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POLYMERS OF CARBONIC ACID. 15. 
POLYMERIZATION OF CY CLOTRl M ETHY LEN E 
CARBONATE WITH TiCI4 OR SbCI5 AS INITIATOR 

HANS R. KRICHELDORF* and BETTINA WEEGEN-SCHULZ 

Institut fur Technische und Makromolekulare Chemie der 

Bundesstr. 45, D-20146 Hamburg, Germany 
Universitat 

ABSTRACT 

Bulk polymerization of cyclotrimethylene carbonate (TMC) was 
conducted with either TiC1, or SbC15 as initiator. Reaction time, temper- 
ature, and monomer/initiator (M/Z)  ratio were varied. High yields 
( > 9Wo) were obtained with both initiators, but the weight-average mo- 
lecular weights (M,) never exceeded 75,000. In contrast to SbCl,, TiCI, 
does not cause decarboxylation at temperatures below 15OOC so that 
polycarbonates free of ether groups were formed. However, both initia- 
tors yield polycarbonates with more CH,Cl than CH,OH endgroups. In 
contrast to the sluggish Tic&, SbC1, is reactive enough to initiate the 
polymerization of TMC in CHCl, at 25OC. Both TiCl, and SbC1, form 
complexes with the monomer via the carbonyl group. In the case of 
TiCl,, a solid 1:2 complex was isolated and characterized by IR- and 

C-NMR CP/MAS spectroscopy. Furthermore, a crystalline 1 :2 com- 
plex was synthesized with neopentanediol carbonate (NPC). In the case 
of SbCl,, no well-defined complex was obtained with TMC but a crystal- 
line 1: 1 complex was obtained with NPC. These NPC complexes proved 
to be useful as initiators of bulk polymerizations of TMC. 
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INTRODUCTION 

Whereas aromatic polycarbonates have been intensively studied and commer- 
cialized over a period of four decades, relatively little work has been done on 
aliphatic polycarbonates. However, this class of polyesters has recently attracted 
more interest. In contrast to aromatic polycarbonates, the aliphatic polycarbonates 
are usually prepared by the ring-opening polymerization of cyclocarbonates. This 
situation raises the question of which catalyst or group of catalysts is best suited for 
the homopolymerization of cyclocarbonates, on the one hand, and for copolymer- 
izations (including other heterocycles), on the other hand. Previous work of several 
research groups has mainly concentrated on anionic polymerization [ 1-81. How- 
ever, recent studies have shown [9-161 that Lewis acids such as BF,, SnCl,, SnBr,, 
SnI,, BuSnCI,, or Bu,SnCI, allow the polymerization of cyclotrimethylenecarbonate 
(TMC) with high yields and high molecular weights. However, depending on the 
initiator and the reaction conditions, the chain growth process may involve more or 
less decarboxylation, so that the resulting polycarbonates contain ether groups. 
Furthermore, the polymerization mechanisms are not well understood, in particular 
when chlorine- or bromine-containing Lewis acids serve as initiators. The present 
work was aimed at studying and comparing TiC1,- and SbC1,-initiated polymeriza- 
tions of TMC. 

EXPERIMENTAL 

Materials 

TiCI, and SbCI, were purchased from Aldrich Co. (Milwaukee, Wisconsin, 
USA). TiC1, was distilled under dry nitrogen whereas SbC1, was used as supplied. 
TMC was a gift of Boehringer KG (Ingelheim, Germany). It was purified by recrys- 
tallization from CCI, and ligroin (mp 39-41 "C). 

Polymerizations 

TMC (50 mmol) was weighed into a 25-mL Erlenmeyer flask pretreated with 
dichlorodimethylsilane. The initiator was injected in form of a I-M solution in dry 
chloroform. The reaction vessel (closed with a glass stopper and a steel spring) was 
completely immersed in a thermostated oil bath to prevent a temperature gradient. 
When the reaction time was over (see Tables 1-6), the reaction product was dis- 
solved in 50 mL CH,CI, and precipitated into cold methanol. The reaction mixtures 
were prepared under an atmosphere of dry nitrogen. 

Formation of the TiCI,.2 TMC Complex 

A 1-M solution of TiC1, in dry chloroform was added dropwise with stirring 
to a 2-M solution of TMC in dry chloroform until equal volumes were mixed. The 
reaction mixture was cooled with ice for 1 hour and finally filtered under an atmo- 
sphere of dry nitrogen. After washing with a small amount of cold CHCl,, the 
isolated product was dried over P40,,, in vacuo. Yield 83%. 
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TABLE 1. 
60°C with M/Z = 200 and Variation of the Reaction Time 

TiC1,-Initiated Polymerizations of TMC in Bulk at 

a CH,C1 Time, Yield, )7inh, 
Polymer hours 070 dL/g monomer M,' 

1 8 Oligomers Oligomers - - 
2 24 42.0 0.18 1 /45 13,000 
3 48 90.5 0.28 - 25,000 
4 72 90.0 0.31 1/65 - 
5 96 91.0 0.34 - 30,000 
6 144 93.5 0.36 - - 
7 192 95.0 0.37 1/75 32,000 

aMeasured at 25OC with c = 2 g/L in CH,C12. 
bMolar ratio of CH,Cl endgroups/monomer units. 
'Calculated from the Mark-Houwink equation [ o ]  = 0.041 x 

M;62. 

Analyses calculated for CBH,,Cl,06Ti (393.9): C 24.39, H 3.07, C1 36.00; 
found C 22.55, H 3.35, C1 37.41%. Calculated for a 1:l complex: C,H,Cl,O,Ti 
(291.8): C 16.46, H 2.07, C148.60%. 

For spectroscopic data see Table 7. 
The TiCl,*2 NPC complex was prepared analogously. Yield 85%. 
Analyses calculated for C,,H,,CI,06Ti (450.0): C 32.03, H 4.48, C1 31.51; 

For NMR spectroscopic data see Table 8.  
found C 30.06, H 4.38, C1 31.58%. 

Synthesis of the SbCI,. NPC Complex 

A 1-M solution of SbC1, in CDCl, was added dropwise with stirring to a 1-M 
solution of NPC in CDC13. After mixing equal volumes, the reaction mixture was 
cooled and worked up as described above. Yield 74%. 

TABLE 2. 
Variation of the Reaction Temperature (192 hours, M / I  = 200) 

TiC1,-Initiated Polymerizations of TMC with 

Temperature, Yield, vinh, a Ether, CHzCl' 
Polymer "C Yo dL/g mol% monomer 

1 60 88.0 0.36 0 1 /79 
2 90 86.0 0.34 0 
3 120 85.5 0.31 0 1 /50 
4 150 86.0 0.23 0.4 - 
5 180 12.0 0.12 0.9 I /25 

- 

aMeasured at 25OC with c = 2 g/L in CH,Cl,. 
bMolar fraction of ether groups relative to the sum of ether and 

'Molar ratio of CH,Cl endgroups/monomer units. 
carbonate groups. 
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TABLE 4. 
Variation of the Reaction Time (6OoC, M/Z = 200) 

SbC1,-Initiated Polymerizations of TMC with 

Temperature, Yield, qInh, a Ether, ' CH,Cl' 
Polymer hours 070 dL/g 070 monomer 

8 94.0 0.52 0.80 11160 
24 89.0 0.43 - - 

48 88.5 0.41 1.80 1 /90 
72 90.5 0.38 - - 
96 89.5 0.37 3.25 1 /70 

~ 

"Measured at 25OC with c = 2 g/L in CH,CI,. 
bPercentage of ether groups relative to the sum of ether and carbon- 

'Molar ratio of CH,Cl endgroups/monomer units. 
ate groups. 

Analyses calculated for C,H,oCl,O,Sb (429.5): C 16.79, H 2.35, C1 41.31; 
found C 16.86, H 2.55, C141.01Vo. For NMR spectroscopic data see Table 8. 

Measurements 

lohde viscometer, thermostated at 25 O C .  

Suspensions of TMC or NPC complexes in paraffin were used for this purpose. 

spectrometer in 5 mm 0.d. sample tubes. 

NMR spectrometer in 5 mm 0.d. sample tubes. 

The inherent viscosities were measured in CH,CI, with an automated Ubbe- 

The IR spectra were recorded with a Nicolet SXB 20 FT-IR-spectrometer. 

The 100-MHz 'H-NMR spectra were obtained on a Bruker AC-100 FT-NMR 

The 360-MHz 'H-NMR spectra were recorded with a Bruker AM-360 FT- 

TABLE 5. 
Temperature ( M / I  = 200, time = 8 hours) 

SbC1,-Initiated Polymerizations of TMC with Variation of the 

Temperature, Yield, qinhr a Ether,' CH2Cl' 
Polymer hours Vo dL/g 070 monomer MWd 

1 60 88.0 0.54 0.9 1/170 - 
2 90 92.0 0.37 3 .O 
3 120 90.5 0.31 3.5 1 /60 35,000 
4 150 90.0 0.27 3.6 
5 180 75.0 0.21 3.7 1 /40 20,000 

- - 

- - 

aMeasured at 25 OC with c = 2 g/L in CH,Cl,. 
bPercentage of ether groups relative to the sum of ether and carbonate groups. 
'Molar ratio of the CH,CI endgroups/monomer units. 
dDetermined by GPC in tetrahydrofuran using the universal calibration 

method. 
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TABLE 7. 
Its TiCl, and SbCl, Complexes, and of Poly(TMC) 

'H- and 13C-NMR Chemical Shifts (6)  of TMC, 

Chemical shifts 6, 
PPm a 

Nucleus Compound Solvent CO C, C, 

'H TMC CDCI, - 4.47 
6 5 No 2 - 4.57 

CsDP02  - 4.33 
Poly( TMC) CDCI, - 4.24 

TMC . SbC15 CDCI, - 4.91 
TMC CDCI, 148.2 67.7 

C6D5N02 149.0 68.9 
152.1 71.8 

Poly( TMC) CDCI, 154.9 64.3 
C6D5N0, 155.7 65.2 

157.1 66.7 
156.6 72.3 TiC14-2TMC - 

SbC1, * TMC CDCI, 155.8 71.6 

13c 

b - 

b 

b 
- 

"Relative to internal TMS. 
bSolid-state CP/MAS measurements. 

2.16 
2.22 
2.06 
2.14 
2.52 

21.1 
22.4 
23.2 
28.1 
28.8 
29.9 
21.2 
20.7 

TMS served as the internal standard for all solution measurements. 
The 75.4-MHz ',C-NMR CP/MAS spectra were recorded with a Bruker MSL- 

300 FT-NMR spectrometer using ZrO, double-bearing rotors. A spinning rate of 4 
kHz, a contact time of 1 ms, and a repetition time of 4 seconds were used for all 
measurements. 

RESULTS AND DISCUSSION 

Polymerizations with TiCI, 

In order to  obtain the highest possible molecular weight and in analogy to 
previous studies of TMC, all polymerizations were conducted in bulk. In the first 
series of polymerizations the temperature was maintained at 6OoC, the M/I  ratio 
was fixed at 200, and the reaction time was varied between 8 and 192 hours. The 
results, summarized in Table 1, show that the highest yield and the highest viscosity 
were obtained at the longest reaction time. This means the polymerization is rela- 
tively slow and continues over a period of 8 days. Another conspicuous result was 
revealed by 'H-NMR spectroscopy; the absence of ether groups. In other words, 
perfect polycarbonates were obtained whereas BF,, SnCl,, SnBr,, and Bu,SnCl 
cause partial decarboxylation under the same reaction conditions [ 13-16]. 

When the temperature is raised at a fixed reaction time of 8 days (192 hours) 
both yields and viscosities decrease continuously (Table 2). The GPC measurements 
of the reaction mixtures display a broad molecular weight distribution (MWD) with 
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TABLE 8. 
or SbCl, Complexes 

'H- and l3C-NMR Chemical Shifts (6)  of NPC and Its TiCl, 

Chemical shifts 6, ppma 

Nucleus Compound Solvent CO c, c, c, 
'H NPC CDCl, 

SbCl, .2NPC CDCl, 
Poly( NPC) CDCl, 

C6D5N02 

CtiDJO, 

I3c NPC CDCl, 
C6D?N02 

b - 

b 

b 
TiC1, * 2NPC - 
SbCl, * NPC - 
Poly( NPC) CDCl, 

C6DJ02  

147.9 
148.5 
151.2 

159.0 
(160)' 
155.3 
155.9 

4.09 
4.20 
4.39 
3.97 
4.11 

77.2 
78.0 
78.7 

82.4 
83.9 
72.4 
73.2 

28.1 
28.7 
30.4 

30.8 
31.1 
35.2 
35.8 

1.13 
1.10 
1.22 
1 .oo 
1.03 

20.7 
20.8 
22.7 

23.8 
23.4 
21.4 
21.6 

aReIative to internal TMS. 
b75.4 MHz "C-NMR CP/MAS spectra 
'Broad signal. 

a tail to low molecular weight compounds. Backbiting degradation obviously occurs 
at higher temperatures and produces cyclic oligomers. The precipitated material 
shows a narrower MWD and seems to consist mainly of linear oligomers as evi- 
denced by a high content of CH,OH and CH,Cl endgroups (Fig. l ) .  Furthermore, 
small amounts of ether groups were detected at the highest reaction temperatures 
(150 and 180°C, Table 2). 

These endgroups and the CH,-0-CH, structure were assigned in the follow- 
ing way. First, their chemical shifts and coupling constants were compared with 
those of 3-chloropropanol-1 and bis-n-propyl ether. Second, trifluoroacetic anhy- 
dride was added to the poly(TMC) solutions in CDCl,. The rapid esterification of 
the CH,OH endgroups generates CH2-0-COCF, endgroups with a chemical shift 
0.5 ppm downfield of the CH,OH groups. In contrast, the signal of the CH,Cl 
group remains unchanged upon addition of trifluoroacetic anhydride. The signal of 
the -CH2-O-CHz- groups shifts 0.1-0.2 ppm downfield due to H-bonds of the 
liberated trifluoroacetic acid. 

Finally, a third series of polymerizations was conducted with variation of the 
M / I  ratio (Table 3). Both inherent viscosities and GPC measurements indicate that 
the molecular weights increase with the M/Z ratio. However, several observations 
agree in that these polymerizations do not obey the pattern of "living polymeriza- 
tions." First, all samples possess a relatively high content of chloride endgroups, 
and the molar fraction of chloride endgroups exceeds that of OH endgroups (Fig. 
1 ). Second, the number-average molecular weights (M,)  calculated from these end- 
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0 o b  

0 
d 

CI -CH2-CH2-CH2-O-CO-O- 

- 
5 4 3 2 1 0 

6[PPMI 

FIG. 1. 360 MHz 'H-NMR spectrum of poly(TMC) prepared with TiCl, at 6OoC 
(MI1 = 50, No. 1, Table 3) .  

groups are considerably lower than the M/Z ratios. Third, the M J M ,  ratios ob- 
tained from GPC measurements are all above 1.8. 

Polymerizations with SbCI, 

Three series of SbClJnitiated polymerizations were conducted in bulk in anal- 
ogy to those initiated with TiC1,. The variation of the reaction time at 6OoC revealed 
several differences compared to  the TiC1,-initiated polymerizations listed in Table 
4. First, the SbClJnitiated polymerizations were considerably faster and were com- 
plete after 8 hours. Longer reaction times result in a significant decrease of the 
molecular weight. Second, the isolated polycarbonates possess less CHzCl end- 
groups when compared at shorter reaction times. Third, the polycarbonates contain 
ether groups (Fig. 2). The fact that the polymerizations were complete in less than 8 
hours whereas the number of chloride and ether groups increases with time indicates 
that side reactions take place which involve the polycarbonate backbone. In other 
words, these side reactions are not restricted to the chain growth process in contrast 
to  BF, and SnC1, [ 131 where the polycarbonate backbone was stable at 6OOC. 

The high reactivity of SbC1, toward TMC is also documented by the finding 
that it can initiate the polymerization even at 2OoC in solution (Fig. 3 )  in contrast 
to TiCl,. For the initial slope of the time/conversion curve (0-5%), a rate constant 
(k , )  of 2.8 x L/mol.s was found, and a k, of 1.05 x lo-' L/mol.s was 
found for the maximum slope between 40 and 50% conversion. Unfortunately, the 
high reactivity of SbC1, prevented comparative kinetic studies in more polar solvents 
such as dimethylformamide, acetonitrile, nitromethane, or nitrobenzene because all 
these solvents react with SbC1,. 

Variation of the reaction temperature (Table 5 )  yielded, as expected, polycar- 
bonates with a higher content of ether groups. However, it is remarkable that the 
fraction of ether groups did not exceed 4% whereas under identical conditions 
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0 + O-COH,-Ck,-CH,-O-C " f, 
C r;' 

H O - C H ~ - C H ~ - C H ~ - O - C  -0- 

1 

- r  

5 4 3 2 1 0 

6 [PPMI 

FIG. 2. 60 MHz 'H-NMR spectrum of poly(TMC) prepared with SbCl, at 180OC 
(M/Z = 200, No. 5 ,  Table 5 ) .  

Loo0 3200 ZLOO 1600 800 

Wavenumber Icm-'l 

FIG. 3.  IR spectra (suspensions in paraffin) of (A) neat TMC, ( B )  TiC14.2TMC 
complex. 
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percentages of 15-20 mol% were obtained when BF,, SnCl,, or SnBr, were used as 
initiators. From this point of view, SbCl, is in-between the extremes TiCI, and SnCI, 
(or SnBr,). Taken together, the polymerizations summarized in Tables 1-6 reveal 
significant differences between TiC1, and SbCl,. 

Complexation of TMC 

In order to gather more information on the polymerization mechanisms of 
Lewis-acid-initiated polymerizations of TMC, it is useful t o  study the elementary 
steps of the initiation reaction. As reported previously [ 12-14], Lewis acids may 
form well-defined crystalline complexes when combined with aliphatic cyclocarbon- 
ates in chloroform. A solid 1:2 complex with the hypothetical structure 1 was also 
obtained when solutions of TiCl, and TMC in chloroform were mixed. However, 
addition of TiCI, to nitrobenzene or C6D,N0, yielded a yellow precipitate even in 
the absence of TMC, and thus, reactions of TiCI, with TMC were not studied in this 
polar solvent. Hence, the spectroscopic properties of this complex could not be 
determined in solution. The IR spectrum (Fig. 3) of the complex l a  confirms the 
complexation of the carbonyl oxygen, which is the most basic and nucleophilic 
atom of the cyclocarbonates. Comparison with neat TMC reveals a considerable 
bathochromic shift of the C=O stretch vibration. The I3C-NMR CP/MAS spec- 
trum displays a downfield shift of all carbon signals, with the most pronounced 
shift effect for the CO group (Fig. 4). The sharp signals and the identical chemical 
shifts of both 0-CH, carbons support the symmetrical structure of the complex as 
outlined in formula 1. Similar results were obtained when TiCl, was reacted with 
the double molar amount of neopentylene carbonate (NPC) in chloroform. The 
spectroscopic features of the complex l b  were analogous to  those of la .  The spec- 
troscopy data of both complexes are listed in Tables 7 and 8. 

The reaction of SbCl, with TMC in chloroform gave a gel-like precipitate, and 
all attempts to  isolate a pure complex failed. The reaction of SbC1, and equimolar 
amounts of NPC in chloroform proved more successful. A well-defined 1 : 1 complex 
(2b) was isolated. The “CO band” of its IR spectrum exhibits a bathochromic shift 

2 a , b  1 a . b  

a : R = H , b : R = CH3 a : R = H , b : R = CH3 

which is even stronger than that of the TiCl, complexes. An interesting observation 
was made when a double molar amount of NPC was added to  a solution of SbCI, in 
CDCI,. The initially precipitated 1:l complex (2b) went into solution and the 
‘H-NMR spectrum revealed broad signals with a distinct downfield shift relative to 
neat NPC (Fig. 5 ) .  Obviously, the SbCI, forms a rapid dynamic equilibrium with 
all NPC molecules in solution. The same observation was made for BF, and TMC 
complexes [ 13 1. 
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0 

X b 

- ,  T 

160 120 80 40 0 

6 [PPMI 

FIG. 4. 75.4 MHz ‘ k - N M R  CP/MAS spectrum of (A)  neat TMC, ( B )  TiC14.2TMC 
complex. 

When SbCI, was mixed with TMC in a 1:4 molar ratio, a clear solution was 
obtained in CDCI,. After 2 hours sharp ‘H-NMR signals of the growing polymer 
chains are observable, whereas the signals of the monomer are broad due to com- 
plexation equilibria (Fig. 6 ) .  However, it is not clear at this time why two pairs of 
broad signals are observable in contrast to the SbClJNPC case. After 3 days the 
signals of the monomers have vanished, in agreement with the rapid conversion 
illustrated by Fig. 7. In addition to  the signals of the polymer backbone, weak 
signals of ether and CH2Cl endgroups are detectable (Fig. 7) .  The most interesting 
finding is a weak triplet at 5.3 ppm (“u” in Fig. 7).  This signal was also observed in 
methyltriflate and BF,-initiated polymerizations of TMC [ 51 and may be attributed 
to  the cationic endgroup (Eqs. 1-3). 

3 c: ,c=o 

c 
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+ SbC16 - SbC15 

Unfortunately, no kinetic studies were feasible with TiC1, in solution because 
a turbidity or a precipitate was formed under all circumstances. Yet, when the 
complexes l a  or 2b were'added to molten TMC at 6OoC, they reacted as initiators 
and produced poly(TMC) in high yields (Table 9). Therefore, it is obvious that the 
first step of the reactions between TMC (or NPC) and TiCl, or SbCl, is the forma- 
tion of a complex such as l a ,  b or 2a, b. The reaction of such a complex with an 
excess of TMC then initiates the chain growth process. A hypothetical scheme of a 
cationic polymerization process is outlined in Eqs. ( 1 )-( 6). Equations (4)-( 6) pro- 
vide hypothetical explanations for the formation of an excess of CH,Cl endgroups 
relative to  CH,OH endgroups. 

CONCLUSION 

Both TiCl, and SbCl, initiate the polymerization of TMC in bulk and give 
high yields of poly(TMC). Due to side reactions such as the formation of CH2Cl 
endgroups, only moderate molecular weights were obtained. From this point of 
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0-CH CHj 

/ \  
0-CH, CHJ 

O’C, ’ “zc/ 

I 
SbClg/NPC-Complex 

(Bl 

”i 

1 I I I I I I I I I 1 I I 

6 5 4 3 2 1 0 
6 [PPMI 

FIG. 5. 75.4 MHz 13C-NMR CP/MAS spectra of ( A )  neat NPC, (B)  SbCl,.NPC 
complex. 

* ,  1 I I 

6 5 4 3 2 1 0 

FIG. 6. 360 MHz ‘H-NMR spectrum of a SbCl,/TMC mixture (molar ratio 1:4) in 
CDC1, at 2OoC after 2 hours. 
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C d  
+o-cH~-cH~-cH~-o -co  

9 
CI -CH2-CH2-CH,-O-CO-O- 

6 4 3 2 1 

6 [PPMI 

FIG. 7.  360 MHz 'H-NMR spectrum of a SbClJTMC mixture (molar ratio 1:4) in 
CDCI, at 2OoC after 3 days. 

TABLE 9. 
TiC14.2NPC or SbCl,.NPC Complexes (M/Z = 200) 

Polymerization of TMC in Bulk at 6OoC Initiated with 

Time, Yield, qinh,a Ether, CH,CIC 
Polymer Initiator hours 070 dL/g groups endgroups 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

l b  
l b  
l b  
l b  
l b  
l b  
l b  
2b 
2b 
2b 
2b 
2b 

8 
24 
48 
72 
96 

144 
192 

8 
24 
48 
76 
96 

0 
Oligomers 

94.0 
94.0 
94.5 
95.0 
96.0 
94.0 
94.0 
94.0 
94.5 
94.5 

0 
0 

0.35 0 
0.35 0 
0.36 0 
0.35 0 
0.35 0 
0.4 1 .o 
0.4 - 
0.50 3.0 
0.42 - 

0.37 4.3 

- 
- 

1 /90 

1/85 

1/80 
1/140 

11110 

1 /65 

- 

- 

- 

- 

'Measured at 25OC with c = 2 g/L in CH,CI,. 
bMol% of ether groups. 
'Molar ratio of CH,C1 endgroupdmonomer units. 
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view, BuSnC1, is the more efficient and attractive initiator [ 151. From the prepara- 
tive point of view, TiC1, is superior to  the more reactive SbCl, because the resulting 
polycarbonates are free of ether groups. The well-known high Lewis acidity of SbCl, 
[ 17-19], the formation of ether groups, and the detection of signal “u” in reaction 
mixtures with TMC (Figs. 6 and 7)  suggest that SbC1,-initiated polymerizations of 
TMC follow a cationic mechanism. In the case of Tic&, no interpretation of the 
polymerization mechanism is offered at this time. 
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