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Equilibrium Cationic Polymerization 
of Tetrahydrofuran in Benzene 

J. LEONARD and D. W U X *  

Department of Chemistry 
Laval University 
Quebec 10, Canada 

A B S T R A C T  

The equilibrium cationic polymerization of tetrahydrofuran 
in benzene is investigated in the 15 to 50" C range. Polym- 
erizations are initiated with triethyloxonium hexafluorophos- 
phate (Et,O*PF', - )  and performed using high vacuum tech- 
niques. It is shown that, at a given temperature, the equi- 
librium monomer concentration varies linearly with polymer 
concentration. Values of AGlc, the free-energy change upon 
the polymerization of 1 mole of liquid monomer to 1 base- 
mole of liquid amorphous polymer of infinite chain length, is 
deduced from these results. Values of AGPc obtained are in 

good agreement with those found in the literature for the 
equilibrium polymerization of tetrahydrofuran in bulk. How- 
ever, there is ZL large discrepancy between these values of 
AGPc and those computed using xms, the monomer-solvent 
interaction parameter determined from integral heat of 
mixing. 
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1422 LEONARD AND MAHEUX 

INTRODUCTION 

B Is well known [ 11 that for many cyclic ethers a-state of equi- 
librium between monomer and active polymer chains may be attained 
in the course of their polymerization in solution. This equilibrium is 
usually worked out through the use of the Dainton-Ivin equation [ 21: 

h[ MIe = AH&BT - ASa/Ft = AG;,/RT 

In this equation AGis is the free-energy change upon the conversion 
of 1 mole of monomer in solution to 1 base-mole of polymer in 
solution, monomer concentration being 1 - M. (MIe  is the equilibrium 
monomer concentration expressed in moles per  liter and T is the 
absolute temperature. AGia being unique at a glven temperature 
in a given solvent, Eq. ( 1) implies that [ MIe is also unique. 
The equation holds for an ideal system. However, polymer 
solutions differ from ideal behavior. It has recently been shown 
that, at a given temperature in the case of anionic polymeriza- 
tion of a-methyl-styrene [ 3, 41 and cationic polymerization of 
dioxolane [ 51, [ MIe is not unique but varies with polymer concentra- 
tion. Taking into account the nonideal behavior of polymerization 
system8, the thermodynamic treatment of equilibrium polymerization 
has been reassessed accordingly [ 6, 3, 71. 

In the present study the cationic polymerization of tetrahydrofuran 
in benzene is investigated in the 15 to 50°C range and the results are 
interpreted in the light of recent developments in the thermodynamic 
treatment. The polymerization is initiated with triethyloxonium hexa- 
fluorophoephate (Et,O* PF, -1  and proceeds through an opening of the 
tetrahydrofurau ring to pield a linear polymer [ 81. 

EX PE R I M E  NT AL 

M a t e  r i a l s  

Thiophene-free benzene (Macco) was distilled over calcium hydride, 
degassed, distilled, and kept over a sodium mirror. The flask con- 
taining benzene was codered with aluminum foil. W operations were 
carried out under high vacuum. 

Tetrahydrofuran (Anachemia) was treated in the same manner. A 
trace of naphtalene was distilled into the flask containing tetrahydro- 
furan and retention of the green color of sodium naphtalide was used as 
an indicator for its purity. 
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POLYMERIZATION OF TETRAHYDROFURAN 1423 

Triethyloxonium hexafluorophosphate can be prepared [ 91 by treat- 
ing a solution of HPIF, with ether and epichlorohydrin at low 
temperature. The initiator is purified in the following way [ lo]:  tri- 
ethyloxonium hexafluorophosphate is dissolved in CH,Cl, and pre- 
cipitated by pouring the solution into anhydrous ethyl ether. The 
ether is decanted off, the precipitate washed with fresh ether, and 
dried with a stream o:f nitrogen. The procedure is repeated three o r  
four times. After the final precipitation the initiator is dried under 
vacuum at room temperature and stored in a vacuum desicator at - 10' C. Under these conditions the initiator is relatively stable and 
may be kept for several months before repurification is needed. 

P o  1 y m e r i z  at i o  n 

Polymerizations were carried out in sealed ampoules using high 
vacuum techniques. Known volumes ( r O .  005 ml) of monomer and 
solvent were distilled quantitatively into an ampoule containing from 
2 to 3 mg of initiator. The total initial volume was approximately 
6 ml. Then the ampoule was frozen in liquid nitrogen and sealed 
off from the vacuum line. 

In order to initiate the reaction, the ampoule was immersed in a 
bath at 50°C for 30 min and then transferred into a bath set at a 
desired temperature. Polymerizations were carried out at temper- 
atures ranging from 115 to 50°C. Equilibrium was attained within 
5 days in all cases. Reversibility of the polymerization may be 
checked by following volume change in a dilatometer through varia- 
tion of the meniscus height in the capillary. This procedure is 
illustrated in Fig. 1. In section a, the bath is set at a given 
temperature (25'C) and the meniscus height is followed until it 
remains constant (equilibrium). Then, in section b, the temperature 
is lowered (15.2"C) and the procedure is repeated After equilib- 
rium has  been attained, the bath is reset at its original temperature 
(section c )  where, In the case of a reversible polymerization, the 
meniscus should come back to its initial equilibrium height. 

After equilibrium had been reached, the polymerization was 
terminated with methanol at equilibrium temperature. The solution 
was quantitatively removed from the ampoule and transferred into a 
preweighted flask The bulk of solvent and remaining monomer was 
removed in a vacuum evaporator. The polymer was dried to constant 
weight in vacuo at room temperature, The amount of monomer 
present under equilibrium conditions was determined by subtracting 
the amount of polymer obtained from the initial amount of monomer. 
The equilibrium volume of the solution was determined through the 
difference between the level of the solution and a reference mark on 
the stem of the ampoule, the volume and the section of the ampoule 
at the reference mark level being known. The estimated e r ro r  on 
concentrations was of the order of Pa. 
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M o l e c u l a r  W e i g h t s  

Average molecular weights of polytetrahydrofuran were determined 
by viscometry in benzene at 30°C in a modified Ubbelohde viscometer 
[ 111. Molecular weights were computed from the relation [ 121 

where mv is the average molecular weight. The intrinsic viscosity [ a ]  
was determined by a one-point method [ 133. For the present system, 
results obtained by the one-point method and those obtained through 
the extrapolation of q 

s 1' 
/c agree within 1%. 

R E S U L T S  

Equilibrium monomer concentrations [ M] and equilibrium polymer 
concentrations [PI for the cationic polymerization of tetrahydrofuran 
in  benzene at various temperatures are shown in Table 1, together 
with molecular weights BV. In some cases, the amount of polymer 
collected was too small and its molecular weight too low in order to 
determine it through viscometry; consequently, no values of aV are 
reported in Table 1 for. these samples of polymer. 

From Fig. 2 it can be seen that, as in the case of the anionic 
polymerization of a-methylstyrene in tetrahydrofuran [ 31 and in 
p-dioxane [ 41, the variation of [MIe with [ P] is linear for the con- 
centration range under investigation. This variation may be 
expressed by 

[ M I e = A + B [ P ]  =[MI:+ B[P] 

Parameters A and B a re  computed by the method of least squares and 
results are  shown in Table 2. Empty circles and squares in Fig. 2 
correspond to values olbtained for low molecular weight polymer (see 
Table 1) and were not .used for the computation of A and B. It has 
recently been shown [ '7, 141 that for equilibrium between monomer 
and short-chain polymer at low polymer concentration, the value of 
[ MIe is lower than it would be with long-chain polymer at the 
same [ P]. 

properties of the polymerization system, Eq. ( 2 )  is written in terms 
In order to relate the experimental results to the thermodynamic 
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POLYMERIZATION OF TETRAHYDROFURAN 1429 

of monomer volume fraction qim and polymer volume fraction + * P' 

( 3 )  P @m = AV, + B(V,a/Vp)9p = @& + b9 

where Vm is the monomer molar volume and V is the volume of 1 base- 
mole of polymer. The values of Vm used are those obtained previously 
[ 31. Vp was cornputled from the reported density [ 151 ( 1.03610) of the 
amorphous polymer, taking 5 x lo-' cm' g" deg" for the coefficient 
of thermal expansiors Values of Vm, Vp, +&, and b are shown in 
Table 2. 

Taking into account the nonideal behavior of the system on the 
equilibrium position., the variation of @m with @ may be expressed [ 71 

P 

P bY 

with 

where x is the free-energy interaction parameter between any two 
components, and the subscripts m, s, and p refer to monomer, solvent, 
and polymer, respectively. Vs is the solvent molar volume and AGpc 
is the free-energy change upon converslon of 1 mole of liquid monomer 
to 1 base-mole of liquid amorphous polymer of infinite chain length. 
Since values used far  the computation of A and B, and hence @; and b, 
are for polymer with a DP above 100 ('iiv> 7200), the infinite chain 
length assumption i:3 valid [ 31. a is a constant which, ideally, should 
coincide with @;. Assuming a = @& and hP = 0.3 for the present 
range of polymer concentration, B and -AG,,/RT may be computed by 
comparing Eq. ( 4) with Eq. (3). Results are given in Table 3. 

D I S C U S S I O N  

AS AC,,/RT refers essentially to the conversion of 1 mole of liquid 
monomer to 1 base-mole of amorphous polymer for a given monomer at 
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1432 LEONARD AND MAHEUX 

a given temperature, the value of AGec/RT should be independent of 
the polymerization system. The validity of Eq. (4) has recently [ 41 
been checked for the anionic polymerization of a-methylstyrene in two 
different solvents, and values of AGIZc/RT computed from both systems 
were in good agreement. 

In the present case the equilibrium polymerization of tetrahydro- 
furan in benzene may be compared with results obtained for the bulk 
polymerization of tetrahydrohran [ 161. In the latter case the polym- 
erization is performed in the absence of solvent, the monomer being 
the solvent for its own polymer. Thermodynamic properties of these 
two polymerization systems differ cpnsiderably and this is reflected 
in their equilibrium monomer concentrations. At 20" C the equilibrium 
monomer concentration for the bulk polymerization is 2.71 and 3.98 
moles/liter for the polymerization in benzene: at 50°C the concentra- 
tions are  5.08 and 6.76 moles/liter, respectively. Nevertheless, 
despite large differences in [ M ] ~ ,  values of A G ~ ~ / R T  for both polym- 
erizations should coincide. 

Values of AGPc/RT computed from Eqs. (3) and (4) are shown in 

Fig. 3, together with values computed by Drey€uss and Dreyfuss for 
the bulk polymerization, using [ 171 

The best f i t  between computed and experimental values through the 
use of Eq. (6)  was obtained for & = 0.3 and we use the same value P 
in Eq. (4). From Fig. 3 it can be seen that agreement between the 
hvo sets of values is fairly good. From the combined results (omit- 
ting our value at 30"C), a value of -3.6 i 0.2 kcal for AHpc is deduced 
from the slope of AGpc/RT against 1/T, and a value of -11.7 f 8.6 eu 
is found for ASpc. These values are in good agreement with AHpc = 
-3.3 kcal and ASec = -10.7 eu found from the bulk polymerization, and 
with AHec = -3.5 kcal estimated from heat of combustion of monomer [ 2 j  

It has  recently [ 71 been suggested that AGec/RT may be computed 
from hs which is defined as 

( 7 )  
A% 

Ls - xkRT+; 

where AHM i s  the integral heat of mixing of monomer and solvent, 
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POLYMERIZATION OF T E T W R O F U R A N  1433 

6 

FIG. 3. Variatlon of AGOcj'FZT with 1/T for the polymerization of 
tetrahydrofuran: Upper curve: ( s) in bulk, (+) In benzene from Eqs. 
(3)  and (4). Lower curve: (A) in benzene from Eqs. (7), ( 5), and (8). 

6; = $s/($s + $m) = 1 - $;, and x; is the corresponding monomer 
mole fraction Values  of ha are computed from reported integral 
heat of mixing of tetrahydrofuran with benzene at 25OC [ 181, assuming 
that AHM/RT is independent of temperatures. Values of hS at various 
temperatures are shown in Table 3. Values of B are obtained from Eq. 
( 5 )  assuming '$ 0.3 and taking V,/Vs = 0.912. B and +& being 
known, AG,,/RT is deduced from Eq. (4 )  by solving 

P 
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1434 LEONARD AND MAHEWX 

Values of AG&T computed with the use of Eq. (8) are given in 
Table 3 and are plotted in Fig. 3 (lower curve). Although these values 
f a l l  on a straight line, they differ to a considerable extent from the 
values computed from Eqs. (4) and (6), and they yield AHpc = - 4 3  k 
0.1 kcal and ASpc = -13.1 f 0.03 e.u The same discrepancy can be 
observed in the case of the polymerization of u-methylstyrene in 
tetrahydrofuran, so that the use of heat of mixing for the determination 
of ha, and hence AGgc/’RT, is questionable. The use of excess free 
energy of mixing would probably be more appropriate for the determina- 
tion of hS. 
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