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ABSTRACT: The relationship between intrinsic viscosity ([n]) and molecular weight (M) was determined
for poly(diisopropyl fumarate) (poly(DiPF)) prepared by radical polymerization and then fractionated; [n]
= 7,53 X 10°M°% (dL/g) (in benzene at 30 °C, M < 3 X 10%). The index number (a = 0.98) is the largest
among the values reported for vinyl polymers, indicating that poly(DiPF) has a considerably rigid (semi-
flexible) conformation because of the poly(substituted methylene) structure with bulky side groups. The a
value decreases continuously from 0.98 to ca. 0.8 with increasing molecular weight. The value depends on
the ester alkyl group; i.e., it was determined to be 0.87 for poly(diethyl fumarate) (poly(DEF)), suggesting
that flexibility of the poly(DiPF) chain is less than that of poly(DEF). From GPC measurement of these
poly(dialkyl fumarates), the flexibility of the chains was compared. Furthermore, estimation of the persistence
length for poly(DiPF) in benzene was attempted from the viscosity data.

Introduction

In previous papers,! 8 it has been reported that di-
alkyl fumarates (DRF) can polymerize easily in the
presence of a radical initiator and that the introduction
of bulky alkyl esters increases their polymerization reac-
tivities (both polymerization rate and molecular weight
of the resulting polymers), although 1,2-disubstituted eth-
ylenes have been generally recognized to polymerize only
with difficulty because of steric hindrance in propagation.
It was confirmed that the polymerization proceeded via
opening of their double bonds, i.e., by the ordinary vinyl
polymerization mechanism to give poly[(alkoxycarbonyl)-
methylenes] (eq 1).
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These poly(substituted methylenes ) have no methyl-
ene group (CHy) as a spacer in their main chains, and their
backbones are surrounded closely with the side chains. As
a result, poly(substituted methylenes) have a more rigid
conformation, due to bulkiness of the substituents, as
distinguished from ordinary vinyl polymers, i.e., poly-
(substituted ethylene). As one of the specific properties
of the poly(substituted methylenes), the formation of semi-
flexible polymer chains with bulky substituents might lead
to a decrease in the rate of mutual termination in radical
polymerization, resulting in enhancement of apparent
polymerization reactivities of DRF with an ester group such
as diisopropyl fumarate (DiPF) or di-tert-butyl fuma-
rate (DtBF).2® We have already suggested that poly-
(DiPF)? and poly(DtBF)2 have relatively low flexibility,
based on consideration of their molecular models.
Moreover, the Mark-Houwink-Sakurada viscosity-
molecular welght relation was examined with respect to
unfractionated samples (M, /M, = 1.9-2.1) of poly-
(DiPF) in toluene.?

A few semiflexible wormlike chains have been intensively
investigated,’ e.g., polyamides,® 11 cellulose derivatives,!213
DNA,1214 and polysaccharides.!518 In general, very few
typical stiff chains are found among vinyl polymers, for
which the structure of repeat units, molecular weight and
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its distribution, and configurations are capable of being
controlled by polymerization conditions.!”18 Poly(tert-
butyl crotonate) (poly(TBC)) has been studied since 1974
by Nagasawa and co-workers as an apparently unique
example of a semiflexible vinyl polymer; i.e., poly(TBC)
with a semiflexible backbone and narrow molecular weight
distribution was prepared by living anionic polymerization!®
and characterized as to the rigidity of the polymer chain. 202

We have been interested in the steric effects in DRF
which increase the polymerization reactivities, as men-
tioned above, whereas steric hindrance in general may also
cause a reduction of reactivity. Therefore we have
undertaken the characterization of semiflexible wormlike
polymethylene derivatives from DRF in dilute solution.

Experimental Section

Preparation of Polymers. DiPF and diethyl fumarate (DEF)
were prepared as reported previously.! Other reagents and
solvents were purified by ordinary methods. Polymerization of
DRF was carried out in a sealed glass tube in the presence of 2,2’
azobis(isobutyronitrile) or benzoyl peroxide. Polymerization of
DiPF was performed in bulk at 30 or 50 °C and in benzene at
70 °C in order to obtain polymers with different molecular weights.
DEF was polymerized in bulk at 30 or 60 °C. The effect of
solvents, initiators, and temperature on tacticity of the polymers
was neglected, especially in the case of poly(DiPF).22 After
polymerization for a given time, the polymerization mixture in
the tube was poured into a large amount of methanol or n-hex-
ane to isolate the resulting polymer. The polymer was filtered,
washed, and then dried under vacuum at room temperature for
1 day. The polymer was purified by reprecipitation from benzene
and methanol or n-hexane.

Fractionation. The precipitation-fractionation of poly-
(DiPF) was carried out with tetrahydrofuran (THF) as a solvent
and methanol as a nonsolvent at 30 °C. The results for
fractionation of poly(DiPF) prepared by bulk polymerization at
50 °C are shown in Table I. Poly(DEF) was fractionated similarly
with THF and water.

Measurements. The viscosity of the polymers was measured
with an Ubbelohde viscometer in benzene at 30 °C. Intrinsic
viscosity ([#]) was determined by extrapolation to ¢ = 0 in both
plots of ns5/c and (In 7,e)/c against ¢, where c is concentration
of the polymer and 7y, and ny are specific and relative viscosities,
respectively. Number-average molecular weights (M;) of the
polymers were determined by membrane osmometry (Knauer)
in toluene at 36 °C. M, and second virial coefficients were
determined by plots of 7 /¢ against ¢, where 7 is osmotic pressure.
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Table I
Results of Fractionation and Molecular Weight Determination of Poly(diisopropyl fumarate)*
viscosity® GPCr 0S4

no. yield, g cumulative, % [n],dL/g Huggins const, k¥’ Mugpc X 10 My/M, M, x10* A;x10% mL/g2 My, X 107

1 0.571 5.4 1.82 0.53 43.3 2.11

2 0.664 11.6 2.31 0.55 58.3 1.37 36.5 3.74 50.0

3 0.510 16.5 1.77 0.52 43.2 1.37

4 0.454 20.7 1.75 0.51 44.9 1.34

5 0.476 25.2 1.65 0.51 41.5 1.30 34.4 4.00 44.7

6 0.703 31.9 1.68 0.61 41.8 1.25 28.0 4.44 35.0

7 0.430 35.9 145 0.50 36.8 1.27 24.1 30.6

8 0.795 43.4 1.35 0.50 35.6 1.21 20.9 : 25.3

9 0.440 47.5 1.34 0.49 38.1 1.20 21.1 4.71 25.3
10 0.523 52.5 1.34 0.48 34.3 1.17
11 0.598 58.1 1.15 0.50 28.8 1.18 19.3 4.37 22.8
12 0.564 63.4 1.07 0.48 27.5 1.18 16.4 4.45 19.4
13 0.450 67.7 0.958 0.48 24.0 1.19 15.9 4.83 18.9
14 0.509 72.5 0.934 0.50 23.1 1.24 14.9 4.57 18.5
15 0.667 78.8 0.896 0.52 214 1.24 13.4 4.59 16.6
16 0.683 85.2 0.832 0.52 17.5 1.24 11.7 6.32 14.5
17 0.773 92.5 0.651 0.56
18 0.521 97.4 0.477 0.57 8.39 1.36 7.63 5.83 104
19 0.277 100.0 0.289 0.55 5.13 1.26 3.74 5.80 4,71

_ % Polymerized in bulk with 2,2’-azobis(isobutyronitrile) (0.02 mol/L) at 50 °C for 50 h; polymer yield 49.4%, [9] = 1.13 dL/g, M/
M, = 2.22. ® In benzene at 30 °C. ¢ Gel permeation chromatography calibrated with standard polystyrenes in THF at 38 °C. ¢ Membrane os-
mometry in toluene at 36 °C. M, was calculated with M,(08) and My,/M,(GPC).
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Figure 1. Plots of ﬂ-s/ ¢ (0) and (In ny) /¢ (®) against ¢ for poly-

(diisopropyl fumarate) in benzene at 30 °C. The numbers indicate
the fraction numbers in Table I.

Gel permeation chromatography (GPC) was carried out in THF
at 38 °C (Tosoh 8000 Series GPC systems with columns; TSK-
gel GEOOOHXL, G4000HXL X 2, G2000HXL) and calibrated with
standard polystyrenes (Tosoh). Weight-average molecular weights
(Mor) were calculated by combination of M, by osmometry and
M. /M, by GPC. M, was used for determinations of viscosity
equation parameters and persistence length, instead of the
viscosity-average molecular weight (M,) (see text).

Results and Discussion

Table I shows the results of the fractionation of a poly-
(DiPF) obtained by radical polymerization in bulk at 50
°C. This sample was divided into 19 fractions. The results
of viscosity, GPC, and osmotic pressure measurements of
each fraction are also shown in Table I. The GPC data
indicate that all the fractions have a narrow molecular
weight distribution (My,/M, < 1.3). In Figure 1, typical
plots for the determination of [4] are shown. The values
of [n] in benzene at 30 °C were in the range 0.3-2.3 dL./
g. Huggins constants were 0.5-0.6, which are somewhat
larger than values expected for linear and flexible polymers
in a good solvent.23 The M, values determined osmo-
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Figure 2. Relationship between [4] and M of poly(diisopropyl
fumarate) (O) and poly(diethy! fumarate) (®) in benzene at 30
°C.

metrically were found to be from 3.7 X 104 to 37 X 104,
and A; increased from 4 X 107 to 6 X 10" mL/g? when
M, decreased.

_ For evaluation of the viscosity—molecular weight relation,

M, should be used because the fractionated poly(DiPF)
samples in this work have relatively narrow molecular
weight distributions but are not monodisperse. In this case,
the viscosity is nearly proportional to the molecular weight
(a ~ 1) as described later, so that M, is close to M.
Therefore, we used a corrected molecular weight (M),
which is calculated by combination of M, by osmometry
and M,/ Mn by GPC, instead of M,. The M., calculated
are shown in Table I.

The relation between [n] and M is shown in Figure 2,
which includes results for other polymerized and frac-
tionated poly(DiPF), i.e., higher molecular weight fractions
(1.5 X 105 < M < 1.1 X 106) from bulk polymerization at
30 °C and a lower molecular weight fraction (M < 4.6 X
104) from polymerization in benzene at 70 °C. The plot
for [n) of poly(DiPF) in the range of M from 104 to 10 gives
a curve with moderately convex-upward bending; i.e., the



5104 Matsumoto et al.

slope of the experimental curve continuously decreases
from 0.98 to ca. 0.8 as M increases from 104 to 108. In the
region below M = 3 X 105, the relation between [n] and
M is approximated as

[n] = 7.53 X 10°M°% (in benzene at 30 °C)  (2)

where [7] is in dL/g.

The index number a in this equation is the largest among
the values reported for vinyl polymers.2¢ The high a value
(0.98) for poly(DiPF) is similar to those for semiflexible
cellulose derivatives, polyamides, and polyimides. Among
vinyl polymers, only the unique example of poly(tert-
butyl crotonate) (poly(TBC)) has been reported (a = 0.96
in toluene at 25 °C).1® The a value for poly(DiPF) obtained
in this work is thus close to that for poly(TCB). In the
high molecular weight region in Figure 2, a deviation from
the relation represented with eq 2 was observed as
mentioned above. It may indicate that the flexibility of
the poly(DiPF) chain changes depending on the chain
length. It has been reported that other semiflexible
polymers have such a curve in a log [n]-log M relation.!1.19

The maximum a value for a flexible random coil is 0.8
as a theoretically predicted limiting one in a good solvent,
and the actual experimental values are lower than that even
in the high molecular weight region.?* Moreover, it is
obvious that the [n] values for poly(DiPF) are higher than
those for random coils from ordinary flexible vinyl polymers
bearing a corresponding M, e.g., not only polystyrene in
cyclohexane at 34.5 °C as a © solvent ([n] = 8.8 X
1074M,,%50),26 but also polystyrene in benzene as a good
solvent ([5] = 7.8 X 10-°M,,%75)% and poly(methyl meth-
acrylate) in acetone ([5] = 5.7 X 1073M,070).27 This
supports the conclusion that the poly(DiPF) chain has a
considerably extended conformation in benzene because
of its intrinsic semiflexibility.

In Figure 2, a similar relation for poly(diethyl fuma-
rate) (poly(DEF)), which was prepared in bulk polym-
erization followed by fractionation (M,,/M, = 1.2-1.5), is
also included. From these plots, the constants for poly-
(DEF) in the viscosity—molecular weight eguation were
determined in the range of M below 2 X 105 as shown in
eq 3:

[n] = 1.62 X 10°M*% (in benzene at 30 °C)  (3)

The a value for poly(DEF) was smaller than 0.98 for poly-
(DiPF), and the plots for [n] values for poly(DEF) were
always situated below those for poly(DiPF) with an
identical M, indicating that the rigidity of the chain
decreased in poly(DEF). This decrease in the flexibility
of the poly(DRF) chain sensitively depending on the
bulkiness of the ester groups is assumed to originate from
the poly(substituted methylene) structure, and it also
influences significantly the properties of the polymers in
bulk 62829

As shown in Table I, M, determined by GPC is always
higher than its absolute value, i.e., M, determined by the
osmometric measurement, because the former was
calibrated with standard polystyrenes, which are typical
flexible polymers. In Figure 3, the relation between M,
and elution volume (V,) is shown. It was found that both
poly(DRF)s eluted at smaller volumes than polystyrene.
Since polystyrene is considered to be well extended in THF
as a good solvent, this suggests that the expansion of the
semiflexible poly(DRF) is considerably large. Moreover,
V. for poly(DiPF) is smaller than for poly(DEF), in
agreement with the results of the viscosity measurements
in benzene.

We attempted to estimate the persistence length (q) of
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Figure 3. Relationship between M, and elution volume (V,) for
GPC in THF at 38 °C: (0) poly(diisopropyl fumarate); (®) poly-
(diethyl fumarate); (- » -) polystyrene.

the poly(DiPF) chain in benzene from the viscosity data
above, in accordance with the relationship between intrinsic
viscosity and molecular weight in the following equations:!?

For L/2q = 2.278
4
[n] = @.MYA(My/2q) (1~ (D_CiL/20)"/DT" (&)
i=1

where ®.. is the Flory—Fox constant (2.87 X 102 in cgs
units), L is the contour length of the chain, M, is the molar
mass per unit contour length (i.e., L = M/M;), and C; are
coefficients depending on the values of the diameter (d)
of the cylinder and gq.
For L/2q <2.278

TN, L? f(L.q)
(5)

n] =
24MIn(L/d) & .
i )1+2Ai[ln (/L))"
i=0

where N, is Avogadro’s number, f(L,q) is a function
depending on L and ¢, and A; are constants independent
of L, d, and gq.

The approximation of Bohdanecky*® (eq 6) was adapted
for unequivocal estimation of My, and g for poly(DiPF).

(M?/[q])'/* = A, + B M (6)

with
A, =0, PAM, (7)
B, =&, /°By(M,/29)"/* @)

where A¢ and B are functions of d/2q as represented in
the following equations, respectively:30

A, =0.46 - 0.53 log (d/2q) 9)
B, = 1.00 - 0.0367 log (d/2q) (10)

Figure 4 shows the plot of (M?2/[1])1/3 versus M'/2 for
poly(DiPF). A straight line having intercept and slope 153
and 1.27 g!/3.cm™, respectively, was obtained. From these
values and the Flory~Fox constant, AoM; = 1.01 X 1010
cm! and By(M1/2q)1/2 = 8.40 X 107 cm™! are given. These
values yield M; = 1000 nm' and ¢ = 7.6 nm for d = 1.4
nm.%28 The comparison between the experimental [7]
values and theoretical values is depicted in Figure 5,
indicating good agreement with each other.

The ¢ value determined is the largest so far reported
for a vinyl polymer.” It is also larger than that estimated
for semiflexible poly(TBC) (56 nm from light scattering!®
and viscosity?® and 2-3 nm from small-angle X-ray
scattering?!). This is reasonable from the difference in the
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Figure 4. Plot of (M?/[n])V/ against M/2 for poly(isopropyt fu-
marate).
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Figure 5. Comparison between the experimental data (O) of the
intrinsic viscosity for poly(diisopropyl fumarate) in benzene at
30 °C and the calculated values (the solid line) from eqs 4 and
5 with My, = 1000 nm™, ¢ = 7.6 nm, and d = 1.4 nm.

bulkiness of the 3-substituent, i.e., an alkoxycarbonyl group
in poly(DRF) and a methyl group in poly(TBC).

Light scattering from THF solutions of poly(DiPF) can
be used to determine the radius of gyration of the chain,
but the intensity of scattering from benzene solutions is
insufficient for this purpose. A comparison of the g value

[n] of Poly(DiPF) in Benzene 5105

obtained in this work with that calculated from the radius
of gyration will be reported in the future.
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