

14 
in solution polymerization. The polymers prepared from 
methanol-free monomer contained only hydroxyl and 

13 1 5  l e  carboxyl end groups whereas those synthesized from 
i o t o ~ ~ H 1 ~ O ~ ~ ~ t ; 2 ~ ~ H 2 ~ H 2 c H 2 c H 2  

2 5 8 1 1  methanol-containing monomer contained all three types 
IIC of end groups. 

the spectrum was simple, and the signal assignments were 
made on the basis of chemical shift values for similar 

The end group signals in the 'H NMR spectrum (Figure 
5) of a polymer prepared from methanol-free zwitterion 
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Figure 5. 200.1-MHz 'H NMR spectrum of thiolanium benzoate 
polymer synthesized by solution polymerization at 160 O C .  

are assigned as shown in V and VI where - represents the 
A and B repeat units. The COOH proton signal was very 

11 12 13 11 14 1s 
H O C H 2 P h w C O O H  HOCH2(CH2),SCH2PhnmCOOH 

V V I  

weak, presumably due to slow exchange with water present 
in the sample (water appears as a broad signal at 3.30 ppm 
in Figure 5). The hydroxyl proton is seen as a relatively 
strong signal indicating it does not exchange rapidly with 
water (perhaps due to its being in the hydrophobic portion 
of the polymer). If exchange were slow enough, we would 
expect splitting between signals 11 and 12 and between 
signals 11 and 14. Signals 11 and 14 appear a t  high 
magnification of the NMR spectrum to have shoulders- 
which may comprise unresolved splitting. Signal 12 is 
clearly not split and the reason is not evident. (There is 
a second but smaller water signal a t  2.65 ppm which is 
assigned to undissolved water. We have previously ob- 
served the phenomenon of two water signals due to dis- 
solved and undissolved water. One can observe this in 
some NMR samples which show only one water signal by 
deliberately adding water. A second water signal appears 
at some point and grows continuously in size as one reaches 
the situation where heterogeneity is visible to the eye. 
Further water addition results in further increase in the 
size of the second water signal. Both water signals ex- 
change with D20.) 

The assignments of the hydroxyl, carboxyl, and two 
water signals were aided by an experiment in which DzO 
was added to the NMR sample. This resulted in the 
disappearance of all four signals-signal 11 (hydroxyl), 
signal 13 (carboxyl), and the two water signals at 2.65 and 
3.30 ppm. Additional verification of hydroxyl and carboxyl 
end groups was obtained from 'H NMR spectroscopy of 
the acetylated thiolanium benzoate polymers. Signals 
11-14 disappeared and were replaced by signals due to 
various CH3 and CH2 protons for the acetylated end groups 
with the observed parts per million values shown in VI1 
and VIII. The signal area for the anhydride methyl signal 

1 1 1 
2 0 8  6 1 3  2 33 

CHaCOOCH2PhMCOOCOCH 3 

V I 1  

1.97 3.97 2.33 

1 I 1 
CH,COOCH2CH2CH,CH2SCH2Ph~COOCOCH3 

VI11  

(acetylated polymer) was much larger than that for the 
COOH signal (unacetylated polymer)-corroborating that 
there was exchange between COOH and water. 

Figure 6. HPLC of ether-soluble oligomer fraction on a p-Porasil 
column. Mobile phase: CH2C12-CH3CN (1005). 

Since the polymer sample had an A/B ratio of 6.9, the 
concentration of end groups of type VI1 would be 6.9-fold 
greater than that of VIII. 

The signal areas for the various end group signals were 
in excellent agreement with structures V and VI in a ratio 
of 6.9. 

The 'H NMR spectrum of the polymer synthesized at 
160 "C in DMF solution from methanol-containing zwit- 
terion showed signals a t  4.73 (s, HOCH2Ph), 3.88 (s, 
COOCH,), 3.60 (m, HOCH2CHz), and 2.31 (9, OH) ppm 
due to end groups as shown in IX and X. The 'H NMR 
HOCH,PhWCOOCH3 H O C H ~ C H ~ C H ~ C H ~ S C H ~ P ~ W ~ V C O O C H ~  

I X  X 

spectrum did not show a COOH proton signal presumably 
due to low concentration of COOH and exchange with 
water present in the sample. Evidence for the presence 
of carboxyl end groups was obtained from the presence of 
an anhydride methyl signal a t  2.33 ppm in the 'H NMR 
spectrum of an acetylated polymer sample. Furthermore, 
the 'H NMR spectrum of the same acetylated sample 
recorded after standing 2 months showed the disappear- 
ance of the anhydride methyl signal and the appearance 
of signals for COOH (10.06 ppm) and methyl of acetic acid 
(2.04 ppm). This change was attributed to hydrolysis of 
the anhydride group to acetic acid and carboxyl end group. 

The end group signals of polymers obtained in bulk 
polymerization were very weak due to the considerably 
higher molecular weight compared to those from solution 
polymerization. The presence or absence of methanol did 
not change the nature of the end groups. All polymers 
contained hydroxyl and carboxyl groups as noted by weak 
signals at 2.30 and 10.05 ppm, respectively; no methyl ester 
end groups were present. 

Characterization of Ether-Soluble Products. So- 
lution Polymerization. The ether-soluble products ob- 
tained in solution polymerization of methanol-containing 
thiolanium benzoate zwitterion constituted about 32% of 
the total products for polymerizations at 100 and 130 "C 
and 62% a t  160 OC. The ether-soluble products obtained 
at 160 OC were characterized by HPLC and 'H NMR. The 
analytical HPLC (Figure 6) showed the presence of at least 
18 different compounds. The mixture was fractionated by 
preparative HPLC. Compounds 9 and 10 were obtained 
in pure form as shown by analytical HPLC. The remaining 
compounds were obtained in purities ranging from 60 to 
80%. 

Compound 9 was identified as methyl 4-(hydroxy- 
methy1)benzoate (XI) on the basis of 'H NMR spectros- 
copy. The 'H NMR spectrum showed signals at 8.03 (d, 

HOCHzPhCOOCH3 
XI 

HOCH2PhCOOCHzPhCOOCH3 
XI1 

2 H, aromatic), 7.44 (d, 2 H, aromatic), 4.78 (9, 2 H, CH2), 
3.92 (s, 3 H, OCH,), and 1.86 ppm (s, 1 H, OH). Com- 
pound 10 was identified as XI1 on the basis of 'H NMR 
signals at 8.07 (m, 4 H, aromatic), 7.48 (m, 4 H, aromatic), 
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5.41 (s, 2 H, OCHZ), 4.78 (s, 2 H, HOCHZ), 3.92 (s, 3 H, 
OCH3), and 1.92 ppm (s, 1 H, OH). Compound 11 was 
obtained in 80% purity with compounds 10 and 12 as the 
impurities in it. The 'H NMR spectrum was consistent 
with structure XI11 for compound 11. The 'H NMR 

HOCH~PhCOOCH~PhCOOCH~PhCOOCH~ 
XI11 

spectra of other fractions indicated that compounds 12 
through 18 were low molecular weight linear thiolanium 
benzoate polymers (i.e., oligomers of VI1 and VIII). That 
is, the lH NMR spectra of these fractions showed signals 
for the A and B repeat units and for the hydroxyl and 
methyl ester end groups. Signal areas for the repeat units 
relative to those for end groups indicated that molecular 
size increased progressively for compounds 12 through 18. 
The average ratio of A to B repeat units was 2 on the basis 
of the 'H NMR signal areas for methylene protons in 
OCH, of A and SCH, in B. 

Although the compounds (1-8) in the group with sig- 
nificantly shorter retention times were not isolated in pure 
form, several fractions were obtained with compounds 3, 
4,5,6,  and 7, respectively, as the major components. The 
'H NMR spectrum of the fraction with compound 3 as the 
major component showed major signals a t  7.83 (d, aro- 
matic), 7.42 (d, aromatic), 4.26 (t, OCH,), 3.79 (s, SCH,Ph), 
2.45 (t, SCH,CH,), and 1.73 ppm (m, CH,CH,). The 
spectrum did not show signals due to HOCH, or CH3CO0 
(or any other) end groups. End groups, if present, in these 
low molecular weight products would be easily detected 
under the conditions of our 'H NMR experiments. The 
spectral data plus the short retention time compared to 
those for the linear oligomers (compounds 9-18) indicated 
compound 3 had the cyclic structure XIV. The 'H NMR 

(CHp), SCHp PhCOO (CH,)4SCHpPhCOOCHpPhCOO 

X I V  x v  
spectrum of a fraction containing compounds 3 and 4 as 
the major components (40/60) showed signals a t  7.94 (m, 
aromatic), 7.38 (m, aromatic), 5.42 (s, OCH,Ph), 4.26 (m, 
COOCH,CH,), 3.79 and 3.69 (s, SCHzPh of compounds 3 
and 4), 2.40 (m, CH,CH,S), and 1.72 ppm (CH,CH,). The 
spectrum was consistent with a mixture of XIV and XV. 
Mass spectroscopy was performed on the two fractions- 
the one containing mostly compound 3 and the other 
containing a mixture of compounds 3 and 4. The mass 
spectra corroborated the NMR data. Compounds 3 and 
4 have the structures XIV and XV, respectively. The 'H 
NMR spectra of other HPLC fractions containing com- 
pounds 5 through 8 indicated those compounds to have 
cyclic structures similar to XV with progressively in- 
creasing ring size and an average A/B ratio of 2. The total 
amount of cyclic compounds in the ether-soluble fraction 
was determined as 26% (16% of the total products) from 
the HPLC peak areas. 

Bulk  Polymerization. The amount of ether-soluble 
products (4-1270) in bulk polymerization was much lower 
than obtained in solution polymerization. The polymer- 
ization temperature and the presence or absence of 
methanol did not affect the amount of ether-soluble 
products. The 'H NMR spectra of the ether-soluble 
products formed a t  100 and 160 "C were very similar to 
that of the polymer spectrum (Figure 3). Further, the 
spectrum showed signals due to COOH and OH end groups 
indicating the ether-soluble products were mostly linear 
oligomers. (The identity of the end groups were unaffected 
by the presence or absence of methanol.) Cyclic oligomers 
did not comprise a significant portion of the ether-soluble 
products. 
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Polymerization Mechanism. Bulk polymerization is 
initiated by loss of water of hydration (and methanol, when 
present) followed by nucleophilic attack of the carboxylate 
anionic center of one zwitterion on the benzylic carbon (eq 
5) or a-carbon of the tetrahydrothiophenium ring (eq 6) 

QCHpPhCOOCHpPhCOO- + CS (5) 

X V I  

&HpPhCOO(CHp),SCH,PhCOO- (6) C 
X V I I  

of a second zwitterion. The nucleophilic attack on the 
benzylic carbon occurs with release of tetrahydrothiophene 
to yield dimer XVI while attack at  the a-carbon of the 
tetrahydrothiophenium ring results in ring scission to yield 
dimer XVII. Propagation proceeds by reactions of dimers 
XVI and XVII with themselves, each other, and I to 
produce linear tetramers and trimers. The trimer and 
tetramer can react with themselves, each other, XVI, XVII, 
and I. Growth continues in a step-reaction manner with 
the formation of different-sized molecules of type XVIII 
with random (not block) placement of A and B repeat 
units. 

S'- CCHp PhCOO In C(CHp )4SCH 2PhC001,CHp PhCOO- 

X V I I I  

C 
A and B repeat units are formed by attack of the car- 

boxylate anion on the benzylic carbon and a-carbon of 
tetrahydrothiophenium ring, respectively. Attack at  the 
benzylic carbon is the favored reaction in bulk and solution 
polymerization as determined by analysis of the copolymer 
compositions by NMR and elemental analysis. This result 
is analogous to that observed by Burrows and Cornel1 for 
the solid-state thermal decomposition of various benzyl- 
dimethylsulfonium salts.6 The benzyl-to-methyl dis- 
placement ratio varied from 6 for m-NOzPhCHzS(CH3)zBr 
to 130 for p-CH30PhCH2S(CH3),I. 

The carboxyl and hydroxyl end groups of polymer and 
linear oligomer are formed by reaction of the propagating 
species XVIII with water (and OH- formed via reaction 
4) to substitute hydroxide a t  the benzylic carbon (pre- 
dominate reaction) or a-carbon of the tetrahydro- 
thiophenium ring (eq 7 and 8, respectively.) The oligomer 

HOfCH,PhC001,[(CH~)4SCH~PhCOOlmCH2PhCOOH + S 
I 3 
/ 

X V I I I  
\ 

X I X  ( 7 )  

\ 
HO(CHp )4SfCHzPhC001, [(CH, )4SCH,PhC001,CH2PhCOOH 

x x  ( 8 )  

fraction was very small (4-12 % ) in bulk polymerization 
and consisted mostly of linear oligomer. Very little cyclic 
oligomer (formed by cyclization of XVIII via intramolec- 
ular attack of carboxylate at benzylic carbon and a-carbon 
of tetrahydrothiophenium ring) was formed. The large 
polymer fraction and its high molecular weight is ac- 
counted for by the insolubility of XVIII in water which 
precludes early termination of XVIII. Higher reaction 
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temperatures (160-200 "C) result in lower molecular 
weights as there is some miscibility between XVIII and 
water. The lack of any effect of methanol (relative to 
water) on bulk polymerization is similiarly attributed to 
an incompatibility of XVIII and methanol. The higher 
polymer molecular weight obtained in bulk polymerization 
under continuous vacuum is due to the quicker removal 
of water (and methanol as well as tetrahydrothiophene) 
from the reaction system which decreases further the ex- 
tent of termination by reactions 7 and 8. Fast water re- 
moval may also affect the reaction by facilitating a mo- 
lecular weight increase via esterification between hydroxyl 
and carboxyl end groups of different polymer molecules. 

The presence of water and methanol in sealed tube ex- 
periments was shown to inhibit and, in fact, decrease 
polymer molecular weight. In separate experiments, 
methanol or water was added to purified polymer and the 
reaction tube sealed and heated at 130 "C for 2 days. The 
polymer molecular weights decreased about 10 and 35%, 
respectively, when methanol and water were present. 

There was a significant difference between bulk and 
solution polymerization. Solution polymerization gave 
decreased polymer yields (increased oligomer yields), and 
the polymer molecular weight was considerably decreased 
(Table 11). The water of hydration of the thiolanium 
benzoate zwitterion is not removed from the reaction 
system as it is in bulk polymerization (either being con- 
densed at  the top of the polymerization tube in sealed tube 
experiments or quickly removed in continuous vacuum 
experiments). Water is soluble in DMF and is present 
throughout the polymerization process. This results in 
increased termination by substitution to decrease both the 
polymer yield and polymer molecular weight. The pres- 
ence of methanol in the thiolanium benzoate zwitterion 
affected the identity of the end groups for the polymer and 
linear oligomer at all reaction temperatures. Hydroxyl end 
groups were unchanged by the presence of methanol, but 
a portion of the carboxyl end groups were esterified to form 
methyl ester end groups. The presence of methanol greatly 
decreased the polymer fraction for polymerization at 160 
"C. This is attributed to transesterification of linear 
polymer by methanol. Verification for the trans- 
esterification mechanism came from an experiment in 
which methanol was added to a DMF solution of the linear 
polymer. Heating that solution a t  160 "C resulted in 
solubilization of 32% of the polymer in diethyl ether. 
Since transesterification usually requires high tempera- 
tures, no significant effect of methanol on polymer yield 
and molecular weight was observed for polymerization at  
100 and 130 "C. 

For bulk polymerizations under continuous vacuum, 
approximately one-half of the polymer at  130 "C was in- 
soluble while the polymer synthesized at  160 "C was com- 
pletely insoluble. Whether or not these insoluble polymers 
are cross-linked is unclear. At  a minimum, the insoluble 
products must be of considerably higher molecular weight 
than the soluble products. If the products are cross-linked, 
the mechanism responsible for cross-linking is not un- 
derstood. Further work in this area is contemplated. 

I t  is interesting to compare the difference in bulk po- 
lymerization between the thiolanium benzoate zwitterion 
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and tetrahydro-l-(4-hydroxy-l-naphthyl)thiophenium 
hydroxide inner salt (XXI). The latter is referred to as 

X X I  X X I I  

naphthyl zwitterion. Polymerization of the naphthyl 
zwitterion was previously reported3 to yield three-fourths 
linear polymer, poly(oxytetramethy1enethio-1,4- 
naphthalene) (XXII), and one-fourth oligomer (consisting 
of 91% cyclics). Initiation and propagation proceeds by 
ring-opening nucleophilic attack by the arene oxide anionic 
center of one zwitterion on the a-carbon of the tetra- 
hydrothiophenium ring of another zwitterion. Termination 
occurs by cyclization, 0-elimination, and substitution. For 
polymerization of the thiolanium benzoate zwitterion, the 
attacking species is a carboxylate anion and termination 
involves cyclization and substitution. The absence of 
elimination for the thiolanium benzoate zwitterion is at- 
tributed to two factors. First, the carboxylate anion is too 
poor a base compared to phenoxide anion (the respective 
pK, values for the corresponding acids are 4.19 and 9.897) 
to affect proton abstracton. Second, the thiolanium ben- 
zoate polymer is rich in A repeat units which are not ca- 
pable of undergoing elimination. 

The absence of any significant amount of cyclization in 
the thiolanium benzoate system is attributed to the low 
flexibility of the polymer chains due to the high content 
of the rigid A repeat units. Since there is only one sig- 
nificant mode of termination, the polymer yield and mo- 
lecular weight are generally higher than obtained in po- 
lymerization of the naphthyl zwitterion. Furthermore, the 
terminated thiolanium benzoate polymer contains hy- 
droxyl and carboxyl end groups which can undergo es- 
terification to increase polymer molecular weight. 
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