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SYNOPSIS

Boron, aluminum, and gallium tristriflate are new effective catalysts for the polymerization
of tetrahydrofuran (THF). High-molecular-weight polytetrahydrofuran (PTHF) was ob-
tained in excellent yield in the bulk polymerization of THF at ambient temperature with
all three catalysts. The PTHF samples were characterized and some of their thermodynamic
and mechanical properties were investigated and discussed.

INTRODUCTION

Since the discovery of the polymerization of tetra-
hydrofuran (THF) in the late 1930s by Meerwein
and his coworkers,?" interest in polytetrahydro-
furan (PTHF) has increased steadily throughout the
world. Advances in the understanding of polymer-
ization of THF have been rapid and various aspects
of this ring-opening polymerization have been dis-
cussed in the literature regularly.®

A negative free energy of polymerization of about
800 cal/mol at 25°C has been obtained for THF.*
Therefore, under the proper conditions polymeriza-
tion can occur. The underlying fundamental re-
quirement for THF polymerization is that an
oxonium ion must be formed that is associated
with a suitable negatively charged species, such as
PF¢-, AsFg-, SbFg-, SbClg-, BF,-, SO;CF3-, SO,F-,
ClO,-, etc.?

The oxonium ion can be generated by using var-
ious types of initiators. Protic acids,*® carbenium
ions, ® oxonium ions,*>” metal salts,®° and Lewis ac-
ids,?*1° have been used under different polymer-
ization conditions to obtain PTHF of varying mo-
lecular weights and distributions.

Protic acids initiate THF polymerization through

This article is the fifth in the Ionic Polymerization series. For
part 4, see ref. 1.
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the formation of a secondary oxonium ion. The cyclic
secondary oxonium ion is a relatively unreactive
species. Thus, initiation by protic acid is a slow re-
action.

Carbenium ions, and especially trialkyloxonium
ions, can effectively initiate THF polymerizations.!!

Most Lewis acids have low activity to initiate
THF polymerization. A promoter such as epichlo-
rohydrin usually is necessary’? that in conjunction
with the Lewis acid rapidly generates oxonium salts.
For example, AlCl;, FeCl;, SbCl;, and BF; can ef-
fectively initiate THF polymerization in the pres-
ence of epichlorohydrin.? Certain Lewis acids such
as ZnCl,, BeCl,, BCl;, AlBr3, BiCls, SiFy, SbCl;,
and TiCl,, however, do not initiate polymerization
even in the presence of epichlorohydrin because of
the formation of alcoholates instead of oxonium
salts.®

Other Lewis acids such as PF;, AsF;, NbCl;,
TaCls, WClg, SeFg, P(CN);3, and Au(SO3F); are
sufficiently reactive to initiate THF polymerization
by themselves without any added promoters or ep-
oxides.>'®* High-molecular-weight PTHF has been
prepared using such systems.'*!®

We recently reported a new class of effective gen-
eral Friedel-Crafts catalysts based on the trifluo-
romethanesulfonates of group IIIA elements.’® Alu-
minum triflate was previously reported by Gandini
et al. in polymerization of alkenes, dienes, and vinyl
ethers.” Boron triflate was found to be a powerful
Lewis acid for the generation of carbocations in the
rearrangement of strained polycyclic hydrocarbons
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TableI Molecular Weights of PTHF*®

Ini. : THF
Initiator Molar Ratio M, X 10® M, X 10™®
B(0OSO,CF3); 1.0 : 1000 3.69 1.84
AI(OSO.CF3); 1.0 : 1000 11.27 6.09
Ga(0OS0O,CF;3), 1.0 : 1000 19.40 8.93

® Reaction time is 48 h.

to cage compounds, *® as well as in the isomerization
of straight chain to branched hydrocarbons.'® Boron,
aluminum, and gallium triflates catalyze electro-
philic aromatic substitutions with cyclic, !¢ polycyclic
alkyl, and acylhalides.?

In continuation of our interest in ionic polymer-
ization, we report the study of the ring-opening po-
lymerization of THF using these new Lewis acid
catalysts. The characterization of the resulting
PTHF via infrared (IR), nuclear magnetic reso-
nance (NMR), gel permeation chromatography
(GPC), differential scanning calorimetry (DSC),
and thermogravimetric analysis (TGA), as well as
the study of thermodynamic and mechanical prop-
erties, will also be included.

EXPERIMENTAL

Tetrahydrofuran (Mallincrodt) was dried over so-
dium under refluxing conditions. The distilled THF
was dried again over LAH and the dryness was
checked through the formation of the naphthalene
dianion with Li powder. Glassware and reaction
flasks ( Schlenk ) were thoroughly cleaned and flame

dried prior to use. Boron, aluminum, and gallium
tristriflates were prepared and purified according to
our previously reported procedure.’® Boron triflate
was used as a solution (7.4 X 10™2M) in Freon —113.
Freon —113 was doubly distilled over P,0j;.

Polymerization

One hundred ml dried THF was added to a dry
Schlenk flask (500 ml capacity) that contained a
magnetic stirrer and had been evacuated and flushed
with argon several times. Then, 400 mg aluminum
or gallium triflate, weighed in the dry box, was
transferred to the stirred flask under dry argon. The
triflates are reasonably soluble in THF. With 6-8
h, magnetic stirring ceased because a highly viscous
solution had been formed. The reaction mixture was
left standing for 48 h and a colorless rubber was
obtained. The polymer was then dissolved in ether
or chloroform to form a viscous solution that was
then washed with water and dried over anhydrous
Nay,SO,. The dried solution was concentrated in a
vacuum oven or in a rotovap to give a very viscous
solution. The concentrated solution was added
dropwise to mechanically stirred methanol in a large
beaker that precipitated the polymer. The precipi-
tated PTHF was separated as a fibrous mass by de-
canting the methanol and then was dried in a vac-
uum oven for 2 days at 40°C. The polymerizations
with other initiator ratios were similarly carried out
and worked up. Boron triflate was used as a solution
in Freon —113; appropriate amounts of this solution
were injected into the THF under argon in the dry
box. The subsequent polymerization and work-up
were then carried out according to the procedure
described above.

Table II Self-Initiation Capabilities of Lewis Acids

Reaction
Ini. : THF M, Time Yield
Initiator Molar Ratio (X 107%) (h) (%) Ref.
NbCl; 2.5:1000 0.39* 24 31 21
TaCl; 2.5 : 1000 0.69% 16 52 21
WCl, 5.0 : 1000 0.99* 4 64 21
PF; 1.0 : 1000 2.80 6 60 14, 15

& Values of M, were evaluated using the following equation®:

[n] = 1.31 X 10* M, 0.6

and the reduced viscosity at a concentration of 0.2% was used instead of the intrinsic viscosity
because there is no intrinsic viscosity data in the reference.
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Table III Effect of Initiator Concentration on Molecular Weight®

Initiator Conc.?

Initiator (mol/L) M, X 10° M, X 10° M, /M,
B(0OS,CF3); 3.71 3.69 1.84 2.00
7.24 3.30 1.38 2.39
14.84 1.60 0.61 2.62
22.26 0.72 0.26 2.77
29.68 0.64 0.22 291

® Reaction time is 48 h.
b Initiator : monomer = 1.0 : 1000.

Characterization

BC and 'H NMR spectra of the resulting PTHF
were measured with a VXR-200 superconducting
NMR spectrometer. IR analysis was carried out in
a Perkin-Elmer Fourier transform infrared (FTIR)
spectrometer Model 1550. GPC analysis was ob-
tained on a Perkin-Elmer series 10-GPC-5 system.
The GPC column was calibrated with PTHF stan-
dards obtained from Polysciences.

DSC and TGA were carried out on Perkin-Elmer
DSC-4 and TGA-2 systems. The DSC-4 was cali-
brated with an indium standard (T',, = 156.6°C, AH,,
= 6.80 cal/g) obtained from Perkin-Elmer. DSC
analysis was carried out using a weighed 5- to 10-
mg purified sample sealed in an aluminum DSC pan;
an empty aluminum pan was used as a reference
and samples were heated from —130 to 80°C in an
atmosphere of pure nitrogen (20 mL/min) at dif-
ferent heating rates. TGA experiments were done
with 10-mg purified samples in a platinum T'GA pan.
Here, samples were heated from 50-550°C at various
heating rates in a pure nitrogen atmosphere (45 mL /

min). The balance and thermocouple of the TGS-
2 were autocalibrated.

Mechanical properties were investigated with a
DDV-II-C Rheovibron. The dynamic moduli were
measured with respect to temperature at a constant
frequency of 110 cycles/s.

RESULTS AND DISCUSSION

Without any added promoters, boron, aluminum,
and gallium triflates effectively initiated THF po-
lymerization at room temperature and yielded 70-
80% high-molecular-weight PTHF after 48 h of re-
action. The number average molecular weight of the
resulting PTHF ranged from 5.0 X 10*to 1.5 X 10°®
g/mol. The molecular weight distributions as char-
acterized by polydispersity indexes (M, /M, ) were
between 1.5 and 3.5. Table I shows the results ob-
tained at an initiator to monomer molar ratio of 1.0
to 1000. It can be seen that both aluminum- and
gallium-triflates-initiated THF polymerization pro-
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Figure 1 DSC analysis of PTHF in nitrogen at a heating rate of 20°C /min.
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Figure 2 TGA weight loss curves of PTHF in nitrogen at heating rates of 2.5 and 20°C/
min.

duced significantly higher-molecular-weight PTHF
than did boron triflate, which is consistent with bo-
ron triflate being a stronger monomeric Lewis acid.
Trace impurities can cause the polymerization to
terminate. For comparison, Table II summarizes the
self-initiation capabilities of other Lewis acids.

A study of the effect of initiator concentration on
the molecular weight of PTHF produced was con-
ducted with boron triflate. The results are shown in
Table III. It can be seen that the molecular weight
of PTHF increases as the initiator concentration
decreases. When the initiator to monomer molar ra-
tio is raised from 1.0 : 1000 to 1.0 : 125, the poly-
dispersity index increases from 2.00 to 2.91, a strong
indication of the occurrence of substantial side re-
actions. The fundamental polymerization mecha-
nism for these triflate-initiated THF reactions is
proposed to be:

Co S @o-M(osozcn);

0
@O—M(OSOZCFa)g ——p
@O—(CH2)4O—M(OSOZCF3)§
|:+>O—((CH2)40),.—M(OSOZCF3)§ =, HO(O(CH,),),OH

The prepared PTHF samples were characterized
by IR, 'H, and *C NMR spectroscopy. The IR spec-
trum was obtained from a film made by casting a
benzene solution on KBr. The spectrum is consistent
with the published result,?’ as are the 'H and *C
NMR spectra. The spectra show only two kinds of
protons at 1.59 and 3.39 ppm, consistent with the
PTHEF structure.
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Figure 3

TGA weight loss curves of PTHF in air at heating rates of 2.5 and 20°C /min.



Table IV Thermodynamic Properties of PTHF

AH,, AS,,

(kcal/mol) (cal/K - mol) Ref.
1.25 4.03 This work
1.62 5.11 24
2.63 8.32 25
2.96 9.42 26

The prepared PTHF was further characterized
by DSC and TGA. DSC analysis in pure nitrogen
showed that PTHF has a melting temperature of
37°C and an enthalpy ( AH,,) of 1.25 kcal /mol. The
glass transition temperature of PTHF was found to
be —80°C. These results, measured at a heating rate
of 20°C /min, are shown in Figure 1. In a TGA study,
it was found that in pure nitrogen PTHF started to
degrade at temperatures ranging from 300-340°C,
the lower the heating rate, the lower the degradation
temperature. In pure air, the temperature at which
PTHEF started to degrade were between 170-210°C,
again varying with the heating rate. When the sam-
ple was heated to 500°C, the PTHF was degraded
completely, leaving no residue. Figures 2 and 3 show
the TGA weight loss curves of the PTHF samples
run at two different heating rates in nitrogen and
air, respectively.

The thermodynamic parameters AH,, and AS,,
were determined by DSC using the polymer sample
made with aluminum triflate at an initiator to
monomer molar ratio of 1.0 : 1000 according to the
procedure detailed above. The results are compared
with the literature values in Table IV. Both AH,,
and AS,, vary widely. Because PTHF is a semicrys-

Table V Degree of Crystallinity of PTHF

Cooling Rate AH,? AHP T,
(°C/min) (kcal/mol) (kcal/mol) (°C)
20.0 1.25 —1.11 36.9
10.0 1.27 —-1.16 36.9

5.0 1.29 -1.23 36.9

2.5 1.32 —1.38 37.0

0.5 1.41 —-1.81 39.8

0.5° 1.58 47.6

0.54 1.80 64.4

® Measured at a heating rate of 20°C/min.

b Measured at the different cooling rates indicated.

¢ Followed by 1 night annealing at room temperature.
4 Followed by 1 week annealing at room temperature.
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Figure4 Dynamic storage modulus E’ (dynes/cm?) and

dynamic loss modulus E” (dynes/cm?) vs. temperature
(°C).

talline polymer, the observed variation is likely due
to different degrees of crystallinity in the various
samples. To investigate this possibility, the following
experiments were conducted. First, the PTHF sam-
ples were heated to 80°C in nitrogen at a heating
rate of 20°C/min and kept at 80°C for 10 min to
ensure samples were completely melted. Then, sam-
ples were cooled to —40°C at different cooling rates
ranging from 20°C/min to 0.5°C/min and held at
—40°C for 10 min to reach thermal equilibrium.
Next, samples were reheated to 80°C at a standard
heating rate of 20°C/min to measure the enthalpy
of fusion (AH,,). Furthermore, two samples, after
being cooled to —40°C at a cooling rate of 0.5°C/
min, were heated to room temperature and left at
room temperature (25-30°C) overnight and for 1
week; after this annealing, the enthalpy was mea-
sured at a heating rate of 20°C/min. The heat of
crystallization ( AH,) was also measured at the var-
ious cooling rates and all results are shown in Table
V. For this system, it is clear that the degree of crys-
tallinity increases as the cooling rate decreases as
indicated by the measured values of AH,, and AH,.
These results show that changing sample prepara-
tion conditions considerably influences the degree
of crystallinity of PTHF. Also, it is well known that
the degree of crystallinity of a semicrystalline poly-
mer can vary with molecular weight.?? The fact that
the molecular weight of the PTHF sample studied
here was so high probably explains the low AH,,, and
AS,, values obtained.
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The dynamic moduli were measured with respect
to temperature at a frequency of 110 cycles/s. The
plots of the storage (E’) and loss (E”) moduli vs.
temperature are shown in Figure 4. Two major dis-
persion regions are obvious, one near —68°C and
the other in the vicinity of the melting temperature,
T,.. It is difficult to accurately characterize the
melting temperature in these experiments since
above T, the sample is reasonably liquid like and
flows easily. Moreover, a difference between T,
measured in dynamic experiments and in DSC work
is to be expected. A very pronounced high-modulus
tough “rubbery” region extends from almost —50°C
to room temperature at this frequency. The results
indicate that even in the vicinity of the glass tran-
sition semicrystalline PTHF is not very effective in
dissipating mechanical energy. It has been reported
that there is a small secondary transition at about
—120°C.%22 We did not observe this transition.
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(DMR-8509176) is gratefully acknowledged.

REFERENCES

1. G. A. Olah, Makromol. Chem. Macromol. Symp., 13/
14,1 (1988).

2. (a) H. Meerwein, G. Hinz, P. Hoffman, E. Kroning,
and E. Pfeil, J. Prakt. Chem., 147, 257 (1937); (b)
H. Meerwein, German Pat. 747,476 (1939).

3. P. Dreyfuss, Poly(Tetrahydrofuran), Gordon and
Breach Science Publishers, Inc., New York, 1982.

4. P. Dreyfuss and M. P. Dreyfuss, Adv. Polym. Sci., 4,
58 (1967).

5. H. Meerwein, D. Delfs, and H. Morshel, Angew.
Chem., 72, 927 (1960).

6. M. P. Dreyfuss, J. C. Westfahl, and P. Dreyfuss, Mac-
romolecules, 1, 437 (1968).

7. Y. Yamashita, S. Kozawa, M. Hirota, K. Chiba, H.

10.

11.

12.

13.

14.
15.

16.

17.

19.

20.

21.

22.

Matsui, A. Hirao, M. Kadama, and K. Ito, Makromol.
Chem., 142, 171 (1971).

. E. Franta, L. Reibel, J. Lehmann, and S. Penczek, J.

Polym. Sci. Symp., 56, 139 (1976).

. F. A. Taroni, M. Scheer, P. Rempp, and E. Franta,

Makromol. Chem., 179, 849 (1978).

T. Furukawa and T. Saegusa, Polymerization of Al-
dehydes and Oxides, Interscience, New York, 1963.
P. Dreyfuss and M. P. Dreyfuss, in Comprehensive
Chemical Kinetics, vol. 15, C. H. Bamford and
C. F. H. Tipper, eds., Elsevier, Amsterdam, W. Neth-
erlands, 1976.

T. Saegusa, H. Imai, S. Hirai, and T. Furukawa, Mak-
romol. Chem., 54, 218 (1962).

R. Hoene and K. H. W. Reichert, Makromol. Chem.,
177, 3545 (1976).

E. L. Muetterties, U. S. Pat. 2,856,370 (1958).

E. L. Muetterties, T. A. Bither, M. W. Farlow, and
D. D. Coffman, J. Inorg. Nucl. Chem., 16, 52 (1960).
G. A. Olah, O. Farooq, S. M. F. Farnia, and J. A. Olah,
J. Am. Chem. Soc., 110, 2560 (1988).

(a) J. Collomb, A. Gandini, and H. Cheradame, Mak-
romol. Chem. Rapid Commun., 1, 489 (1980); (b) J.
Collomb, B. Morin, A. Gandini, and H. Charadame,
Eur. Polym. J., 16, 1135 (1980); (c¢) J. Collomb, P.
Arland, A. Gandini, and H. Cheradame, in Cationic
Polymerization and Related Processes, E. J. Goethals,
ed., Academic Press, New York, 1984, p. 50; (d) A.
Gandini, in Eurochem. Conf. Superacidic and Super-
basic Media, Cirencester, 1984,

. (a) G. A.Olah and O. Farooq, J. Org. Chem., 51, 5410

(1986); (b) O. Farooq, S. M. F. Farnia, M. Stephen-
son, and G. A. Olah, J. Org. Chem., 100, 143 (1988).
G. A. Olah, O. Farooq, S. M. F. Farnia, and N. Trivedi
(to appear).

G. A. Olah, O. Farooq, S. M. F. Farnia, and A. Wu
(to appear).

T. Saegusa, H. Imai, and J. Furukawa, Makromol.
Chem., 58, 55 (1962).

R. J. Young, Introduction to Polymers, Chapman and
Hall, New York, 1983.

Received July 9, 1991
Accepted September 4, 1991



