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Fractions of poly(trimethylene oxide) -HCH32)3—01, of relatively high degree of polymerization x
were studied in liquid—liquid phase equilibria in the poor solvent cyclohexane. The results thus ob-
tained indicate that the ideal or theta-temperature for this system is 27.0'% 0.6°C. Intrinsic visco-
sities measured under these conditions were used to obtain a value for the characteristic ratio
(rDg/ni? of the unperturbed dimensions of these chains relative to the number of skeletal bonds and
the average square of their length. The resulting value, 3.86 * 0.08, is unusually low, a fact which
may be attributed to the high degree of conformational randomness in this chain molecule. Consid-
eration of poly(trimethylene oxide)} to be an alternating copolymer of ethylene and oxymethylene
provides some additional information of interest. It clearly demonstrates that a chemical copolymer
can have configuration-dependent properties which are vastly different from those of its parent

homopolymers.

INTRODUCTION

Poly(trimethylene oxide) £CHy—CHy;—CH—0)- is one
of the most interesting chain molecules which may be
studied with regard to its spatial configurations in the ran-
dom-coil state. The polymer may be prepared to relatively
high degrees of polymerization x', and has a rather low
melting point (35°C)?; its characterization from the experi-
mental point of view should therefore be straightforward.
In addition, its investigation3_5 in terms of the rotational
isomeric state theory* of chain configurations is facilitated
by two important features of this polyoxide chain. Its re-
peat unit has a very simple structure and most of the
intramolecular interactions occurring in this molecule also
occur in other members of the {CH3),,—O1 series, seve-
ral of which have now been extensively studied with re-
gard to their configuration-dependent properties*~S.
Finally, preliminary evidence' indicates that poly(trimethy-
lene oxide) in the random-coil state is an unusually com-
pact chain molecule, judging from approximate values of
its unperturbed dimensions as estimated from viscosity
measurements in a thermodynamically good solvent.

For the above reasons, the present study was under-
taken to determine a reliable experimental value of the
characteristic ratio {r2)y/ni? of poly(trimethylene oxide),
where {r2) is the chain dimension as unperturbed by ex-
cluded volume effects'”, n is the number of skeletal bonds,
and /2 is the average square of their length. The approach
taken, the study of the molecules in a theta () solvent,
where excluded volume interactions are known to be nulli-
fied?, is probably the most reliable method presently avail-
able for this purpose. The temperature at which a suitably
poor solvent acts as a §-solvent for poly(trimethylene
oxide) will be located by measurements of the critical
solution temperatures for liquid—liquid phase equilibria
of solutions of the polymer, obtained as a function of its
degree of polymerization’. Intrinsic viscosities measured
in this solvent at the f-temperature thus established then
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directly yield values of the unperturbed dimensions and
the characteristic ratio, without the need for approximate
corrections for chain expansion due to excluded volume
interactions.

Since there has been a considerable amount of interest
in the configuration-dependent properties of chemical
copolymers®~'2, it should be noted that poly(trimethylene
oxide) may be thought of as an alternating copolymer of
ethylene and oxymethylene. It is therefore obviously of
considerable interest to compare its statistical properties
with those of polyethylene® and polyoxymethylene®!3!4

EXPERIMENTAL

The five fractions of poly(trimethylene oxide) employed
in the present study were among those studied previously
in a thermodynamically good solvent, and their prepara-
tion is thus described elsewhere'. Their number-average
molecular weights M,,, which had been determined by
osmometry in benzene at 30°C!, are listed in Table 1.

A preliminary survey of solvents indicated that cyclo-
hexane should serve as a -solvent” for poly(trimethylene
oxide) in the vicinity of room temperature. Precipitation
temperatures, Tp, for liquid—liquid separations in the re-
agent-grade solvent were therefore determined for the five
fractions listed in Table I, augmented by two others (F1
and F7!, having values of M,, x 10'3, 53.5 and 153.0, res-

Table 1 Experimental results on poly(trimethylene oxide)

[nlc
Fractiond M, X 10—3b  (dI/g) (r2y/ni?
F2 65.1 0.275 3.78
F3 . 87.5 0.316 3.76
F4 109.1 0.380 3.95
F8 161.1 0.465 3.97
F10 2925 0.591 3.82

Average 3.86 + 0.08

3Detailed information on these fractions is given in ref 1. PObtained
from osmotic pressure measurements in benzene at 30°C: see ref 1.
Cln the 8-solvent, cyclohexane, at 27.0°C; present results
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Figure 1 Some typical binodials characterizing liquid—liquid

separations in the poly(trimethylene oxide)—cyclohexane system.
The fractions represented are described in Tabl/e 7, and in a pre-
vious studyl.: O F10; 4 F7; 8, F4;0 F2

pectively). Values of T}, were determined as a function of
composition, for all seven fractions, using simple visual
inspection, in the usual manner'®. The volume fraction vy
of polymer in each solution at 23°C was obtained from the
weights of polymer and solvent, and the specific volumes
at this temperature. Values of v; thus obtained were in
good agreement with direct pycnometric measurements on
the solutions themselves.

Viscosities of the poly(trimethylene oxide) fractions in
the cyclohexane were determined in a Cannon—Ubbelohde
viscometer. Each fraction was studied at a minimum of four
concentrations, in the range 0.03 to 2.17 g/dl, and values
of the relative viscosity ranged from 1.02 to 2.03.

RESULTS AND DISCUSSION

The binodials for the liquid—liquid phase separations were
obtained by plotting values of the precipitation tempera-
ture against composition. Typical results are shown in
Figure 1. The maximum of each binodial is the critical
solution temperature T at that particular degree of poly-
merization x. Although some of the data scatter somewhat,
presumably because of the relatively low molecular weights
of some of the fractions, the values of T, obtained are
probably accurate to +0.2°C. Their reciprocals were plot-
ted against the molecular size function indicated by theory,
in the usual manner”. The results are presented in Figure 2,
where the line shown was located by least-squares analysis.
The intercept gives the value of T in the limit of infinite
chain length, which is the 8-temperature of the system. We
thus obtain 8 = 27.0°C, with an uncertainty estimated to
be ~+0.5°C. The entropy of dilution parameter y/1”, ob-
tained from the slope of this curve, was found to have the
relatively large value 1.0.

Values of the intrinsic viscosity [n] of the poly(tri-
methylene oxide) fractions in cyclohexane at 27.0°C were
obtained from the solution viscosities in the usual manner’;

the results are given in Table 1. They are plotted logarith-
mically against the number-average molecular weight in
Figure 3, and were found by least-squares analysis to be
represented by the relationship:

[n] = 8.89 x 10~4 M2519 (1)

The fact that the exponent on the molecular weight is one-
half” within experimental error confirms cyclohexane to
be a §-solvent for poly(trimethylene oxide) at 27.0°C.
Values of the unperturbed dimensions (r2)y are therefore
directly calculable from the equation:

[n] = ®(r2y /M,)32M A2 2)

which is applicable to any random-coil polymer in a §-
solvent”; under these conditions, the constant & has the
value 2.5 x 102! dl/mol cm3 7'¢. The unperturbed dimen-
sions thus obtained were expressed relative to nl2, with
n = 4(M,/Mp), where Mg = 58.08 is the molecular weight
of the repeat unit, and /2 = 2.19 A2, The resulting values
of the characteristic ratio are given in Table I and are seen
to be independent of molecular weight, as expected®”.
The average value (r2)y/ni? = 3.86 * 0.08 is in excellent
agreement with the value 3.94 + 0.17 obtained from visco-
metric and osmometric measurements in a thermodynami-
cally good solvent, benzene at 30°C'. The agreement may
be somewhat fortuitous, however, in that it is frequently
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Figure 2 Extrapolation of reciprocal critical solution tempera-
tures to obtain the -temperature for the poly(trimethylene oxide)—
cyclohexane system
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Figure 3 The intrinsic viscosity—molecular weight relationship
for poly{trimethylene oxide) in cyclohexane at the 8-temperature,
27.0°C
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Table 2 Some characteristics of polyethylene, polyoxymethylene, and their alternating copolymer poly (trimethyiene oxide)

PE POM POM3

Repeat unit —CH;—CH,— —CH,—0— —~CH;—CHy—~CH,—0—
(r2yo/ni? 7.63.b 12¢ 3.9e
103d(intr2)/dT —-1.1a —-6d 0.1f

aThe pertinent experimental studies are cited in ref 4. bThe actual experimental result is 6.7 at 140°C; it was corrected to the vicinity of 25°C
by means of the coefficient d{In<r2)g)/dT. CApproximate value estimated from intrinsic viscosities!3 obtained in a thermodynamically good
solvent at 25°C, using a value of 2.1 X 102! for the hydrodynamic constant #1:16, dVery approximate value estimated from intrinsic viscosi-

ties obtained in two thermodynamically good solvents at 25° and 90°C, respectively13:1%, €Present study. fRef 1

very difficult to correct satisfactorily for the excluded
volume effects present in thermodynamically good sol-
vents'™'8, In any case, the characteristic ratio found for
poly(trimethylene oxide) is unusually small, and is probably
the smallest of those?# which are reliably known, to a high
degree of accuracyt. This compactness of the poly(tri-
methylene oxide) chain is due to its high conformational
randomness; two of the skeletal bonds of the repeat unit
have a preference for gauche rotational states, whereas

the other two have a preference for the alternative frans
states'?S,

In addition, it is of instructional value to note that
poly(trimethylene oxide) may be considered an alternating
copolymer of ethylene and oxymethylene units, and it is
thus of interest to compare its configuration-dependent
properties with those of its parent homopolymers poly-
ethylene { CHy—CH3 3}, and polyoxymethylene £CHy—0}.
Pertinent results are given in Table 2. Polyethylene is seen
to have a relatively high value, 7.6, for the characteristic
ratio in the vicinity of 25°C; polyoxymethylene at the
same temperature, has one of the highest values™'3, 12%,
reported to date. This is due to the fact that these two
homopolymeric chains exhibit a preference for conforma-
tions of high spatial extension; in polyethylene the pre-
ference is for trans or planar zig-zag conformations®, and
in polyoxymethylene it is for gauche states giving rise to
helical sequences®. High spatial extension is not preserved,
however, upon mixing the two types of units, in alternat-
ing sequence, to give poly(trimethylene oxide). The
characteristic ratio of poly(trimethylene oxide) is in fact
very much smaller than the corresponding value for either
homopolymer, since gauche states cause disruption of the
planar trans sequences, while trans states likewise disrupt
the helical gauche sequences. Similarly, the large negative
values reported for the temperature coefficient d(In{r2))/dT
of the unperturbed dimensions of polyethylene and poly-
oxymethylene are of course a direct resuit of the fact that
the spatially extended conformations in these chains are of
relatively low energy®. Again, destruction of the confor-
mational regularity in polyethylene and in polyoxymethy-
lene by the intermixing of these two repeat units in poly(tri-
methylene oxide) has the marked effect of reducing its
value of d(In (r?))/dT essentially to zero'. These compari-

+ It is of course important to use the same conventions in calcu-
lating values of the characteristic ratio in comparisons of this type.
In polypeptides, for example, ‘virtual bonds’ of length 3.80 A are
frequently used to replace three consecutive skeletal bonds, of
lengths 1.53, 1.32, and 1.47 A, respectively4:8. For uniformity,
therefore, characteristic ratios thus calculated would have to be
multiplied by the factor [3.802/(1.532 + 1.322 + 1.472)] =2.31.

t Stockmayer and Chanl3 calculate the somewhat lower value
10.5 £ 1.5, using ® = 2.5 X 102! rather than the value 2.1 X 1021
we used to obtain (#2)y/ni2 = 121. We consider the uncertainty
associated with this assignment to be minor compared with other
uncertainties19:20 inherent in the use of such extrapolation
methods2! in the interpretation of viscometric data.
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sons strikingly illustrate the very large error which may be
introduced by use of the assumption® that a chemical co-

polymer should have statistical properties intermediate to
those of its parent homopolymers.
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Note added in proof

Also pertinent with regard to the statistical properties of
chemical copolymers is the fact that the unperturbed
dimensions of poly(vinylidene fluoride) {CF,—CH,—1, are
quite different from those of polytetrafluoroethylene
[CF,—CF,—1, and polyethylene [CH,—CH,1, (Tonelli,

A. E.Macromolecules submitted).



