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ABSTRACT: The characteristic ratios of atactic poly(vinylethylene) and poly(ethylethylene) have been
determined by combining intrinsic viscosity and weight-average molecular weight measurements on a series
of near-monodisperse samples. The poly(vinylethylenes) were prepared by the anionic polymerization of
1,3-butadiene while the poly(ethylethylene) samples were the product of the hydrogenation of the poly(vi-
nylethylene) materials. The characteristic ratio for poly(ethylethylene) of 5.3, although not in accord with
available experimental values, is in excellent agreement with the predictions of Flory, Mark, and Abe.

Introduction

In a series of studies, the rotational isomeric state (RIS)
model has been used®? to evaluate the configurational
characteristics of polymethylene, poly(methylethylene),
and poly(ethylethylene). For the a-olefinic polymers,*12
the unperturbed random-coil configurations were treated
on the basis of three rotational states for each backbone
bond. Each state was weighed according to the interactions
between the methylene, methine, and substituent groups
that were separated by either three or four C-C bonds.
The treatment was applied to chains having various tac-
ticities for the calculation of the characteristic ratios. More
recently, Suter and Flory!® have examined the conforma-
tional energy and configurational statistics of poly(me-
thylethylene) by the use of five rotational states for the
chain bonds.

Experimental results for the case of polymethylene®'41?
have shown the essential correctness and success of the RIS
approach. However, disagreement does exist between
experiment?®? and theory’ for the case of atactic poly-
(ethylethylene) [poly(1-butene)]. Some of these experi-
mental results were based? on intrinsic viscosity mea-
surements on samples of apparently unknown polydis-
persity.

Various bulk polymer properties, e.g., elasticity and
optical properties, are dependent upon chain configuration.
Recently, Graessley and Edwards?? have related the pla-
teau modulus of a polymer to its characteristic ratio.
Hence, knowledge of this parameter is of value for an
understanding of properties other than just the dilute

solution unperturbed posture of a polymer chain.

It has been reported®? that the anionic polymerization
of butadiene can be carried out to yield virtually 100% 1,2
enchainment. The resulting near-monodisperse poly(vi-
nylethylene) can be then converted by hydrogenation to
poly(ethylethylene). This approach was used for the
samples examined in this study, which reports our findings
regarding the characteristic ratios for the atactic forms of
poly(vinylethylene) and poly(ethylethylene). To the best
of our knowledge, the RIS approach has not yet been used
to calculate the characteristic ratio of the former polymer.

Experimental Section

The polymerization, under vacuum, of 1,3-butadiene was carried
out with purified, by distillation, sec-butyllithium with cyclohexane
as the solvent. The polymerization temperatures were between
10 and 20 °C while the duration of the reactions ranged from 24
to 48 h. Termination was carried out by the addition of methanol.
The general procedures followed in these polymerizations have
been described elsewhere.26

Until recently, it was not possible to prepare virtually 100%
poly(vinylethylene) via homogeneous anionic polymerization
systems involving the alkali metals. However, the use of bis-
(piperidinyl)ethane as a “promoter” in concert with butyllithium
has been reported?2 to lead to the near-quantitative conversion
of 1,3-butadiene to poly(vinylethylene). Thus bis(piperidinyl)-
ethane was used to control the microstructure of the polymers
examined in this work. The ratio of promoter to active-center
concentration was about 5.

The poly(vinylethylene) polymers were converted to poly-
(ethylethylene) via hydrogenation. The catalyst was palladium
on calcium carbonate.?” After the change brought about by hy-
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Figure 1. Chromatograms of poly(vinylethylene) and poly-

(ethylethylene).

Table I
Specific Refractive Index Increments (dn/dc, mL g™!) for
Poly(vinylethylene) and Poly(ethylethylene) in
Cyclohexane at 30 °C

A,nm
polymer 436 546 633
poly(vinylethylene)  0.0988 0.0919 0.0873
poly(ethylethylene) 0.0696 0.0679 0.0672

drogenation was taken into account, the weight-average molecular
weights measured before and after hydrogenation were, within
experimental error, identical.

The analyses of the poly(vinylethylenes) and poly(ethyl-
ethylenes) by size exclusion chromatography (GPC) revealed that
the samples possessed near-monodisperse molecular weight dis-
tributions and that hydrogenation did not cause any detectable
chain branching or degradation. Representative chromatograms
are shown in Figure 1. These chromatograms were obtained with
a Waters 150C GPC equipped with six u-Styragel columns having
a porosity range of 106-102 A. Supplemental measurements were
made with a Waters Ana-Prep instrument having seven 4-ft
Styragel columns. The porosity range of this column set ranged
from 10° to 10° A. Purified tetrahydrofuran was the carrier solvent
at a flow rate of 1 mL min~!. The temperature of measurement
was 30 °C. Both the poly(vinylethylene) and poly(ethylethylene)
samples were found to adhere to a universal calibration,® which
was generated by using near-monodisperse polystyrene samples.
It should also be mentioned that the small low molecular weight
tails seen in these chromatograms were also observed in the other
samples used in this work. This can be taken as an indication
that a very limited amount of active-center termination occurs
during these polymerizations.

The weight-average molecular weights were measured with the
Chromatix KMX-6 low-angle photometer. This instrument was
equipped with a helium~neon laser and operates at a wavelength
of 633 nm. Cyclohexane was the solvent.

The specific refractive index increments of poly(vinylethylene)
and poly(ethylethylene) were measured with Brice-Phoenix and
Chromatix KMX-16 refractometers. Linear relationships were
obtained for the dn/dc values at 30 °C, as a function of wave-
length. These values are given in Table L.

The number-average molecular weights of the poly(vinyl-
ethylene) samples were measured with a Hewlett-Packard 503
osmometer equipped with S and S membranes. Toluene was used
as the solvent at a temperature of 37 °C.

The © temperatures for poly(vinylethylene) and poly(ethyl-
ethylene) were determined in purified 2-octanol, using a Sofica
photometer set at an angle of 90°. The second virial coefficients
were determined as a function of temperature. The temperatures
at which A, = 0 were taken as the © temperatures for these two
substituted polyethylenes. For both polymer types, the two lowest
molecular weight samples were used in the © temperature mea-
surements.
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The dilute solution viscosities in tetrahydrofuran and 2-octanol
were measured in Cannon-Ubbelohde semimicroviscometers
having no appreciable kinetic energy corrections. The Wescan
221 automatic timing device was used for the solvent and solution
flow time measurements. The intrinsic viscosities were obtained
by the conventional extrapolation to zero concentration of the
Nep/ ¢ and In 7,4 /c vs. c plots.

The glass transition temperatures of poly(vinylethylene) and
poly(ethylethylene) were determined with the DuPont 990 DSC.
Mercury and indium were used to calibrate the instrument.
Heating rates of 2, 5, 10, and 20 °C min! were used, with the glass
transition temperature determined by the conventional approach
of extrapolating to the 0 °C min™? heating rate. The glass tran-
sition temperatures thus determined were ~4 °C for poly(vinyl-
ethylene) and ~30 °C for poly(ethylethylene). The only transition
found for both polymers was the glass transition temperature.
No secondary transitions were found over the temperature range
of ca. —100 to +150 °C. This indicates that both polymer types
can be considered to be amorphous; e.g., the melting point for
syndiotactic poly(ethylethylene) is reported® to be 127 (£1) °C.

The poly(vinylethylene) microstructure was analyzed by H
NMR (Varian 300 MHz) and 3C NMR (Varian CF-20) spec-
troscopy. The solvent was CDCl; while the temperature of
measurement was 30 °C. The poly(ethylethylene) samples were
also analyzed in this manner. These measurements showed that
the poly(vinylethylenes) contained between 1 and 2% of the
1-butenylene (1,4-butadiene) unit.

The extent of hydrogenation in the poly(vinylethylene) samples
was measured by IR and 3C NMR spectroscopy. There were no
indications that residual vinyl groups were present in the poly-
(ethylethylene) materials. 3C NMR measurement showed that
the configurational sequences (the meso 1,2-1,2 dyads and the
racemic 1,2-1,2 dyads) were found for the poly(vinylethylenes)
to occur in a Bernoullian fashion as did the dyad repeat units in
the poly(ethylethylene) samples. Both types of dyads were found
to occur in nearly equal proportions. The assignments used to
interpret these spectra are those given elsewhere.’3! Thus the
polymers used in this work can be classified as atactic.

It should also be noted that both the 'H NMR and *C NMR
spectra did not reveal the presence of the 1,2-disubstituted 4-
vinyleyclopentane unit in the poly(vinylethylenes). This cyclic
structure has been found3?3® to be formed under conditions of
slow chain propagation such as occurs when monomer is added
slowly over the course of a polymerization reaction modified by
the presence of a bidentate base such as N,N,N’N’-tetra-
methylethylenediamine. The polymerizations conducted in this
work can be described as batch processes where the total amount
of monomer was present at the beginning of the reaction.

Results and Discussion

The evaluation of C,, is most conveniently accomplished
by the combined measurements of weight-average molec-
ular weights and intrinsic viscosities. The latter parameter
can be measured in either thermodynamically good sol-
vents or an ideal solvent, i.e., under © conditions. Both
types of solvent, tetrahydrofuran and 2-octanol, were used
in this work. Measurements under 0 conditions directly
yield the unperturbed chain dimensions while measure-
ments in good solvents require the application of extrap-
olation to zero molecular weight as shown in the procedures
of Burchard® and Stockmayer and Fixman.3? _

From the values of intrinsic viscosity, the ratio (r?),/M,
can be determined from the relation®37

[nle = ®((r2)o/ M) 2 M, M2 = KoM, 1/? 1)

where (r?), represents, as usual, the mean-square unper-
turbed end-to-end distance (in square centimeters), [n] is
intrinsic viscosity in deciliters per gram, and ® is the
constant of proportionality®”3? known as the Flory con-
stant. The experimental value of ® is 2.5 (£0.1) X 10%.,
This value, which is based on measurements of [5]g and
(S?), of narrow molecular weight distribution poly-
styrenes***2 and polyisoprenes,*® is the one predicted by
Flory in 1953.%
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Table II
Molecular Characteristics of Poly(vinylethylene)

n X My X [n]3 THF’ (11325 %anol: My, / Myl M,/

sample 10-¢ 104 dL g™ ky dL g™ ky Mye My M,?
5 1.20 1.22 0.21, 0.40 0.13, 0.63 1.02 1.03 1.02
1 2.53 2.57 0.35, 0.36 0.19, 0.78 1.02 1.04 1.02
3 6.58 7.06 0.72, 0.38 0.31, 0.81 1.07 1.05 1.03
2 10.0 10.6 0.96, 0.34 0.38, 091 1.06 1.05 1.03
4¢ 20.5 23.1 1.92, 0.35 0.58, 1.27 1.13 1.13 1.09
8 31.5 34.6 2.65, 0.29 0.71, 1.38 1.10 1.06 1.04
7 48.0 52.0 3.48, 0.22 0.84, 1.37 1.08 1.10 1.05
6 47.4 52.1 3.48, 0.26 0.86, 1.25 1.10 1.12 1.06

2 Absolute measurements.
instruments.
nation if oxygen is present,*3+4*

b Via Waters 150 and Ana-Prep instruments,
¢ This sample contained ca. 6% of doublet (coupled) chains.

The values shown are averages from the two
This coupling reaction will occur during termi-

Table III
Molecular Characteristics of Poly(ethylethylene)
M, X [n]%us [n];SOGC;nol’
sample 10-4¢ dLg"! ky ky M/ My? M, /MY
1 2.66 0.19, 0.45 0.129 0.51 1.03 1.02
3 7.35 0.39, 0.30 0.20, 0.78 1.05 1.03
2 10.2 0.52, 0.37 0.25, 1.02 1.05 1.08
8 36.0 1.34, 0.37 0.49, 1.17 1.06 1.04
7 52.6 1.80, 0.31 0.60, 0.93 1.10 1.04
6 55.0 1.85, 0.31 0.60, 1.20 1.11 1.05
@ Via light scattering, ? Via Waters 150 GPC.
The intrinsic viscosity measurements for both polymers Table IV

were done with tetrahydrofuran and 2-octanol. The (7]
and M, data in Table II yield the following relations for
poly(vinylethylene):

[nA%§ = 1.59 X 1074M,078 @
(1182850 = 1.20 X 1073, 050 @)

while the hydrogenated product, poly(ethylethylene),
yielded the following equations (Table III):

(713§ = 8.24 X 105M,078 @
(1183550 = 6.05 X 1074M, 052 5)

Clearly, the temperature of 23.5 °C initially measured
for poly(ethylethylene) in 2-octanol is higher than the true
© temperature. However, the exponent of 0.52 shows that
the intrinsic viscosity measurements were done under
near-6 conditions., The respective molecular weights and
intrinsic viscosity values for the poly(vinylethylenes) and
poly(ethylethylenes) are given in Tables II and III.

The unperturbed dimension {r?), can be determined by
using Flory’s equation:

Ko = $((r*)o/M,)*/? )
Thus for poly(vinylethylene) (in A)
(r2)o/? = 0.783M,1/2 (7)

while the corresponding relation for poly(ethylethylene)
is

(r%)g'/? = 0.667M,,'/ ®)

Following Flory,%” the characteristic ratio, C., can be

used for a comparison of the average dimensions of un-
perturbed random coils:

<7'2>o
'111_12[ ni? ] ®)

Unperturbed Chain Parameters for Poly(vinylethylene)
and Poly(ethylethylene)

poly(vinyl-  poly(ethyl-

ethylene) ethylene)
Kg % 10%¢ 1.20 0.74,°
Cow 7.0 5.3

¢ Determined from intrinsic viscosity measurements
done under ® or near-@ conditions. ? Determined by the
extrapolation procedure of Burchard?®* and Stockmayer
and Fixman 3%

where n denotes the number of backbone chain bonds and
! the bond length. For these substituted polyethylenes n
is 2 per repeat unit and [ is taken as 1.54 A. The values
of C,, (Table IV) show that the conversion of the pendant
vinyl group to the ethyl unit causes C. to decrease. The
same trend can be seen in the chromatograms of Figure
1, where the poly(ethylethylene) sample exhibits a longer
retention time in the u-Styragel columns than its poly-
(vinylethylene) “parent”. This relative elution behavior
is a demonstration that poly(ethylethylene) is a more
flexible chain than poly(vinylethylene), a conclusion that
is also supported, in a qualitative fashion, by the respective
values of the glass transition temperatures.

The value of 7.0 for the poly(vinylethylene) is slightly
less than that for polymethylene; i.e., C. = 7.6.4 It is
recognized that the internal rotational angle ¢ about the
polymethylene skeletal backbone bonds, as measured from
the trans position, may take the discrete values of ¢(trans),
¢(gauche, g) and ¢(gauche bar, g),*® where the gauche
conformers are less stable than the trans conformer.
Furthermore, the occurrence of either the gg or gg for two
consecutive bonds is energetically unstable as a conse-
quence of steric interference, i.e., nonbonded interactions
resulting from rotations about more than two consecutive
backbone bonds. Thus the alteration of the polymethylene
C.. occasioned by the introduction, in an atactic fashion,
of either a vinyl or an ethyl group should be rationalized
within the scope of this framework.
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Clearly, the presence of either of these side groups leads
to C. values lower than that exhibited by the parent
polymethylene chain. This effect can, at least in part, be
explained by an increase in the population of the more
compact gauche conformations at the expense of the more
extended trans form. Thus the introduction of the vinyl
and ethyl substituent groups cause, in part, the energy
minima for the rotation potentials of the carbon-carbon
single bond leading to the g or g conformers to become
more favorable relative to the trans form as compared to
those observed for polymethylene. It must also be men-
tioned that neighbor correlations must also be taken into
account.

As Flory, Mark, and Abe” have pointed out, the presence
of an articulated side group (ethyl), in which the group 8
to the chain backbone is of a size equivalent to the
methylene unit, can be readily accommodated if one or
both of the backbone bonds adjacent to the methine car-
bon has a gauche conformation. This avoidance of steric
repulsions is much more limited for the case when both
of the adjacent bonds possess the trans conformations.
Thus the change in C,, brought about by the presence of
the ethyl group on a polyethylene backbone is the antic-
ipated effect. In a similar vein, the presence of the rela-
tively unarticulated vinyl group would not be expected to
lead to a large decrease in C., since the population of the
trans conformers would not be decreased by a substantial
extent.

It is also germane to note that our value of C., for the
poly(ethylethylene) is in agreement with the predictions
of Flory, Mark, and Abe.”® Among the parameters used
in their calculations were A¢ and r*, where A¢ denotes the
change in rotation angle for the t, g, and g states and +*
the statistical weight factor for the occurrence of a t—t pair
of bonds on either side of the methine carbons in the chain
backbone. Our evaluation of C., allows a refinement of the
values for these two parameters.

Thus for the case where A¢ is zero, the value of 7* ranges
from about 0.08 to 0.22. If, though, the presence of the
substituent group causes a perturbation, via three- and
four-bond interactions, then the value of 7* assumes a
value within the range of about 0.30 to 0.36 for the case
where A¢ = 20°. This latter case may well represent a
more realistic assessment since nonbonded interactions
would be expected to alter the rotational angles in atactic
poly(ethylethylene). It is, though, presently not possible
to refine the values of A¢ without further insight into the
value of 7*, which in effect denotes the frequency of the
occurrence of the t-t bond pair, associated with the
methine carbons, along the chain backbone. It is also to
be recalled that the foregoing values refer to those used’
in the three rotational state model, which is recognized to
be approximate.t”3%%1 More elaborate calculations in-
volving the five rotational state approach may lead to
different, and more refined, values for A¢ and 7*.

It should also be noted that our value for the poly-
(ethylethylene) of 5.3 is not in agreement with the values
of 7.22° and 6.6,%! which are available elsewhere. Suffice
it to note that those values are based on intrinsic viscosity
measurements of polydisperse samples, with no corrections
made for polydispersity.’? Additional suppositions re-
garding the reasons for the differences in the previously
reported C,, experimental values and our value would not
be in order.

In conclusion, it is also noted that the Huggins constants
show trends similar to that observed for near-monodisperse
polyisoprenes under © conditions and in a good solvent.?
Our results for ky in tetrahydrofuran are in accord with
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the predictions®58 that ky < 0.4 for linear polymers in
good solvents.
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ABSTRACT: The molecular weight distributions have been calculated for rigid rods that must rotate into
a collinear conformation prior to reaction. The underlying assumptions include bimolecular reaction without
byproduct formation and a rotary diffusion parameter that is proportional to molecular length through the
term i + j, where i and j are rod lengths and N is an arbitrary parameter. To reduce the number of
simultaneous differential equations that must be solved, an empirical scaling law is introduced which is
independent of chain length. Essentially asymptotic values are obtained for number-average molecular weights

greater than 10.

Introduction

In 1939 Flory announced the principle of equal reactivity
of polymer chains.! The principle maintaing that the
ability of a chain molecule to form larger molecules is
independent of the chain length. The argument was very
significant at that time for two reasons: First, the existence
of high molecular weight polymers was considered by some
to be improbable. These proponents argued that the high
molecular weight species must have a higher diffusion
constant, relative to the lower molecular weight species,
which would eventually limit the extent of polymerization.
Studies on condensation-type polymers with random coils
demonstrated the general validity of the principle of equal
reactivity.? The second significant result was that the
distribution of molecular weights could be readily calcu-
lated from kinetic parameters that were independent of
chain length.

The major significant deviations from this principle seem
to occur only with very low molecular weight species where
inductive or polarization effects can be transmitted across
a small molecule. Indeed, Lenz? cites a number of cases
where the reactivity of a functional group on a difunctional
monomer depends on whether or not the other functional
group has reacted. Challa? showed a similar effect on the
rate of polymerization of poly(ethylene terephthalate),
where the reactivity of the “monomer” bis(8-hydroxyethyl)
terephthalate differs from that of higher oligomers and
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polymer. Peebles and Wagner® examined the trans-
esterification kinetics of dimethyl terephthalate and
ethylene glycol in the presence of a catalyst. They con-
cluded that the second transesterification reaction was
some 3 times faster than the first transesterification re-
action. The overall transesterification of the terephthalate
monomer must somehow involve some type of molecular
transition state containing the catalyst because attempts
to verify the faster transesterification reaction with the
partly transesterified material resulted in absolutely no
reaction.! Thus, the documented “violations” of the
principle of equal reactivity seem to be restricted to very
small chain segments of random coil molecules.

Several calculations have been made to determine how
departures from the principle of equal reactivity would
influence the molecular weight distribution of a polymer.
Nanda and Jain” assumed that the second-order reaction
constant for a condensation polymer was proportional to
the molecular weight of the formed polymer through the
relation k(1 + &), where k and £ are constants, and i is the
number of monomers in a chain of length i, to obtain an
analytical solution for the molecular weight distribution.
Maget® developed simultaneous integral equations for
stepwise polymerizations without termination for a number
of conditions where the rate constant for propagation
varied with chain length. His approaches are limited,
however, in that the precise polymerization conditions
must be specified before the equations can be evaluated.

A new series of stiff rodlike polymers® has recently been
synthesized and characterized with a repeating unit of the
form
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