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ABSTRACT: The initiation of the cationic ring-opening polymerization of tetrahydrofuran by trimethyl- 
silyl trifluoromethanesulfonate has been investigated by lH NMR and l9F NMR. These studies indicate 
that the formation of the 1-(trimethylsily1)tetrahydrofuranium cation is reversible due to  a fast exchange 
process. Equilibrium constants K = 1.5 L/mol in CD2C12 a t  25 "C for this reaction have been calculated 
from the NMR data. A series of MNDO calculations for various tetrahydrofuranium cations indicate that 
charge is mostly located on the silyl moiety. Grafting of poly(tetrahydr0furan) side chains from poly- 
(phenylmethylsilylene) containing a few trifluoromethanesulfonate groups has been studied. Grafting has 
been confirmed by a strong change of molecular weight of a copolymer before and after photochemical 
degradation of a polysilane backbone. 

Introduction 
The cationic ring-opening polymerization of tetrahy- 

drofuran (THF, 1) can be initiated by strong protonic acids 
such as trifluoromethanesulfonic, perchloric, chlorosul- 
fonic, and fuming sulfuric acid and heterop~lyacids.'-~ It 
can also be initiated by various Lewis acids such as 
phosphorous pentafluoride, antimony pentafluoride, or 
boron trifluoride (coinitiators are required for the last 
system), by esters of strong acids, by carbenium salts, by 
onium salts, etc.lV2 

Recently, various alkenes and heterocyclics were cat- 
ionically polymerized in the presence of trimethylsilyl tri- 
fluoromethanesulfonate (TMSOTf, 2).4 This initiator has 
not been, however, very successful in the cationic 
polymerization of  lactone^.^ We also found that the 
polymerization of styrenes is, in fact, initiated not by si- 
lyl triflate but by triflic acid, which is a product of hy- 
drolysis of silyl triflak6 Nevertheless, there are a number 
of reports which describe effective cleavage of esters and 
ethers by silyl esters and  halide^.^^^ We are interested in 
the formation of graft copolymers from polysilanes, and 
the initiation of THF polymerization by TMSOTf can be 
considered the model study of the grafting p r o c e ~ s . ~  
Polymerization of THF in the presence of triflate anions 
proceeds as a process without termination and transfer and 
can potentially lead to well-defined graft copolymers. 

Below we describe the results of the polymerization of 
T H F  initiated by TMSOTf and discuss the possible 
application of this system to the preparation of graft 
copolymers. 

Experimental Section 

Tetrahydrofuran was distilled and dried over calcium hy- 
dride prior to  use. Trimethylsilyl triflate and 2,6-di-tert- 
butylpyridine were stored over calcium hydride. NMR tubes were 
prepared in a drybox (Model HE-493, Vacuum Atmospheres Co.) 
under inert atmosphere, capped with rubber septa, and sealed 
with Teflon tape. Subsequent additions to the tubes were made 
via syringe. NMR data were obtained from an IBM NR/300 300- 
MHz FTNMR spectrometer or a GE-300 300-MHz FTNMR 
spectrometer. Poly(phenylmethylsily1ene) was synthesized from 
phenylmethyldichlorosilane and a sodium dispersion by using an 
immersion-type ultrasonic probe (W-140, Heat  Systems- 
Ultrasonics, Inc.).lO Grafting experiments were carried out on 
a high-vacuum line equipped with a mercury diffusion pump. 
Molecular weights and polydispersities for all polymers were 
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calculated by using a Waters 510 gel permeation chromato- 
graph equipped with a 450 variable-wavelength detector and a 
410 differential refractometer. The columns used were U1- 
trastyragel Linear, 103 and 102 A, arranged in series. Calibration 
was based on polystyrene standards. The solvent used was THF. 

Results and Discussion 
Initiation Step. Electrophilic species interact with a 

T H F  molecule to  form complexes (e.g., BFB) or 
corresponding tetrahydrofuranium ions (ethyl triflate, tri- 
ethyloxonium salts, carbenium ions).2 Silyl esters do not, 
however, interact strongly enough with esters and ethers 
to form oxonium ions. They form rather loose complexes, 
although it has been reported that trimethylsilyl and tri- 
phenylsilyl perchlorate are ionized in sulfolane and ace- 
tonitrile solution.11J2 This could suggest that sulfolane 
or acetonitrile is silylated, because silylenium ions are 
extremely reactive, and silicon prefers to expand its valence 
to a penta- or hexacoordinated state rather than to reduce 
it to a trivalent silylenium species.13 

lH NMR studies have shown that the signals of the a- 
and b-methylene protons of T H F  shift upfield upon 
addition of TMSOTf. A t  the same time, the signal of TM- 
SOTf is slightly broadened without significant shift. The 
gradual increase of the THF signals allows estimation of 
the equilibrium constant between THF and TMSOTf. 

Independent of the state of ionization of the complex 
between THF (1) and TMSOTf (2), the following equation 
is valid for large excess of TMSOTf over complex 3: 

K = [31/([11[21) = [31/(([110- [31)([21,- [31)) E 

[31/(([110 - [31)[210) (2) 

(3) 
The chemical shift of the rapidly exchanging THF and 
complex molecules is the weighted average of both species: 

Therefore, the concentration of the complex equals 

[31 = (K[110[210)/(1 + W210) 

0 1990 American Chemical Society 
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Table I 
Charge Distributions and Bond Lengths for a Series of Tetrahydrofuranium Cationic Species (R-THF+) by MNDO 

Calculations 
charge distribution, % bond length, A 

R 0 Cendo c e x o  ring @Cando 0-Cem 
-32.2 15.1 0 1.409 

H -15.7 16.5 68.3 1.4714 0.962 
Me -24.0 18.5 22.8 58.8 1.4722 1.460 
t-Bu -23.5 17.8 11.9 54.5 1.4721 1.509 
MeOCa -27.6 , 18.0 39.3 50.7 1.467 1.512 
TMS -34.3 15.7 81.7c 34.3 1.446 1.854 
TSiSb -31.8 15.4 2O.gc 36.5 1.445 1.828 

a Methoxymethyl (CH30CH2). b Trisilylsilyl ((SiH3)3Si). Charge on the a-Si atom. 
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Figure 1. Dependence of THF chemical shifts on [TMSOTf]: 
[TMSOTflo = from 0.1 to 2.5 M; [THF]o = 0.02 M; [2,6-di-tert- 
butylpyridine10 = 0.45 M in CD3N02 at 22 O C .  

6'"[110 = 61([1Io- [31) + 63[3I (4) 
Remembering that Amax = 63 - 61, the observed down- 
field shift (A) equals 

A = 6"- 6, = (6, - 6,)[3]/[1]0 = Am=[3]/[1]o (5) 
Combination of eqs 3 and 5 leads to 

l / A  = 1/(KAm=[2],) + l /A" (6) 

Figure 1 shows the plot of l / A  versus 1/[2]0. The slope 
and intercept give both unknown values K = 1.5 L/mol 
and Am= = 0.084 and 0.074 ppm for a- and /?-methylene 
protons, respectively. The larger shift for the a-methyl- 
ene group is due to a larger increase of the positive charge. 
Observation of only one average signal for complexed and 
free species a t  room temperature as well as a t  low 
temperature indicates a very rapid exchange process. 

A t  this  point,  a comparison can be made t o  the  
polymerization of T H F  initiated by methyl trifluo- 
romethanesulfonate (methyl triflate, MeOTf). The A 
values for the a- and /?-methylene protons in this system 
are 1.29 and 0.65 ppm, re~pective1y.l~ The larger A values 
indicate that the amount of positive charge on the en- 
docyclic carbon atoms is much greater than in the TM- 
SOTf system (see Table I). This is reflected in the faster 
initiation rates for this system relative to the TMSOTf 
system. 

Another method of investigating the nature of the 
interactions between THF and TMSOTf is 19F NMR. Tri- 
flate anion absorbs at  -78.1 ppm whereas covalent alkyl 
triflates absorb a t  -74.3 ppm in CD3N02. As seen in parts 
a and b of Figure 2, the chemical shift of TMSOTf increases 
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Figure 2. l9F NMR spectra: (a) TMSOTf in CD3N02; (b) 5 min 
after addition of THF (2 equiv); (c) 5 min after addition of MeOTf. 
[TMSOTflo = 0.55 M, [THF]o = 1.1 M, and [MeOTflo = 0.55 
M in CD3N02 at 22 "C. 

slightly in the presence of THF from -77.8 to -78.1 ppm. 
This would indicate very strong polarization of the Si-0 
bond in the silyl ester. On the other hand, 29Si NMR 
spectroscopy of TMSOTf indicates that this compound 
is tetracoordinated and not tricoordinated like the silyle- 
nium cations. Figure 2c shows the 19F NMR spectrum of 
the reaction mixture after the addition of methyl tri- 
flate. After 5 min, unreacted methyl triflate was still 
observed along with the 1-methyltetrahydrofuranium 
cation. The anion in this species and 2 could not be 
distinguished although the signal a t  -78.1 ppm became 
broader. Thus, the conclusion from the initiation studies 
is that silyl triflate interacts with THF molecules weakly 
but exchanges very rapidly, since only one average signal 
of THF in 'H NMR is observed a t  2: l  and higher 
[THF]o/ [TMSOTflo ratios. Similar results were obtained 
in less polar solvents such as methylene dichloride and 
chloroform. The  signal of TMSOTf could not be 
distinguished from the signal of triflate anion. This also 
indicates that TMSOTf must be very rapidly attacked by 
any triflate anion, since it is not itself ionized. Thus, the 
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equilibrium between different species is established very 
fast, similar to protonic acids. This is another example 
of the similarity between protons and trimethylsilyl species, 
which are called “bulky protons”.14 
MNDO Calculations for Various Tetrahydrofu- 

ranium Cations. The MNDO method was used to 
calculate structures of tetrahydrofuranium cations with 
various alkyl and silyl moieties. Semiempirical calculations 
refer to molecules in the gas phase; therefore, no solva- 
tion is taken into account. Solvation does play a very 
important role, however, especially for ionic species. 
Nevertheless, the MNDO method may give an approximate 
idea of the structure, charge distribution, and bond orders 
in the molecule of interest, especially when compounds in 
a homologous series are investigated. 

The calculations (cf. Table I) show that in all cations 
there is considerable loosening in the Cendo-0  bond which 
is broken in the ring-opening process. However, the 
increase of the bond length is much smaller for silyl cations, 
0.046 8, than for alkylated or protonated species, 
approximately 0.07 A. Charge distributions also indicate 
that attack of a monomer on the endocyclic carbon atom 
should be less likely for silyl cations than for alkyl cations. 
The percent positive charge on Cendo for methylated and 
protonated species is 18.5% and 16.596, respectively. For 
the trimethylsilylated species, however, the percent positive 
charge is only 15.7 % . This explains why initiation is so 
slow for TMSOTf. The rate-limiting step in the initiation 
process is not the transfer of the TMS group from TM- 
SOTf to THF (which is very fast and reversible, ko) but 
the ring opening of the first silyltetrahydrofuranium cation. 
The subsequent opening of the l-alkyltetrahydrofura- 
nium cation should not be affected by the remote silyl end 
group and should occur with the rate constant close to the 
propagation rate constant. 
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Polymerization Studies. Polymerization of THF is 
a reversible process which is controlled by temperature and 
monomer concentration. This is due to the small strain 
in the five-membered ring. A t  25 “C, the monomer 
equilibrium concentration in bulk equals [MIe = 3.1 mol/ 
L, but it increases in CHZClz or CHCl3 solutions up to [M]e 
= 5.1 mol/L a t  [MI0 = 8.0 mol/L.15 This big change 
originates in the strong interactions between nucleo- 
philic THF and electrophilic chlorinated solvents. Thus, 
at  THF concentrations of [MI0 < 2 mol/L polymerization 
is not possible, and initiation can be studied alone. 
Polymerization requires a t  least 50 vol % THF at room 
temperature. 

Typically, polymerization proceeds by the attack of a 
monomer on the endocyclic carbon atom in the growing 
tetrahydrofuranium ion with a rate constant of propagation 
k,: 

C H 2 - * O g  + LD _“d r 
kP 

The reversible depropagation reaction proceeds with a rate 
constant k d .  The ratio of these rate constants is equal to 

1 -  1 r , I r - F - - r  r7-r , 
1 4 3 5  1 1  ” , 1 1 1 1  

Figure 3. ‘H NMR spectrum of the active species in the 
polymerization of THF by TMSOTf [TMSOTfIo = 0.1 M; 
[THFIo = 8.0 M in CD2C12 at 22 “C, waled tube. 
the reciprocal of the monomer equilibrium concentration 
k , / k ,  = 1/[MIe. The reaction in eq 8 is the only reaction 
with complex counterions. When the counterion is capable 
of forming covalent bonds, the ionic active species are in 
equilibrium with covalent species. This is the case for tri- 
fluoromethanesulfonate anions. The equilibrium position 
depends strongly on the polarity of the reaction medium 
and on temperature. Ionization is exothermic and favored 
in more polar solvents. In methylene dichloride, nearly 
equal proportions of ions and esters are present. In ni- 
tromethane, practically only ions (95 % ) are present15 

- ? k  

A t  the initiation stage, the equilibrium position is 
strongly influenced by the exocyclic groups, but after 
initiation is completed the initiator residue will have a 
minor influence on the equilibrium. Propagating ions and 
esters were directly observed by NMR at the later stages 
of polymerization. The proportions of both species were 
calculated from the integration of signals at  4.85 ppm (six 
a-endocyclic and a-exocyclic protons in the oxonium ion) 
and at  4.56 ppm (two a-methylene protons in the ester) 
(cf. Figure 3). The integration of the signals of the un- 
reacted TMSOTf (0.5 ppm) to the trimethylsilylalkoxy end 
groups gave the proportion of the reacted initiator. There 
are four signals in the end group region (cf. Figure 4). The 
most shielded one is due to hexamethyldisiloxane, which 
is formed by hydrolysis of TMSOTf. I t  was identified by 
the addition of a pure sample of hexamethyldisiloxane. 
This signal is quite small in the experiments run in NMR 
tubes sealed under vacuum, but it gradually increases in 
tubes sealed with rubber septa. Trifluoromethanesulfo- 
nic acid is the additional product of hydrolysis. I t  alone 
can initiate polymerization of THF. Hindered pyridine 
(2,6-di-tert-butylpyridine) was added to prevent initiation 
with the acid. The pyridine reacts only with protons and 
does not react with either silyl triflate or the growing tet- 
rahydrofuranium ions. Polymerization proceeds smoothly 
in the presence of the hindered pyridine. The origin of 
the other three singlets is not precisely known. The 
intensity of the middle singlet increases with conversion, 
and therefore it can be assigned to the terminal end group 
of chains with a degree of polymerization higher than three. 
The other signals may correspond to oligomers with a 
degree of polymerization of three, two, or one (open chain 
ester). 
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The  signal of TMSOTf is very broad, because it 
exchanges with oxygen atoms in monomer and polymer 
molecules. Initiation with TMSOTf is very slow. Rate 
constants of initiation were calculated from the change of 
the NMR spectra and confirmed by the kinetics of the 
monomer consumption. The slope of the curve describing 
monomer conversion in semilogarithmic coordinates is 
equal to the product of the apparent rate constant, kpaPP, 
and concentration of active sites ([AC], i.e., reacted 
initiator). One must remember that covalent species are 
much less active than oxonium ions; therefore the slope 
equals the product of the rate constant of ionic propagation, 
kpi, and concentration of oxonium ions, [Ox]: 

Cationic Polymerization of THF 4045 

-d In [M]/dt = k,"bs[l], = k,BPP[AC] = kpi[Ox] (10) 
Because rate constants of ionic propagation as well as 
apparent rate constants of propagation with triflate anions 
are known for various ~o lven t s ,~J~  it is very easy to calculate 
the proportion of the consumed initiator: 

Then, rate constants of initiation are calculated graphically 
from the equation 

-d In [I]/dt = kiJIMl dt 

In solvents of medium polarity, CH2C12 and CHC13, a t  20 
"C the rate constants of initiation with TMSOTf (ki = lo+ 
mol-l.L.s-l) are much lower than with alkyl triflates (ki = 

mol-l.L.s-l). This is in agreement with the observed 
small downfield shift in the silylated tetrahydrofura- 
nium species and semiempirical calculations of charge 
distribution and calculated bond loosening in cations. 

Grafting from Polysilanes. As stated previously, our 
main interest is in the grafting of THF from poly(phen- 
ylmethylsilylene) (PSI). The calculations showed that the 
charge distribution and bond lengths in the tetrahydrofu- 
ranium cation based on the trimethylsilyl and polysilyl 
species are similar and that the initiation rate constants 
could be similar in both cases. The general scheme for the 
grafting process is as follows: 

CH, CH, 
I CHzCIz I I 

CH3 

I 
+ m H O T f  - -+Si"Si-f;;; + 0 

' 1  
CH3 CH, 

'\"+I b" 
OCH, 

In a typical experiment, trifluoromethanesulfonic acid 
(HOTf) is added to a solution of low molecular weight 
(approximately 2000, DP = 17) poly(phenylmethy1si- 
lylene) in methylene chloride on a high vacuum line. The 

7 0  1 5  1 0  0 5  fl 0 PPM 

Figure 4. 1H NMR spectrum of the silyl species in the 
polymerization of T H F  by TMSOTf [TMSOTfIo = 0.1 M; 
[THFIo = 8.0 M in CDzClz at 22 O C ,  sealed tube. 

mole ratio of silylene units of PSI to HOTf is 51. Low 
molecular weight poly(phenylmethylsily1ene) is used so that 
the change in molecular weight upon grafting can be easily 
detected by GPC. The purpose of the HOTf is to displace 
a portion, theoretically 20% or 3.4 per PSI chain, of the 
phenyl groups from poly(phenylmethylsily1ene) yielding 
partially triflated poly(phenylmethylsily1ene) and benzene 
as the side product. This reaction is fast and quantitative.16 
Next, THF is distilled into the reaction mixture. The 
theoretical mole ratio of THF to activated triflate sites on 
the polymer chain is 18O:l. Due to the equilibrium 
monomer concentration of THF under these conditions, 
however, the actual polymerization ratio is 80:l. From the 
above mole ratios, the graft product should contain 3.4 
polyTHF chains with DP = 80 per PSI chain, yielding a 
molecular weight of 22 000. The first step of this reaction 
involves the attack of THF on the triflated silicon atoms 
of the polymer chain forming poly(sily1tetrahydrofura- 
nium) cations. Further attack by T H F  leads to the 
propagation of the poly(tetrahydr0furan) chain. As with 
the TMSOTf system, the attack of the second T H F  
molecule on the poly(sily1tetrahydrofuranium) species is 
expected to be slow due to the distribution of the positive 
charge. The reaction is terminated after the required time 
with an excess of methanol. 

Successful grafting has been confirmed by GPC analysis. 
A comparison of the UV response of the original low 
molecular weight poly(phenylmethylsily1ene) (Figure 5a) 
to that of the graft product (Figure 5b) indicates a large 
increase in molecular weight. The Mn for the original low 
molecular weight poly(phenylmethylsily1ene) is 2000, 
whereas the M ,  for the high molecular weight peak in 
Figure 5b is 81 000. The high molecular weight peak 
represents only 40 ?% of the total peak area in Figure 5b. 
This, along with the presence of a low molecular weight 
peak of approximate M, = 2000, indicates that a major 
portion of the original low molecular weight poly- 
(phenylmethyls i ly lene)  r ema ins  un reac ted .  A 
corresponding high molecular weight peak with Mn = 
81 000 detected by the differential refratometer (RI) 
indicates the incorporation of poly(tetrahydrofuran) in the 
graft product. Further evidence of grafting is seen in 
Figure 5c, which shows the RI response of homopoly- 
(tetrahydrofuran) obtained after the degradation of the 
poly(phenylmethylsily1ene) backbone by UV irradiation. 
The decrease in molecular weight to approximately 40 000 
indicates the loss of the poly(phenylmethylsily1ene) 
backbone and the presence of independent poly(tetrahy- 
drofuran) chains. The decrease shows that the average 
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Figure 5. Gel permeation chromatograms: (a) low molecular 
weight poly(phenylmethylsily1ene) (UV response); (b) poly- 
(phenylmethylaily1ene)-graft -poly(tetrahydrofuran) (UV response); 
(c) homopoly(tetrahydrofuran) after UV degradation of poly- 
(phenylmethylsilylene) backbone (RI response). Grafting 
conditions: [PSI10 = 0.25 M; [HOTfIo = 0.05 M; [THFIo = 9.0 
M in CH2C12 at 25 OC. See text for details. 

f 
Figure 6. Simplified gelation scheme for the grafting of THF 
from poly(phenylmethylsily1ene). 

number of poly(tetrahydr0furan) chains per poly- 
(phenylmethylsilylene) chain is 2, not 3.4 as calculated from 
the experimental mole ratios. Molecular weights of the 
graft product were higher than expected, and the molecular 
weight distributions were very broad. This can be 
explained by incomplete triflation of PSI along with slow 
initiation in THF polymerization. 

Polymerization of T H F  is accompanied by very slow 
transfer to polymer (etheral oxygen atoms) by the  
formation of acyclic oxonium ions. These  ions 
disproportionate by cleavage in either direction to give a 
mixture of ungrafted chains with two living ends and 

temporarily dead polyether segments which are grafted 
at both ends to polysilylene chains. For chains growing 
in one direction, this reaction leads to the additional 
formation of a mixture of chains growing in two directions 
and inactive chains: 

+ 

For polysilanes having more than one poly(tetrahy- 
drofuran) branch, a gelation is expected (cf. Figure 6). The 
initiation step from polysilanes must have been also very 
slow since no gelation was observed. This indicates that 
although up to five poly(tetrahydrofuran) chains could grow 
from one polysilane backbone, no more than two sites were 
activated during the time required for the completion of 
the polymerization. However, after a few days some 
precipitate was found. It should correspond to  the 
discussed cross-linked copolymer. 

It can be concluded from our studies that TMSOTf can 
initiate the polymerization of THF, although this system 
is limited by the exchange process at the early stages of 
initiation. We have also demonstrated the successful 
grafting of T H F  from poly(phenylmethylsily1ene). At 
present, the influence of several additives on the activation 
and acceleration of the initiation process is being studied. 
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