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Collision between Polymeric Radicals
for Termination Rale Constants

IVATSUKIYO ITO, Government Industrial Research Institute of
Nagoya, Kita-ku, Nagoya, Japan

Synopsis

The motion of each polymeric radical during a collision between the polymeric radicals
with the same radius is treated as completely random motion. The result obtained is:
ft = » 2504 (where .. is the chain-termination rate constant and « ,, is the reaction rate
constant between radical chain ends). On taking the motion of the primary radical
during a collision between a primary radical and a large polymeric radical to be completely
random, the result obtained is: «. = 0.250Ay, (where . isthe primary radical termina-
tion rate constant and «, is the reaction rate constant between primary radical and radi-
cal chain end). On substituting «. for «.i in the second equation, the rate constant ob-
tained becomes the chain termination rate constant between the very small polymeric
radical and the very large polymeric radical, and identical to the former equation. This
identity indicates that, the effect of the difference of the size of the polymeric radicals
on the collision process relating to the chain termination rate constant should not be
large.

Introduction

In previous papers, the collision process between polymeric radicals has
been treated by collision theoryl2and a modified Smoluchowski’s theory.3
In these treatments, motion during the collision is considered to be linear
motion. However, actually, this motion is not linear, but random.

In Aloroni and Schulz’s treatment,4 this motion is not completely ran-
dom, but approximately random, because the direction of motion is par-
tially decided.

In this paper, this motion is treated as completely random motion. This
treatment is mathematically very simple.

Collision between Polymeric Radicals with the Same Radius

In the initial state for a collision process between two polymeric radicals
with the same radius Il, one of them exists in contact with another (Fig.
L4). One of them (a) is fixed, and the other is diffusing (b). The dif-
fusion constant D is the sum of the diffusion constants of the above two
polymeric radicals. At time t thereafter, the center of the diffusing poly-
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578 K. 1TO0

Fig. 1. Collision process between polymeric radicals with the same radius: (T) initial
state; (s intermediate state; (., final state (a denotes the dill’'using polymeric radical,
b the fixed polymeric radical).

meric radical is placed at a root-mean-square average distance (x2 12 from
the initial site (Fig. 1S). This relation is given by
t = x2qD (1)

In the time range 0 to T, where T is the time for the final state of contact
being possible (Fig. 1C), overlap and contact between polymeric radicals
are possible. A root-mean-square average distance (x212 = 47? indicates
the final state. Tlius, T becomes

T = (4772677 = 877237) @

In the above treatment, it must be assumed that the rotational motion of
the polymeric radicals is not hindered.34
The volume V of the sphere with radius (t212= 47?is given by:

V= (4/3) F@m)2

The collision state is refered to the overlap and contact between polymeric
radicals, and given by the volume of the fixed polymeric radical:

V = (4/3) 4T3
Thus, the collision time is given by
T [(4/3) &R3)/ [(4/3) it(472)3] = (1/64)T =7222477 ©)

The reaction probability pt for the collision between thepolymeric radi-
cals relating to the reaction rate constant fs between radical chain ends is

A(772247))(3 X 10347173
h X 103327rAT777) )

pt

where AT is Avogadro’s number.34
On applying the original Smoluchowski theory,5the chain termination
rate constant is given by

A = iirNvizDpt X 10-31/mole-sec ()
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where rn is the distance to which two polymeric radicals approach for bi-
molecular reaction. By using egs. (4) and (5) at rn = 2R, kt is calculated
to be:

kt = 0.250 ks 1/mole-sec. (0)]

Collision between Large Polymeric Radical and Small Polymeric Radical
or Primary Radical

In order to analyze the effect of a difference in size between the poly-
meric radicals on the collision process relating to the chain termination
rate constant, the collision process between a very large polymeric radical
and a very small polymeric radical is considered. This collision process is
typically illustrated for bimolecular reaction between large polymeric
radical and primary radical. Thus, in this section, a collision between a
primary radical and large polymeric radical is treated.

Fig. 2. Collision process between primary radical and large polymeric radical: (A)
initial state; (B) intermediate state; (C) final state (a denotes the primary radical,
b the large polymeric radical).

The very large polymeric radical (b) is considered to be fixed and the
primary radical (a) is diffusing. At time t after the initial state for con-
tact between the primary radical and the polymeric radical (Fig. 2.4), the
primary radical is placed at a root-mean-square average distance:

X*t = (BLM)W )

where D\ is the diffusion constant of the primary radical (Fig. 2B). The
root-mean-square average distance x2 = 2R indicates the final state
(Fig. 2C). Thus, the time for the final state of possible contact is given by

Ti= 2RV W i (8)
The collision time becomes:

[(4/3) Tr/23] /[(4/3) ®(2/2)3] = R2\2D t (9)
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The reaction probability pti between the primary radical and the poly-
meric radical relating to the reaction rate constant kai between the primary
radical and the radical chain end is given by:

pti = M«yi2£>0)(3 X 10347rM 3
= 10Fsi/16XM Z)i (10)

For this probability, the primary radical termination rate constant is cal-
culated to be:

kt = irN*RDi-pti X 10~3 (atr2=R)
0.250 ksil./mole-sec. (11

On taking ks for ksi in eqg. (11), this rate constant becomes the chain
termination rate constant between the very large polymeric radical and the
very small polymeric radical, and identical to eq. (6). This identity in-
dicates that the effect of the difference of the size of the polymeric radicals
on the collision process relating to the chain termination rate constant
should not be large.

Discussion
On taking the motion during the collision to be linear, we obtain:3
fit = 0.778 ks L/mole-sec. (12
Taking the motion to be partially random, we obtain:4
kt = ks L/mole-sec. (13)
Taking the motion to be completely random, we obtain:
Ay = 0.250 ks L/mole-sec. 6)

As stated in the introduction, because the motion is completely random,
the chain termination rate constant given by eq. (6) seems to be correct.
The primary radical termination rate constant given by eq. (11) seems to
be also correct.
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Solid-State Polymerization of Acrylamide and
Some Acrylates Initiated by Ultraviolet Radiation

B. M. BAYSAL, H. N. ERTEN, and U. S. RAMELOW, Department of
Chemistry, Middle East Technical University, Ankara, Turkey

Synopsis

The solid-state polymerization of acrylamide, potassium acrylate, and calcium acrylate
by ultraviolet radiation have been investigated. For these polycrystalline monomers
both in-source and post-irradiation reactions were studied by using various sources of
different intensities at constant temperatures. It is concluded that the polymerization
reactions take place primarily on the surfaces of crystals. The high molecular weight
material obtained at low conversions show a rapid decrease in intrinsic viscosities, prob-
ably due to degradation. Roth the rate and degree of polymerization were decreased by
the presence of oxygen. The various behaviors observed for these three monomers
under ultraviolet radiation were regarded as another indication of the importance of
crystal structures upon the solid-state polymerization reactions.

INTRODUCTION

In the past decade, the solid-state polymerization of acrylamide,1-4
acrylates, and methacrylates5-7 initiated by y-radiation have been studied
extensively, and detailed kinetic studies have been published on both in-
source and post irradiation reactions. It was shown that the resulting
polymer is amorphous,89the polymer nucleated as a second phase early in
the reaction,8-11 and that defects were favored as nucleation sites. 2

Various aspects of ultraviolet-initiated solid-state polymerization of
acrylic and methacrylic acids, including the radical mechanism of initiation
and termination and the effects of small applied stresses as a function of
temperature and of trace impurities on the polymerization, have been re-
ported.134

This paper brings together the results of our recent studies on ultraviolet-
initiated solid-state polymerization of acrylamide, potassium acrylate, and
calcium acrylate. For these crystalline monomers both the in-source and
post-irradiation reactions were studied by using various sources with
different intensities. Polymerization reactions were carried out at constant
temperatures in air as well as under vacuum by using polycrystalline
samples. It was observed that the polymerization reactions take place
primarily on the surfaces of crystals.

581
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EXPERIMENTAL

Preparation of Materials

The acrylamide used was an American Cyanamide product. It was
recrystallized several times from chloroform and dried under vacuum before
use. The melting point was 84°C.

Potassium acrylate was a product of K and K Laboratory Inc., dissolved
in methanol and precipitated with ethyl ether. The salt was filtered,
washed with ether and acetone, dried, and stored under vacuum.5

Calcium acrylate was a product of K and Iv Laboratory Inc., dissolved in
hot methanol, filtered, and crystallized by cooling for a long time, filtered,
and dried under vacuum.6

Hexamethylcyclotrisiloxane was also a product of Iv and K Laboratory
Inc. It was dissolved in 2-butanone, crystallized in cold water, and dried
under vacuum.

Unpowdered polycrystalline monomeric samples, about 50-100 mesh size,
were used throughout the experiments.

Irradiation Sources

Several sources of ultraviolet radiation were used with different intensities
in about the 250-300 mg range: Source 1was a strong Hanau Quartzlam-
pen, Model S500/P1-324 tube at 250-315 mg; source 2, was a weak Hanovia
Chromatolite lamp at 2537 A; source 3 was a moderate UV-Phillips,
MLU-M.5 mercury vapor quartz lamp.

Procedure

Irradiation of samples was carried out in air or under vacuum (10~4mm)
in Pyrex tubes. The temperature of the samples was held constant during
irradiation. The geometry was fixed for a certain set of experiments for all
runs. Post-polymerization reactions were carried out in appropriate ther-
mostated water baths.

The tubes were opened immediately after irradiation for the in-source
experiment, and for the post-irradiation experiments the tubes were stored
in thermostated baths for the required time.

After opening the tubes, the irradiated contents were immediately dis-
solved in water and polymer precipitated in methanol.

Viscosities of aqueous solutions of polymer were measured in an Ubbe-
lohde viscometer. The molecular weights of polyacrylamides were cal-
culated from intrinsic viscosity by the relationships® (1) and (2) for in-
source polymers and for post-irradiation polymers, respectively.

fo] = 4.65 X 10- 4Af,°64 @)
il = 407 X 10-LU, ¥ @)

The intrinsic viscosities of poly (potassium acrylates) were determined
after converting these samples into poly(acrylic acid). For this purpose the
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polymeric samples were dissolved in water, precipitated by \2N HC1,
filtered, and dried under vacuum. The molecular weights were calculated
by the relationship6(3) in dioxanc:

[ = 7( X 10-hl/*-™ 3

RESULTS

The conversion-time curves for the solid-state polymerization of acryl-
amide initiated by ultraviolet radiation are given in Figure 1 The data
presented in this figure related to the samples which were open to atmo-
sphere at two different temperatures. The conversion curves at 45°C were
for polymers which were obtained under a strong source (source 1), whereas
the curves at 28°C were for polymers obtained under a weak source (source
2). The thickness of the samples is specified in the legend to the figure.
It can be seer that higher yields were obtained with thin samples.

The data on conversion versus time for the solid-state polymerization of
acrylamide under the strong ultraviolet source (source 1) at 45°C in
evacuated Pyrex tubes are given in Figure 2. Each tube contained about 2
g of polycrystalline monomer with an approximate thickness of 3 mm. It
can be seen that conversions up to 55% could be obtained with an initial
rate of polymerization of about 1%/hr. The molecular weights of the
polyacrylamide obtained are also given in Figure 2.

Fig. 1. PoFmerization of acrylamide by ultraviolet radiation in air. For runs at
45°C under source 1 (O) sample weight 0.8 g; () sample weight 0.3 g. For runs at
28°C under source 2; (O) Sample weight 0.8 g (thickness about 1 mm); (¢) sample
weight 2.0 g, (thickness about 2 mm).
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POLYMER

Fig. 2. Plots of (O) conversion and (#)M, for polymerization of acrylamide by ultra-
violet radiation invacuo under source 1at 45 °C. Sample weight 2.1 g (thickness about
3mm).

Fig. 3. Post-polymerization of acrylamide by ultrviolet radiation at 36°C: (¢) 2.1 g
samples irradiated 4.5 hr at 45°C under source 1; (O) 1.3 gsamples irradiated 19 hr at
2S°C under source 2.
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Fig. 4. Polymerization of potassium acrylate and calcium acrylate by wultraviolet
radiation under source 3. (Samples weight, about 2 g with a thickness of about 3 mm.)

Results on the post-polymerization of acrylamide at 36°C are given in
Figure 3. The lower curve refers to samples open to the atmosphere while
the upper curve refers to samples in vacuum. The molecular weights of
polyacrylamides post-irradiated in vacuo show a regular increase from 1.48
X 105to0 2.04 X 10°. Corresponding data are not available for the samples
open to the atmosphere.

The conversion-time curves for the solid-state polymerization of potas-
sium acrylate and calcium acrylate by ultraviolet radiation (source 3) at 73
and 43°C, respectively are given in Figure 4. Molecular weight data are
available only for poly (potassium acrylate) and indicate a decrease from
4.7 X 105to 2.2 X 105as the conversion increases from 15.8 to 43.6-%.

The evacuated Pyrex or quartz tubes containing hexamethylcyclotri-
siloxane were irradiated at 55°C under source 3 for a period of 16 hr. The
material was dissolved in 2-butanone and poured into methanol; no polymei
was obtained.

DISCUSSION

A free-radical reaction mechanism proposed for the solid-state poly-
merization of acrylamide and related monomers is supported by various
observations including detailed analysis of the ESR spectrum.412 The
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polymerization of crystalline monomers under ultraviolet radiation provides
additional evidence for the free-radical initiation.

Higher yields arc obtained with thin polycrystalline acrylamide samples,
as seen in Figure 1, indicating that the polymerization reaction takes place
essentially on the surface of crystals. This would be expected, since high
scattering and absorption would permit little of the radiation to penetrate
below the surface of the sample.

The -y-radiation-initiated solid-state polymerization of acrylamide was
not influenced by the presence of oxygen,3although oxygen is normally an
efficient inhibitor of free-radical reactions. It was shown that oxygen can
not penetrate into the lattice of acrylamide.7 We have observed that both
the rate and degree of polymerization are decreased by the presence of
oxygen.

The molecular weights for polyacrylamide samples obtained with ultra-
violet initiation under vacuum can reach 6 X 105at the beginning of the
reaction. It will be seen from the Figure 2 that molecular weight decreases
at high conversions. In the solid-state polymerization of acrylamide
initiated by y-radiation the effect of radiation on the polymer formed was
studied in detail.5 By comparing the intrinsic viscosities and number-
average molecular weights of branched and linear polymer chains of frac-
tionated polymeric samples it was shown that extensive branching occurs
during polymerization. However, the rapid decrease in molecular weight
observed in Figure 2 is probably due to chain scission under these experi-
mental conditions.

e The effect of oxygen on polymerization rates may not be seen directly
from the comparison of the data given in Figures 1 and 2, since the runs in
vacuo were carried out in Pyrex tubes. However, with about Hi hr of irra-
diation (Figs. 1and 2) in vacuo and in air, molecular weights of 6.10 X 105
and 1.73 X 104 respectively, for the polymeric materials were obtained.

Post-polymerization is also more rapid when the ultraviolet irradiation is
carried out in vacuum. The results shown in Figure 3 indicate a post-
polymerization of about 5%, whereas very high conversions were observed
in post-polymerizations after 7-irradiation.3 This difference might relate to
the restriction of the ultraviolet-justified reaction to the surface of the
sample.

It will be seen from the data presented in Figure 4 that conversion in
ultraviolet-initiated solid-state polymerizations of potassium acrylate and
calcium acrylate follows a different course. A limiting value of conversion
was obtained for acrylamide (Figs. 1 and 2) and potassium acrylate,
whereas the polymerization rate is almost constant after a 15% conversion
in calcium acrylate. This is another indication of the importance of crystal
structures in solid-state polymerization reactions.

This work was supported the Turkish Scientific and Technical Research Council.
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Application of Gel-Permeation Chromatography to
Studies of the Functionality Distribution of
Carboxy- and Hydroxy-Polybutadienes

RONALD D. LAW, Thiokol Chemical Corporation, Wasatch Division,
Brigham City, Utah 84302

Synopsis

Separations of earboxy-polybutadienes and hydroxy-polybutadienes according
to functionality have been effected using stepwise elution from silica gel. Recoveries
in the 95-100% range have been achieved. Subjection of the fractions obtained from
the silica gel separation to analysis via gel-permeation chromatography and infrared or
near-infrared spectroscopy yields not only functionality distribution data, but also pro-
vides the relationship between molecular weight distribution and functional type.
Analytical techniques and interpretation of data are discussed.

INTRODUCTION

The primary objective of this work has been determination of the func-
tionality distribution of polybutadiene liquid polymers used in the binder
portion of solid propellants, especially carboxyl- and hydroxyl-terminated
materials.  The functionality distribution of a polymer is defined as the
relative proportion of nonfunctional, monofunctional, difunctional, trifunc-
tional, etc, present in the polymer and is a fundamental polymer property.
Obviously, the relative proportions of each functional type within a polymer
will exert a major influence on the mechanical behavior of any propellant
compounded using that polymer. Functionality is defined as the ratio of
number-average molecular weight (Mn) to equivalent weight, and is a mea-
sure of the number of chemically reactive sites per molecule. A secondary
objective of this work has been determination of the molecular weight dis-
tribution (MWD) within each functionality type, since this is also pre-
sumed to exert an influence on propellant mechanical properties.

The separation of polymers according to functionality has been a long-
standing goal of the polymer chemist. Recently, a liquid-solid chromato-
graphic technique has been developed, utilizing stepwise elution from acti-
vated silica gel,22which holds considerable promise for effecting separations
of this type. Application of this method to unsaturated polymers has
generally been unsatisfactory, however, due to poor recovery from the
column, apparently caused by polymerization on the column. Work in
this laboratory has circumvented this problem by using partially deacti-
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vated silica gel, and recycling the unfractionated portion through additional
columns of increasing activity to obtain the desired resolution. Once the
separation according to functionality has been achieved, gel-permeation
chromatography (GPC) offers the potential of measuring the molecular
weight distribution within each functionality type.

DISCUSSION

Data have been presented2 showing that saturated carboxyl- and hy-
droxyl-terminated prepolymers can be separated according to functionality
by gravity-fed column chromatography on 100-200 mesh activated silica
gel by employing stepwise desorption. Stepwise desorption is accom-
plished by starting with a nonpolar solvent which washes the nonfunctional
material through the column, followed by stepwise addition of a more polar
solvent to the eluting stream, which selectively desorbs the more polar
materials of high functionality. Each polymer requires different solvent
systems and different solvent programing. This method has been success-
fully adapted to unsaturated systems. This has been accomplished by
partially deactivating the silica gel by adding a small amount of ethanol to
the slurry used in packing the chromatographic column. Because the
column is less active, the first material which comes through has not been
efficiently fractionated and must be put through another column of higher
activity, prepared using less ethanol. The optimum column activity is
different for each polymer and must be determined empirically.

Since both the number-average molecular weight (M,,) and the molecular
weight distribution (AIWD) are of interest, GPC has been used extensively
in testing the fractions. This technique has the advantage of requiring
only about 5-10 mg of sample and provides MWD, from which Mncan be
calculated.

An additional refinement consists of the analysis of a large number of
fractions to minimize mixing between functionality types. This has been
accomplished by using semimicro infrared and near-infrared techniques for
the measurement of equivalent weight.

It should be noted that the key to this separation apparently lies in the
stepwise change in solvent, as opposed to a gradual continuous change.
The well-known elution-gradient technique4 which employs a gradual
change in solvent composition in conjunction with a thermal gradient, is
known to effect fractionation on the basis of molecular weight presumably
due to solubility factors. By contrast, the data in Tables V-XII indicate
that fractionation by a stepwise change in solvent composition, in the pres-
ence of suitably active adsorption sites, is more responsive to equivalent
weight. The originators of this type of technique2suggest that this effect
is explainable simply by the difference in the number of polar groups per
molecule which can be adsorbed on the surface of the silica gel as one pro-
gresses from nonfunctional, which would not adsorb at all, through mono-
functional to difunctional and above, the stepwise change in solvent pre-
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sumably effecting a cleaner desorption. We have also assumed that this is
the primary mechanism of separation, but there is one notable exception
when dealing with unsaturated systems. The final one or two fractions in a
run almost always exhibit a rise in equivalent weight compared to the trend
of preceding fractions. These last fractions are also extremely high in cis
unsaturation compared to the bulk of the polymer, strongly suggesting that
steric factors have come into play for this last bit of material to come off the
column.

Fractionation systems have been developed for four hydroxy-terminated
polybutadienes (HTPB), two carboxy-terminated polybutadienes (CTPB),
and for three randomly polymerized polybutadiene-acrylic acid-acrylo-
nitrile polymers (PBAN).

In practice, the separation according to functionality is not completely
clean, with such factors as column activity, nature of neighboring chemical
groups, and the type of unsaturation (cis, trails, vinyl) all contributing to
the behavior of the polymer on the column. This is particularly true for
unsaturated polymers where a less active column must be employed to
obtain complete recovery. This renders the decision as to where the frac-
tions are to be grouped for final analysis somewhat arbitrary, and in prac-
tice a “cut try” approach has been used. Experience has shown that mate-
rial under a peak on the elution profile is usually homogeneous, and this is
normally the basis for grouping the fractions. The fractions for analysis
are first subjected to infrared analysis for carboxyl equivalent weight or
near-infrared analysis for hydroxyl equivalent weight. Calibration curves
are prepared from a solution of whole polymer whose exact equivalent
weight has been determined by chemical analysis. The fractions are then
subjected to GPC for determination of molecular weight distribution and
number-average molecular weight (Mn). Commercially certified poly-
styrene, polyglycol, and alkane standards are used in GPC calibration, but
absolute molecular weight determinations are possible only if the elution
characteristics of these standards are demonstrated to be identical to those
of the polymer being tested. If not identical, the difference must be deter-
mined and a correction applied to the raw GPC data. To do this, fractions
of narrow molecular weight distribution of the polymers tested have been
isolated by using preparative-scale GPC. The apparatus and technique
used have been described elsewhere.3 The true number-average molecular
weight of selected fractions have been determined independently via vapor
pressure osmometry (VPO). The weight-average molecular weight (Mw)
of these fractions cannot be determined directly, due to their low molecular
weight, but Mwmay be estimated from the ratio of MWMnas calculated
from raw GPC data and then corrected from the observed dispersion of
known standards.3 The molecular weight corresponding to the GPC elu-
tion peak is then calculated as the root mean square of M,, and Mw A
plot of GPC elution volume versus peak molecular weight, in connection
with similar data from known standards, yields a series of suitable calibra-
tion curves, as shown in Figure 1
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LEGEND

POLYSTYRENE STAND.
POLYGLYCOL STANDARDS
ALKANE STANDARDS

LOW MOL WT ALCOHOLS
HTPB-2 FRACTIONS
HTPB-3 FRACTIONS
PBAN-1 FRACTIONS
CTPB-1 FRACTIONS

LOW MOL WT ACIDS

100,000

Joo = =

51

10,000
SOLVENT: CHCIj
FLOWRATE:  2ml/MIN

COLUMNS:  3x 1BA
1.5x 103A
250 A
100 A

1,000
OCTACOSANE

RICINOLEYL ALCOHOL

OECANOIC.
/ACID

/DECANEDIOIC
STEARIC ACID_ ACID'

EICOSANE-/
DECANE-

PENTYL ALCOHOL
HEXANE-

20 2 24 26 28 D 2 [
GPC ELUTION COUNTS (5 mI/COUNT)
Fig. 1. Calibration curves.

As a check on the accuracy of M,, values calculated from corrected (jPC
data, a comparison of M,, for the whole polymer via VPO and CPC is given

TABLEI
Comparison of M,, via GPC and VPO

Average functionality

Mn Equiv From GPC From VPO
Siaterial By GPC By VPO weight data data
PBAN-1 2989 2947 1524 1.96 1.93
PBAN-2 2933 2840 1548 1.90 1.84
HTPB-4 22.50 2225 993 2.27 2.24
HTPB-1 2531 2282 1346 1.88 1.70
HTPB-3 3630 3.564 1370 2.66 2.60
HTPB-2 .5906 5193 2924 2.02 1.78
CTPB-1 4149 4159 1942 2.14 2.14

CTPB-2 3440 3470 2123 1.62 1.63
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in Table .  Although the VPO results are consistently slightly lower than
GPC results, the agreement is considered excellent for this type of work.
Since GPC is considerably less time-consuming and less tedious, it is the
preferred method in this laboratory, provided that a good calibration curve
based on VPO data has been previously established.

EXPERIMENTAL

Vapor-Pressure Osmometry

VPO data were obtained in chloroform by using a Mechrolab model 301A
instrument. Pure octacosane (Aldrich Chemical) was used as primary
standard. Both standard and samples were run at four different concen-
tration levels and the results were extrapolated to infinite dilution by using
the method of Muenker and Hudson.1

Gel-Permeation Chromatography

GPC data were obtained at ambient temperature by using a Waters
Model 100 instrument with chloroform as solvent. Four 4 ft X 3/8 in.
columns were employed, packed with St-yragel having nominal porosities of
3 X 103A, 1.5 X 103A, 250 A, and 100 A, and at a flow rate of 2 ml/min.
Calibration standards are presented in Figure 1

Hydroxyl Equivalent Weight

Hydroxyl equivalent weight of the whole polymer was determined as
follows. A 3-g sample was refluxed with 5 ml of freshly prepared 20%
acetic anhydride in pyridine for 1hr on a steam bath. After cooling, 80 ml
water and 20 ml benzene were added and the solution was back-titrated
with 0.5 N standard KOH to a phenolphthalein end point. A reagent
blank was carried through the entire procedure. The one-sigma standard
deviation of this method is + 0.0013 equivalent/100 g. Hydroxyl equiv-
alent weight of polymer fractions was determined by near-infrared spectros-
copy using a Beckman DK-2 recording spectrophotometer.  The hydroxyl
peak at 2760 mg was measured in CCl4solution with solvent in the reference
beam, with the use of 5 cm matched cells. Equivalent weights were calcu-
lated by comparison with a standard curve prepared from analysis of whole
polymer solutions.

Carboxyl Equivalent Weight

Carboxyl equivalent weight of the whole polymer was determined as
follows. A 2-g sample was dissolved in 100 ml toluene and the solution ti-
trated with standard 0.1N alcoholic KOH to a thymolphthalein end point.
A reagent blank was carried through the procedure. The one sigma stan-
dard deviation of this method is + 0.0007 equivalent/100 g. Carboxyl
equivalent weight of polymer fractions was determined by infrared spectros-
copy by using a Beckman IR-IV spectrophotometer. The carboxyl band
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in the 5.7-5.9 /i region was measured in CHC1* solution with solvent in the
reference beam by use of 1.0 mm matched cells. Equivalent weights were
calculated by reference to a standard curve prepared from analysis of whole
polymer solutions.

Liquid-Solid Chromatography

A glass chromatography column, 24 in. X 1in., was slurry packed with
activated 60-200 mesh silica gel (average particle size 123 g), grade 950
from Grace Chemical. The slurry was prepared using 350 ml CHC13 for
each 150 g of Si02plus the amount of ethanol indicated in Table 1l.  After
packing, the column was purged with 300 ml of CCl4for each 150 g of Si02
Polymer sample sizes were as indicated in Table Il, and the solvent pro-
grams are given in Table I1l. Commercial reagent-grade solvents were
used as received. The ethanol employed was denatured 3A alcohol con-
taining 5% 2-propanol (J. T. Baker). Approximately 40 ml fractions were
collected during the run, and were weighed after evaporation. An elution
profile was obtained by plotting weight of polymer/50 ml versus total vol-
ume of eluant, and the material under elution peaks was placed together for
determination of equivalent weight, Mn, and \ IW1).

Calculation of Final Data

Since most of the fractions tested did not yield functionalities which were
exact integers, the functionality distributions were calculated from the data
in Tables IV thru X1l by assuming that only two functional types are
present in a given fraction, i.e., a measured functionality of 0.85 reflects a
mixture of 15% nonfunctional and 85% monofunctional. Obviously this

TABLE V
Analytical Data for PBAN-2 Separation, Runs 1 and 2

COOH o= X COOH O =X

Polymer, equivalent equivalent  fune- fune-

Fraction % Mn weight weight  tionality  tionality
1B 9.1 1681 6372 899 0.27 1.87
2B 3.0 2232 3097 530 0.72 421
1A(3B 10.3 3112 2564 418 121 7.44
14B 7.4 3709 1432 546 2.59 6.79
16B 5.5 2728 663 1359 411 2.01
2A 3.2 2315 1898 390 1.22 5.94
3A 4.2 2799 2103 415 1.32 5.74
4A 11.7 3364 1777 257 1.90 13.09
5A 8.5 3408 1563 260 2.17 13.11
6A 4.7 2728 1332 388 2.05 7.03
7A 5.8 3304 1061 338 3.11 9.78
8A 7.8 2685 708 374 3.79 7.18
9A 10.4 4108 1472 325 2.79 12.64
10A 7.6 1396 1265 2914 1.10 0.48

99.2
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TABLE VI
Analytical Data for PBAN-2 Aged 90 Days at 200°F, Runs 1 and 2
cooll C=N COOH C=N
Polymer, equivalent equivalent  func- func-
Fraction % Mn weight weight  tionality  tionality
ic] 6.0 8034 6135 1196 1.31 6.83
I8j 2C ii 4074 5587 897 0.73 4.54
4 3C 6.1 1820 4367 1195 0.42 1.52
4C 10.8 3662 1321 710 2.77 5.16
2B]IA 3.5 2052 3401 902 0.60 2.27
3B 7.0 3443 2793 411 1.23 8.38
4B 3.0 4192 1678 491 2.50 8.54
5B 5.3 5545 1370 528 4.05 10.50
6B 4.2 4964 1119 493 4.44 10.07
2A 5.2 2321 1887 554 1.23 4.19
3A 4.3 2845 2198 519 1.29 5.48
4A 12.1 2695 1631 250 1.65 10.78
PA 5.6 2616 1326 892 1.97 2.93
6A 2.6 3459 1057 400 3.27 8.65
A 8.0 3153 582 367 5.42 8.59
8A 6.3 4527 1428 577 3.17 7.85
9A 7.2 3789 2825 co 1.34 0.00
08.8
TABLE VII
Analytical Data for CTPB-1 Separation, Runs 12, 13, 14, and 18
COOH
equivalent Cooll
Fraction Polymer, % Mn weight functionality
id" 8.2 8474 6257 1.35
2D 4.1 8435 3333 2.53
3D ]1C 3.0 5480 2290 2.39
4D 2.4 8478 2836 2.99
5D 2.7 4424 1662 2.66
IB 2C 3.6 4395 3133 1.40
3C 5.2 4084 2785 1.47
4C ilA 1.9 4158 3380 1.23
5C 0.8 3674 6759 0.54
6C 5.1 4150 2328 1.78
7C 1.4 3896 1745 2.23
2B 5.5 3219 1732 1.86
3B 5.5 3183 1847 1.99
4B 2.1 3481 2460 1.42
5B 0.6 1771 1210 1.46
2A 20.3 3204 1349 2.38
3A 22.6 2216 837 2.65
4A 16 3598 1258 2.86
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TABLE VIl
Analytical Data for CTPB-2 Separation, Runs 1, 2, and 3
cooll

equivalent coon

Fraction Polymer, % Mn weight functionality
1C 155 5991 3534 1.70
2C 4.7 4619 2092 2.21
IB 3C 2.4 4152 1550 2.68
4C 5.8 3879 1742 2.23
5CjlA 5.7 4504 1585 2.84
2B 3.1 4045 2353 1.72
3B 0.9 3667 2049 1.79
4B 3.9 3367 1689 1.99
5B 4.3 3199 1538 2.08
2A 7.7 1681 2439 0.69
3A 6.5 1568 1724 0.91
4A 11.1 2197 1342 1.04
5A 14.9 2422 1460 1.66

92.5
TABLE IX
Analytical Data for 11TPB-3, Runs 9, 10, and 11
OH

equivalent OH

Fraction Polymer, % Mn weight functionality
1C] 1.7 7466 6070 1.23
2C 1.0 4411 12253 0.36
1B 3C 114 6585 3228 2.04
4C 3.2 6537 3423 1.91
5C 2.0 4186 3460 1.21
2B A 4.4 6137 3023 2.03
3B 4.8 4424 2190 2.02
4B 5.1 4413 1532 2.88
5B 4.9 4834 1726 2.80
6B 3.8 5173 2155 2.40
B 2.5 4611 1830 2.52
8B 2.0 3068 2324 1.32
2A 11.3 3490 1466 2.38
3A 17.3 3275 1110 2.95
4A 8.5 2153 727 2.96
5A 8.1 1562 615 2.54
6A 3.1 1007 425 2.37
A 3.0 2561 813 3.15

98.1

assumption is valid only if the separation has been good, sufficiently small
fractions are taken, and the distribution of equivalent weights within a
fraction is reasonably narrow. These conditions are judged to be met in
the present case, but it should be recognized that the final functionality
distribution data presented are subject to errors which are somewhat diffi-
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TABLE X
Analytical Data for IITPB-2, Runs 5, 6, 7, and 8
Oil Oil
equivalent func-
Fraction Weight, % Mn weight tionality

i1E] 4.3 8160 © 0.00

ID 2E 9.6 8076 11628 0.69

1c [3E 4.1 5930 3745 1.58

2D 2.5 7179 9253 0.78

3D 1A 15.3 7533 4136 1.82

41) 6.9 7067 2930 241

2C 7.8 5969 3650 1.64

3C 5.7 5802 3398 1.71

4C 2.0 3859 2618 1.47

5C 2.7 3269 1603 2.04

1B 4.6 5685 1484 3.83

2B 2A 2.8 4857 1354 3.59

ib 2.7 4502 2118 2.13

3A 4.2 4694 2045 2.30

4A 6.1 3965 1750 2.27

5A 4.2 3400 1300 2.62

6A 3.3 2263 1060 2.13

7A 35 3446 1997 1.73

92.2
TABLE XI
Analytical Data for HTPB-1 Separation, Runs 1 and 2
OH equivalent OH
Fraction Polymer, % Mn weight functionality

1B 6.4 2192 co 0.00
2B 5.4 5536 5111 1.08
3B 5.9 4894 5055 0.97
4B 5.1 2488 2848 0.87
5B 3.9 1676 2384 0.70
2A 5.0 2364 2175 1.09
3A 19.7 2838 1347 211
4A 33.2 2068 973 2.13
5A 5.7 1441 693 2.08
6A 6.9 1346 916 1.47

97.2

cult to evaluate at present. The data are presented to the nearest whole
per cent for convenience sake, but in most cases are probably accurate only
to the nearest 2-3%. Greater confidence may be placed in the nonfunc-
tional and monofunctional data, since they are easier to separate. Final
functionality distribution data are given in Figures 4-12. Also presented
are molecular weight distributions for each functional type. These MWD
curves were synthetically constructed from individual fraction GPC scans
by assuming that each fraction contributes to each overall functionality
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TABLE XII
Analytical Data for 1ITPB-4 Separation, Runs 2 and 3

Oil equivalent OH

Fraction Polymer, % Mn weight functionality
1B 3.2 1864 © 0.00
\A< 2B 4.8 2622 2142 122
3B 3.7 2252 1780 1.27
e 3.3 2226 1514 1.47
2A 5.9 2017 1919 1.05
3A 52.6 2254 964 2.34
4A 12.0 1962 729 2.69
5A 6.0 2495 565 4.42
6a 7.5 2305 838 2.60

99.0

TABLE X 11
Functionality Distribution Versus Molecular Weight, PBAN-la

Molec-
ular Weight, Functionality distribution, o
weight % Non Mono Di Tri Tetra Penta
100,000 0.6 0 13 42 29 14 2
50,000 1.9 0 10 43 30 15 2
30,000 3.8 0 n 42 29 16 2
20,000 7.9 2 13 41 28 14 i
10,000 16.7 5 16 41 25 12 i
5,000 21.5 10 20 40 2 9 i
3,000 18.2 16 2 37 17 7 i
2,000 14.3 2 24 33 14 6 i
1,000 7.7 29 26 26 12 6 i
500 3.3 31 27 2 12 8 i
300 2.2 2 28 25 n 14 2
X — 13 2 36 19 9 i
Mn — 1470 1980 2890 3220 2570 2420

aRecovery = 98%,

type in proportion to the amount of that functionality type present in the
fraction. An example of this calculation is given in Table XXII. Con-
struction of the curves in Figures 4-12 also permits calculation of the func-
tionality distribution at selected molecular weights within the molecular
weight distribution range. These data are given in Tables X111 thru XXI.

RESULTS

Typical elution profiles from the stepwise liquid chromatography runs for
PBAN-1 and HTPB-1 are presented in Figures 2 and 3. For the sake of
brevity, the elution profiles from all the polymer runs have not been in-
cluded, nor have the GPC scans for the many fractions which were collected;
analytical data and results are given in Tables 1V thru XII.
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TABLE XIV
Functionality Distribution Versus Molecular Weight, PBAN-2a
Molec-
ular Weight, Functionality distribution, o4
weight % Non Mono Ji Tri Tetra Penta
100,000 0.2 0 13 43 27 17 0
60,000 1.4 3 18 35 27 16 1
30,000 3.1 2 17 35 28 16 2
20,000 7.1 2 16 36 30 14 2
10,000 16.5 2 19 37 28 13 i
5,000 22.1 4 24 35 24 12 i
3,000 18.5 8 28 33 20 n i
2,000 14.3 12 3 29 17 10 i
1,000 8.2 17 34 25 13 10 i
500 4.0 18 34 23 13 12 i
300 2.8 12 42 22 10 12 i
X — 7 25 32 2 12 i
Mn — 1730 2360 3260 3650 2760 2730

“Recovery = 98%.

Final functionality distribution and molecular weight distribution results
are presented graphically in Figures 4-12, to which the reader is particularly
directed. Quantitative correlation of these functionality distribution pat-
terns with final cured formulation properties has not yet been established.
It is extremely informative, however, to note the differences in functionality
distribution and molecular weight distribution for polymers having similar

TABLE XV
Functionality Distribution Versus Molecular
Weight, PBAN--1 Aged 90 Days at 200°F (0.35% Fe)*

Molecular  Weight, Functionality distribution, %
weight % Non Mono Di Tri Tetra Penta llexa
200,000 4.3 8 27 21 22 12 7 1
100,000 43 7 27 20 22 14 8 2
50,000 5.3 7 28 21 21 14 8 2
30,000 6.7 7 28 22 21 13 8 2
20,000 8.9 6 28 23 20 12 8 2
10,000 13.6 6 29 25 17 u 8 2
5,000 16.9 7 32 29 15 8 7 2
3,000 15.2 9 34 29 13 7 6 2
2,000 12.5 n 35 29 12 5 6 2
1,000 7.3 17 35 25 n 4 5 2
500 3.0 22 30 22 5 7 2
300 1.9 2 29 22 14 4 7 2
X — 9 a1 26 16 9 7 2
Mn — 2010 3640 3410 3730 5120 3670 3150

Recovery = 99%.
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TABLE XVI

Functionality Distribution Versus Molecular Weight, CTPB-la

Molecular- Weight, Functionality distribution, %
weight % Non Mono Di Tri
200,000 0.5 0 30 40 27
100,000 1.6 0 36 43 18
.50,000 4.2 0 34 45 18
30,000 7.0 1 33 45 18
20,000 10.6 1 29 46 22
10,000 15.2 1 20 52 25
7,000 18.9 1 12 54 29
5,000 18.9 1 9 53 34
3,000 11.1 1 8 50 38
2,000 6.7 1 7 48 41
1,000 3.1 1 9 47 40
500 14 1 14 44 39
300 0.6 1 15 49 32
X — 1 15 51 30
Mn 4149 3870 4380 3890 3670

aRecovery = 97%.

average functionalities. The insight gained from this type of data is analo-
gous to the difference between average molecular weight and molecular weight
distribution, and should permit a much more meaningful evaluation of a
polymer’s potentialities for a given application. Attention isalsodirected to
the variation in molecular weight distribution for each functionality type.
In some polymers (CTPB-1, HTPB-1, and HTPB-4) the average molecular

TABLE XVII

Functionality Distribution Versus Molecular Weight, CTPB-2*

Molecular Weight, Functionality distribution, %
weight % Non Mono Di Tri
200,000 0.6 0 0 60 33
100,000 0.7 0 0 62 31
50,000 0.6 0 12 64 17
30,000 1.0 0 15 63 15
20,000 1.6 0 18 60 15
10,000 15.3 1 18 59 15
7,000 31.6 1 18 61 13
5,000 22.7 2 25 57 9
3,000 12.6 4 34 49 6
2,000 7.5 6 38 45 4
1,000 3.7 7 40 42 4
500 1.6 6 38 45 4
300 0.5 10 47 33 J)
X — 0 27 54 9
Mn 3440 1660 2780 3780 4310

Recovery = 93%,
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TABLE XVIII
Functionality Distribution Versus Molecular Weight, HTPB-3, LOT 90871a
Molecular Weight, Functionality distribution, %

weight, % Non Alono Di Tri Tetra
100,000 2.2 0 10 43 45 1
30,000 7.9 1 n 50 36 1
10,000 16.7 1 9 55 32 1
6,000 235 2 7 53 36 1
4,000 24.2 i 3 42 51 1
2,500 14.5 0 1 25 70 1
1,500 6.7 0 | 22 73 2
1,000 2.8 0 3 33 60 2
600 1.1 0 4 44 48 i
400 0.3 2 7 52 36 2
300 0.2 0 14 61 23 0
X — 1 5 42 49 1
Mn — 4160 4900 4290 3226 2561

aRecovery = 98%.

weight for all functionalities is nearly constant. In some cases M,, in-
creases with increasing functionality (CTPB-2) and in other cases it de-
creases (HTPB-3). In one case (PBAN-1), the M,, starts low, rises to a
maximum, and then decreases as functionality increases. For HTPB-2
the non- and monofunctional components are higher in M,, than are the
higher functionalities, which in turn are essentially constant in Mn. Not
surprisingly, therefore, functionality distribution for most polymers is not
constant over the molecular weight range within the polymer, but can vary
considerably from point, to point across the molecular weight range. Data
showing this relationship between functionality distribution and MWD are

presented in Tables X111-XX1. In one unusual case (HTPB-1) the mono-
TABLE XIX
Functionality Distribution Versus Molecular Weight, HTPB-2 LOT 46M-8a
Molecular Weight, Functionality distribution, %

weight 92 Non Mono Di Tri Tetra
100,000 1.2 13 22 49 7 1
30,000 10.1 19 26 40 6 2
10,000 25.4 12 22 49 6 3
6,000 40.3 6 21 47 n 7
4,000 17.5 4 13 48 20 7
2,500 4.1 2 7 53 28 2
1,500 0.9 2 8 55 24 3
1,000 0.4 2 7 67 14 2
600 0.2 3 13 00 15 1
X — 8 19 48 12 5
Mn — 8060 6420 5490 5350 5370

Recovery = 92%.
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TABLE XX
Functionality Distribution Versus Molecular Weight, HTPB-1»
. Molecular Weight, Functionality distribution, %

weight % Non Mono Di Tri
50,000 0.1 29 71 0 0
30,000 0.5 18 43 35 4
20,000 1.5 17 57 23 3
10,000 11.4 18 70 n 1
5,000 15.8 9 34 51 6
3,000 31.0 5 16 70 9
2,000 28.9 6 16 69 9
1,000 6.3 9 19 65 7
500 1.0 23 41 35 1
300 0.7 26 57 16 0

X — 8 26 56 7

Mn — 2330 2830 2320 2410

“Recovery = 97%.

and nonfunctional components are bimodal in MWD whereas the di- and
trifunctional components are nearly normal in distribution. In another
case (PBAN-1), the peak molecular weight increases steadily as functional-
ity increases but Mnfor tetra- and pentafunctional material decreases due to
a low molecular weight tail, and changes in functionality distribution and
MWD due to accelerated aging are readily apparent.

CONCLUSIONS

The determination of functionality distribution by stepwise elution from
silica gel has been successfully adapted to the analysis of unsaturated car-
boxy- and hydroxy-terminated polybutadienes.

TABLE XXI
Functionality Distribution Versus Molecular Weight, HTPB-4»
Molec-
ular  Weight, Functionality distribution, %
weight % Non Mono Di Tri Tetra Perita
50,000 0.2 0 13 21 15 34 17
30,000 0.4 0 16 21 21 28 14
20,000 0.9 0 8 25 28 26 13
10,000 3.2 5 6 36 30 15 8
5,000 9.6 3 15 42 30 7 4
3,000 29.6 3 16 46 30 3 1
2,000 43.5 3 13 49 33 2 1
1,000 10.6 3 16 4 32 5 2
500 0.9 19 8 30 27 a 6
X — 3 14 45 31 4 2
Mn — 2050 2120 2150 2120 2400 2400

Recovery = 99%.
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MG POLYMER/50 i

150G Si02 GEL IN24 mi
CHCI3 PLUS 26 ml C2H50H.

PURGED WITH 275 mi CCI,Z[

SAMPLE - 0.326 G IF-1 FROM RUN 6)
100%RECOVERY

MG POLYMER/50 mi

°0 200 600 1,000 1,400 1,800 2,200 2,600 3,000
TOTAL ELUANT ()

(b)
Fig. 2. Elution profiles: (A) PBAN-1 polymer, run 6; (B) PBAN-1 polymer, run 7.



MG POLYMER/50 ml

MG POLYMER/50 ml

FUNCTIONALITY DISTRIBUTION BY GPC 609
O CCly O CHCl3 O CoHsOH
CCII ' 150 G Si0z GEL IN 330 ml CHCI3 PLUS 20 ml
4 090% CoHsOH. PURGED WITH 275 ml CCly.
A10% 2% 4
’ SAMPLE = 0.955 GRAMS
B s | 99%RECOVERY N
2 20%
K £90%
0 60% 01'0%
40%
A' ’ £95% £80%
o 5% 020%
_ | D Iy " o
100 A 60% i I
' 09.5% i
0 030%
§3.Z" 0 3.5% v
’ ! N
£98% o 40%
0 2% 1
' & 50%
50 9% T o 50% B
ol% . o
40 I — N 25%
5 - o '75% ]
v L © ]
o F-5 F-6 !
10 I —Ae3 - F4
% (1.09) TR 2.08) (1.47)
%9 1,000 2,000 3,000 4,000 5,000
TOTAL ELUANT (ml)
(a)
0.CCly & CHCI3 O CoHsOH
a
G90% £90% 756 Si0y GEL IN 170 mi
A'“’% O;‘”" CHCI3 PLUS 5 ml CpHOH PURGED
0 50%
228;/: ks oh WITH 150 ml CClyg
| o5% || SAMPLE = 0.2688 GRAM
Y {F-1 FROM RUN 1)
0 60% .96.5% O 40%
a "‘0% O 3.5% 1 96% RECOVERY
&70%
223;‘ ABE O 30%
4 " °© .2% ' Oy
v VT a8 )
0 20% 89%8% |  om| OB
10.00) £80% 0 1% o5
0= f i 1
fay
£ DA, - ~
F2 F3 F-4 F-5
20— 10.98) — (0. 89)——(0.79) 0.63)
10 J
) 1,000 1,500 2,000 2,500 3,000 3,50 4,000
TOTAL ELUANT (ml)
(b)

Fig. 3. Elution profiles:

(4) HTPB-1, run 1; HTPB-1, run 2.
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FUNCTIONALITY % Mn
0 13 1,470
1 2 1,980
2 » 2,890
3 19 3,220 2 989
AVERAGE FUNCTIONALITY 8 % ' 198%
4 9 2,570 L
5 1 2420 RECOVERY 8%

NOTE: ALL MOLECULAR WEIGHTS BY GPC
PER CORRECTED CALIBRATION

Application of gel-permeation chromatography in connection with the
liquid-solid chromatography has permitted the determination of molecular
weight distribution within each functional type, and has permitted calcula-
tion of the interrelationship between functionality distribution and molecu-
lar weight distribution.

TABLE XXII-A
Example of Synthetic Construction of AIWD Curve
Difunctional Material in HTPB-1

Proportion
of
difunctional Difunctional Total
Wt-% material in  material in  difunctional
Fraction Functionality of polymer fraction polymer, % in fraction, %

2B 1.08 5.4 0.08 0.42 0.8
2A 1.09 5.0 0.09 0.45 0.8
3A 2.11 19.7 0.89 17.53 314
4A 2.13 33.2 0.87 28.88 51.8
5A 2.08 5.7 0.92 5.24 9.4
6A 1.47 6.9 0.47 3.24 5.8

55.76 100.0



WEIGHT PERCENT

WEIGHT PERCENT

FUNCTIONALITY DISTRIBUTION BY UPC

FUNCTIONALITY % Mn

0 7 170

1 X 2,360

2 2 3260

3 2L 3650 AVERAGE FUNCTIONALITY 1 =190
4 2 2760 1,540

5 1 270 RECOVERY 1 9%

NOTE: ALL MOLECULAR WEIGHTS
BY GPC PER CORRECTED

CALIBRATION
Fig. 5. PBAN-2 polymer.
FUNCTIONALITY %  Mn
0 9 2010
1 31 3640
2 2% 3410
3 B 370
375
4 9 5120 AVERAGE FUNCTIONALITY = =228
5 7 3 670 1, 044
6 2 3150

RECOVERY 1 9%
NOTE: ALL MOLECULAR WEIGHTS

BY GPC PER CORRECTED
CALIBRATION

m 100 100D 1man

MOLECULAR WEIGHT

Fig. G PBAN-2 aged 90 days at 200°F in mild steel (0.115% Fe).
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The interrelationship between functionality distribution and molecular
weight distribution is undoubtedly a fundamental property of a given poly-
mer, and may eventually prove to be more descriptive and more meaningful

for prediction of end use properties than any polymer parameter heretofore
measured.

Fig. 8. CTPB-2.



FUNCTIONALITY DISTRIBUTION BY GPC

Fig. 9. HTPB-2, lot 46M-8.

MOLECULAR WEIGHT

Fig. 10. HTPB-3, lot 908071.
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Fig. 11. HTPB-4.

The type of information generated by this work is of particular value to
the formulating chemist in selecting a candidate polymer for a new pro-
gram. Ultimately, when the relationships between functionality distri-
bution and propellant properties are quantitatively established, it should
theoretically be possible to optimize propellant properties by controlling or
modifying the functionality distribution of the polymer.

Fig. 12. HTPB-I.



Molec-
ular
weight

50,000
30,000
20,000
10,000
5,000
3,000
2,000
1,000
500
300

FUNCTIONALITY DISTRIBUTION BY GPC

Frac-
lion
2B

0.01
0.02
0.07
0.21
0.17
0.24
0.08

TABLE XXII-B
Per cent of Difunetional Material*

Difunetional material, %

Frac-

tion
3A

0.13
0.22
0.72
9.01
15.76
5.21
0.31

Frac-
tion
4A

0.16
0.26
0.57
3.84
18.96
24.76
3.26

Frac-
tion
5A

0.03
0.08
0.14
0.62
2.07
3.29
2.88
0.29

Frac-
tion
6A

0.12
0.61
1.67
2.06
0.79
0.35
0.21

\%

0.0
0.34
0.64
2.17
14.39
38.65
35.59
7.33
0.64
0.21

615

2, %

0.0
0.3
0.6
2.2
14.4
38.7
35.6
7.3
0.6
0.2

100.0

“A plot of molecular weight versus 2 % gives the molecular weight distribution of the
difunctional material in HTPB-1, as seen in Figure 12.

Since the stepwise silica gel-chromatographic separation as applied in
these studies is time-consuming and somewhat tedious, refinements should
be sought to optimize the separation, especially by application of high-pres-
sure, high-speed liquid chromatography.
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Ziegler Polymerization of Olefins. 1X. Donor
Effects in Metal Alkyl-Free and Ziegler-Type
Stereospecific Catalysts

J. BOOR, JR.,,
Shell Development. Company, Emeryville, California 94608

Synopsis

Electron donors, especially trialkylamines and azulene, have been examined in alu-
minum alkyl-, CH3TiCI3 and hydrogen-activated TiCl3catalysts for the polymerization
of propylene to isotactic polymer. A comparison and an evaluation were made with
findings which were established earlier with zinc alkyl-based TiCl3 catalysts. We find
that the donor, when it is present in low concentrations in all of the above catalysts,
can inactivate preferentially the less stereoregulating sites. In this way the isotactic
content and the molecular weight of the polymer are increased, but only at the expense
of a lower catalyst activity. The addition of hydrogen to the TiCl3donor catalyst at
—78°C produced a threefold effect: (1) the activity of the catalyst was increased
about 5 to 15 times and higher, (2) the polypropylene formed with this more active
catalyst was more isotactic (ca. 10-15%), and (3) the polymer had a lower molecular
weight. It is proposed that the increase in catalyst activity was due to the generation
of Ti-H bonds to which propylene molecules then added, the Ti-H bonds thus being
transformed into active Ti-C centers.

INTRODUCTION

The application of electron donors to elucidate the nature of the active
centers in metal alkyl-free and in Ziegler-type catalysts has been described
in previous papers.1-8 A number of recent reviews9-13 discuss the in-
fluence of electron donors in Ziegler-type catalysts and in metal alkyl-free
catalysts which do not contain an added base-material alkyl such as AlEt,,.
In the earlier investigations, the Ziegler catalyst (ZnEt2plus TiCl3 and the
metal alkyl-free catalyst, (TiCl3plus amine) were mostly used. We have
now examined similarly several aluminum alkyl-based and CH3TiCl3based
Ziegler-tvpe catalysts under variable polymerization conditions. Also, we
have examined further the metal alkyl-free catalyst, especially the influ-
ence of hydrogen on its activity and on the isotacticity of the polypropylene
which is formed with it.

This paper describes our experimental work and attempts further to eluci-
date the nature of the active centers in these types of stereoregulating cat-
alysts.

The experimental findings and their interpretation will be presented ac-
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cording to the nature of (he effect of the electron donor on the activity of
Ziegler and metal alkyl-free catalysts.

The experiments in which the added donor caused a lowering of the cata-
lyst activity, will be described and interpreted first, while the enhancement
of catalyst activity due to the donor will be discussed in a subsequent sec-
tion.

MATERIAL AND EXPERIMENTAL METHODS

The polymerization and characterization methods as well as materials
which have been previously described in detailt 5have also been used in
this investigation. All operations were carried out under nitrogen, and the
dry TiCl3salts were handled in a dry box containing about 1 ppm or less
oxygen or water.

Most of the polymerizations were done in 8-ounce bottles as reaction
vessels.2

Isotactic contents of thin polymer films (ca. 0.001 in.) were determined by
infrared spectroscopy as described previously.2 Crystallinities of about 65
and .30% corresponded to infrared indices {Aia.mJAw.-, of 0.90 and 0.65,
respectively.

The nomenclature used for various titanium trichloride salts24 follows
that generally accepted in the literature (Table I).

TABLE |
Titanium Trichloride Salts
Nomenclature Source Preparation
TiCbAA" Stauffer Chemical Company, TiCl4+ Al activation
Richmond, California
TiChA*® u U TiCL + Al, no activation
TiCLHA u u TiCh + 112, activation
TicL Il U u TiCh + LL, no activation
jsTicl; See reference 2 TiCL, + 3 AlEts, 25°C
7-TiCla" u U Heat /3-TiCI3 160°C

“These salts actually contain ionic aluminum. These have often been designated
3TiCb-AIClj. This author introducedl1-7 the nomenclature AIXTi,,Cb (x — 1, y — 3,
z ~ 12) for these salts to stress that, they contain aluminum and that x, y, and z are not
constant. For sake of conformity the generally accepted nomenclature is used in this
paper.

LOWERING OF CATALYST ACTIVITY

Experimental Results

Azulene and dimethylfulvene were added as third components to alumi-
num alkyl-based Ziegler catalysts when the latter were used to polymerize
propylene at 60, 80, and 115°C. Their effects on catalyst activity (conver-
sion of propylene), on the isotactic crystallinity of the formed polymer (as
infrared Ala@,M iod, ratios) and polymer molecular weight (as intrinsic
viscosities) were observed.

The effect of azulene on a highly isotactic specific catalyst (AIEhCI +
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TABLE I
Azulene in Highly Specific Catalysts (ALIELC1 + y-TiCL at 60°C)°

Azulene A i0.02/16

Azulene, Conversion, “

Expt no.6 mmole T-TiCI3 wt-% A o 28/
1 0 0 89 0.90

2 0.1 0.15 83 0.90

3 0.5 0.77 79 0.91

4 1.5 74 0.91

“Experimental conditions: 8-0z bottles as reaction vessels, 100 ml heptane, 3.0
mmole AIERC1, 0.65 mmole y-TiCI3 30 g propylene (see Boor2 for further details);
rotated in thermostated baths for 50 min at 60°C.

bIndices which are related to polymer isotacticity. A value of 0.90 corresponds to a
crystallinity of about 65%. See Boor2for methods used to determine these values.

7-TiCl3 is described in Table Il. In this situation azulene lowered catalyst
activity but there was no substantial change in the isotacticity of the poly-
mer formed with the azulene-containing catalyst.

Tables I11-V show the effect of azulene on catalysts which produce only
partially isotactic crystalline polypropylene, e.g., AIEtXIl + /3-TiCI3
AIEt3T VC13 AIEt3 - /3-TiCI3 AIEt3-)- 7-TiCl3and AIEtF (- y-TiCI3
(Table I11); AIEtZ/ZnEt2 + T-TiCI3 (Table IV); AIEtXI + y-TiCI3
(115°C) (Table V).

In all cases azulene lowered the catalyst activity and simultaneously in-
creased both the isotacticity and molecular weight of the polymer which
formed with the azulene-modified catalyst.

Discussion
The effect of azulene in low concentrations in the aluminum alkyl-based
catalysts resembled its effect in the ZnEt2based catalysts when both were

TABLE Il
Azulene in Partially Specific Catalysts Based on AIEtjCI, AIEtF,
AlEt,, VC13o0r /?-TiCl3and T-TiCI3*

Transition Con- .
Expt. Metal Metal Azulene, version, Ao
no. alkyl compound mmole wt-% A8
1 AlERC1 /3-TiCl, 0 41 0.84 (IV = 2.3)
2 £ £ 0.5 22 0.90 (IV = 3.9)
3 AIEtjF T-TiCI3 0 96 0.66
4 “ £ 4.0 58 0.87
5 AIEt3 VC13 0 83 0.60
6 £ £ 4.0 95 0.70
7 AlEts /S-TiCls 0 92 .69
8 £ U 4.0 21 84
9 AlEta t-TiCI3 0 95 74
10 £ U 4.0 74 86

“Experimental conditions : 8-oz bottles as reaction vessels, 100 ml heptane, 3.0 mmole
Al1R3or AIR2X, 0.65 mmole transition metal salt (except 1.3 mmole VVC13), 30 g propylene;
Rotated in thermostated baths for 50 minutes at 60°C.
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TABLE IV
Azulene in Partially Specific Catalysts
(AIEtjCI + ZnEt2+ T-TiCl3at 80°C)“

Con- )

Expt. ZnEtj version, oo LV,
no. mmole Azulene, mmole W t-% A 10284 dl/g
i 0 0 80 0.90 2.0
2 0.5 0 58 0.85 0.60
3 0.5 0.5 33 0.98 0.89
4 1.0 0 52 0.78 0.57
f) 1.0 0.5 32 0.98 1.08
6 2.0 0 48 (1.66 0.69
7 2.0 0.5 29 0.96 1.30

Dimethylfulvene
8 1.5 0 47 0.61 0.71
0 15 0.85 4 0.96 1.80

* Experimental coniditions: 8-0z bottles as reaction vessels, 100 ml heptane, 3.0 mmole
A O 0.65 mmole y-TiCb, 20 g propylene (see Boor2for further details); rotated in a
thermostated bath for 30 min at 80°C.

TABLE V
Azulene in Partially Specific Catalysts (Polymerization at. 115°C)
A 10025
Expt. no." Azulene, mmole Polymer, g A-1028 1.V., dl/g
1 0 20.7 0.68 1.1
2 0.05 6.1 0.90 1.4
3 0.25 8.1 0.90 15
4 0.50 5.2 0.92 1.9
5 1.00 5.6 0.94 2.1
6 0.25b 6.0 0.93 —

aExperimental conditions: Magne Dash autoclave as reaction vessel, 150 ml heptane,
2.25 mmole AIEt>CI, 0.25 mmole y-TiCL, 140 psig propylene pressure.

b Cyclohexane was used as solvent in (his experiment; the formed polymer remained in
solution under these conditions.

used to polymerize propylenebas already stated above. In both situations
a lowering of catalyst activity was simultaneously accompanied by an in-
crease in polymer isotacticity and molecular weight.

These findings were interpreted to mean that azulene complexed and
inactivated preferentially first, the more exposed and less isotactic-specific
sites.  Since these sites also produced polymer which had a lower molecular
weight than polymer formed at the more specific sites, the molecular weight
of the polymer also increased.

Consistent with this view are the data of Table Il which show that only a
small improvement in polymer isotacticity takes place when azulene was
added to a catalyst (AIEtZCl + y-TiCh at GO°C) which was already pro-
duced a very highly isotactic polypropylene. Here the lowering of catalyst
activity which occurred resulted from complexing and inactivation of some
of the isotactic-specific sites.
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Particularly significant are the experimental findings of Table V; here
a high polymerization temperature (115°C) was used to induce the same
AIEtZXI-y-TiCl3catalyst to produce a partially crystalline polypropylene.
In contrast to an infrared ratio of 0.90-0.91 (65-70% crystallinity) ob-
tained for polypropylene prepared at 60°C with this catalyst (Table 1), at
115°C the infrared ratio was only 0.68 (.35% crystallinity). By addition of
0.05 mmole azulene per 0.25 mmole y-TiCfi and per 2.25 mmole AIEtZC,
this catalyst at 115°C (Table V) produced a polymer whose crystallinity
was about 65% (infrared ratio = 0.90). Interestingly, experiment 6 of
Table V shows that a 65-70% crystalline polymer can be formed even if
during polymerization it remains in solution.

Lauger has recently reported that the incorporation of azulene into the
AIEtg-TiCh catalyst led to a polymer with a higher tensile strength.4 For
example, the tensile strength increased from 2850 psi to 4200-4400 psi on
addition of 0.5-1.0 mmole azulene per 2 mmole AIEt3 hanger attributed
the improvement to the presence of an equimolar complex of the donor and
the metal alkyl, and suggested that an excess of the donor be added in order
to ensure its presence in a substantial amount in the premix:

K
Metal alkyl (M) + Donor (D) < M-D 6
1:1 complex
We disagree. In our view, as stated in this and in previous papers, the un-

complexed donor interacts preferentially with less isotactic-specific sites
directly via the reaction (2):

Active Center (C) + Donor (D) E:iEC-D 2
1:1 complex
Langer did not elaborate how the M-D complex [eq. (1)] modified the

catalyst.

We suggest that if the complex-forming tendency according to eq. (1) is
very large, then the site-forming ability of the metal alkyl may be greatly
diminished.  Also, very little donor would remain to effect site removal via
eq. (2).

The general conclusions drawn from this present work are in reasonable
agreement with conclusions derived by Schindler8from his investigations of
ethylene polymerization with the AIEtZI-TiCl4 catalyst. In the latter
catalyst, preferential complexing was recognized also for tetravalent sites
which were strongly adsorbed on the TiCl3surface. Schindler used donors
such as EtaN to differentiate these centers.

ENHANCEMENT OF CATALYST ACTIVITY

Experimental Results

The activating effect of different donors was examined under a variety of
experimental conditions for the polymerization of propylene (Tables VI-

X and Figs. 1-3).
The activity of a number of titanium trichloride-based metal alkyl-free
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TABLE VI
Influence of Hydrogen on Metal Alkyl-Free Catalysts
Based on -y-TiCL, TiCLAA, TiCLHA, and TiCLA*

H-.
Expt. no. TiCH Weight, g present Time, hr Polymer, g
1 TiCLAA 2.0 Yes 4 20
2 it “ No “ 2
3 7-TiCh 2.0 Yes 20 3.3
4 “ “ No " 0.8
5 TiCLHA 4£ Yes 110 0.70
G “ No ¢ 0.01
7 TiCLA 3.0 Yes 330 0.1
8 u u NO it 0

aPolymerization conditions: into 8-0z bottles were added 100 ml heptane, the TiCL
and 10 mmole n-BudN. The bottle and contents were cooled to —78°C, and 30 g
propylene was condensed into the bottle. Then hydrogen was bubbled into the mixture
(still at —78°C) for 10 min and the bottle was capped under an atmosphere of hydrogen.
The bottles were rotated in a thermostated bath at +25°C.

b Mixtures of n-BudN and TiCL, TiCLH, or VCL were not similarly activated by
molecular hydrogen.

catalysts was increased significantly when hydrogen was introduced into the
catalyst (Tables VI and VII).* Hydrogen was added by bubbling it into
the catalyst-monomer-solvent mixture at —78°C for about 10 min. The
reaction bottle was then sealed under an atmosphere of hydrogen. Various
titanium trichlorides were used with n-Bu3X as the donor component, e.g.,
TiCbAA, 7-TiCh, TiCliHA, and TiCI*A- The best results were achieved
with TiCTiAA; aboul 20 g polypropylene was obtained in 4 hr from 2 g
TiCIAA, 10 mmole n-Bu3X, and 30 g propylene in 100 ml heptane at 25°C.

Figure 1 shows that a maximum activity was achieved for the IF-
N-BuN-TiCIAA catalyst when the n-Bu3X/TiCUAA ratio (mmole/g) was
about 1 In absence of hydrogen the same catalyst attained a maximum ac-
tivity at only a slightly higher n-BuXVTIiCLIiAA ratio (Fig. 2). 11l both
cases about 0.3 mmole n-BudN had to be added per gram TiCl3before (he
catalyst became measurably active.

Hydrogen did not increase the activity of the CH3TICI3TiCI3n-BudN
catalyst when either y-TiCborTiChAA was used (Table VIII). In Table
IX the influence of n-Bu;X in this catalyst is shown when hydrogen was
absent.

Table X compares various donors in their ability 1o active both the
TiCI3AA and y-TiClj salt to polymerize propylene. In absence of donor
only low molecular weight oils were formed.

Apparently n-Bu3X did not function as an effective transfer agent in the
TiCl»AA-based catalyst (Fig. 3). In a 144-hr polymerization at 25°C, the
polymer intrinsic viscosities increased from about 3 dl/g (1 hr, 0.3 wt-%
conversion) to about 18dl/g (144 hr, 52% conversion).

*This catalyst was briefly reported in an earlier investigation.6
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Fig. 1 Dependence of polymerization rate on n BudN/TiCIsAA ratio when either n-
BudN or TICI3AA is kept separately constant: (O) n-BusN constant (0.8 mmole),
TiCI3AA varied; (Am) TiCI3AA kept constant (2.0 g), concentration of n-BudN varied.
H>present in all experiments.

Fig. 2. Dependence of polymerization rate on millimoles n-BudN per 2.0 g TiCIsAA.
Conditions: 25°C, 84 hr. Discontinuity in curve arises because the two samples of
TiChAA used had different activities.
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TABLE VIII
Hydrogen as the Third Component in the
CHSsTICL-TiCls-n-BusN System»

Expt. n-BusN, CIRTICL, h2 Polymer
no. TiCI3 (0.2 g) mmole mmole present g

i TiCLAA 3.0 2.6 No 7.7

2 “ “ “ Yes 7.5

3 £ “ 0 Yes 0.1

4 y-Tich, “ 2.6 No 5.2

5 3 £ Yes 3.6

“Polymerization conditions: 8-0z bottles containing 100 ml heptane; the catalyst
and 30 g propylene were rotated at 25°C for 2.5 hr.

TABLE IX
Activation of CH3TIiCL by n-Bu3N (Propylene)*

Expt. ra-BudN, CH., TiCL,

no. TiCL (0.2 g) mmole mmoleb Polymer, g
i TiCLAAO 0 2.6 0.7
2 “ 0 13 0.1
3 “ 3.0 2.6 7.7
4 £ 3.0 1.3 10.5
5 7-TiCLd 0 2.6 0.1
6 “ 3.0 2.6 5.2
7 “ 3.0 2.6 7.0
8 3.0 1.3 7.2

aConditions: 100 ml heptane in 8-oz bottles, 30 g propylene, 2.5 hr at 25°C with rota-
tion in bath.

bPrepared according to a slightly modified procedure described in Ref. 17.

cPurchased from Stauffer Chemical Company, Richmond, California. It is reported
to be made by reduction of TiCL with subsequent activation. Its actual composition
is approximately AR-gThClii.

dPrepared by reduction of TiCl4with AlEts (see Boor2for further details); this also
has an approximate composition of AR.oTiCliz»

TABLE X

Relative Ability of Donors to Activate TICLAA and y-TiCL*

Good activatorsb Weak activators0
RN (R £ EY) (CHHPH
RsP (R 15 Pr) 2,6-Dimethylpyridine
[CHHP Azulene
EtANBH4 a-R-pyridine (R = Me, Et)
(Cio)aN plus n-Bul (1:1) a-Me-quinoline

Pyridine (very poor)

aThese donors were examined with both the TICLAA and the y-TiCL compositions
for the polymerization of propylene (100 ml heptane, 30 g propylene, 2.0 g TiCL, 10
mmole donor for 144 hr at 25°C in 8-0z bottles).

b I- 10 g polymer was formed, the exact amount varying with the donor.

€0.03-0.3 g polymer was formed, the exact amount varying with the donor.
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Fig. 3. Dependence of molecular weight (from intrinsic viscosity, 1V) on time of poly-
merization. Numbers at points represent per cent conversion.

Discussion

Previous papers have reported that TiCb alone produced only low molec-
ular weight oils when propylene was polymerized.4 The addition of certain
electron donors resulted in the activation of the TiCb to produce high molec-
ular isotactic-crystalline polypropylene4 (see Table X).

The chemisorbed amine5was proposed to induce existing latent sites to
become active rather than actually to cause their formation.49 These
active centers are presumed to have been formed earlier during the synthesis
and post-treatment of Ihe TiCb salt. The low activity of the TiCb-donor
catalyst has been demonstrated to be due to the presence of a low concentra-
tion of active centers.7

Concurrently with the activation process described here and in earlier
papers,8-7 the donor can also remove preferentially ihe more exposed and
less stereospecific sites. Thus, the observed activity in both the conven-
tional Ziegler-type catalysts and the TiCb donor-type catalysts (where no
metal alkyl was added) reflects the net result of both processes.

Evidence has been presented indicating that the activation by trialkyl
amines in the ZnEtr-TiCb and in the TiCb metal alkyl-free catalysts is as-
sociated with chemisorption of the donor on the chlorine surface of TiCb-5
However, the detailed mechanistic path by which this takes place was not
established. Speculative mechanistic paths have been already discussed.9
The general phenomena of activation by electron donors have been reviewed
by a number of authors.9~-3

The further activation of these TiCb-donor-catalyst mixtures at —7S°C
by molecular hydrogen is shown in Tables VI and VII. Earlier this hy-
drogen effect was briefly reported69but was not elaborated upon in detail.

The hydrogen effect is unique. Not only does the TiCb-donor catalyst
become more active, but also the polymer which was formed in the presence
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of hydrogen had a higher isotactic crystallinity and a lower molecular
weight.

Depending on experimental conditions, the activities of (he TiClI3donor
catalyst were increased up to 70 times (experiments 5 and 6, Table V1), al-
though in most cases the increase was about 5- to 10-fold (experiments 1and
2, Table VI). The isotactic crystallinity of the corresponding polypropyl-
ene was increase by about 10-20% (Table VII1). In all cases the molecular
weights of the polymers prepared with hydrogen present in the catalyst had
substantially lower molecular weights (e.g., intrinsic viscosities of about 2
dl/g versus about 7 dl/g). The use of hydrogen as a transfer agent has been
well substantiated9-13 Bsince Vandenberg’s original discovery,band there-
fore the latter finding was expected. From Figure 3 we see that n-BudN did
not function as a good transfer agent in the TICR-donor catalyst.

In absence of a donor, the TiCli IF components produced only low molec-
ular weight oils, as did TiCl3alone. By addition of trialkyl amines (e.g.,
RN with R = Et, n-Bu, and amyl) or the quaternary salt, EtiNBFR,
hydrogen became activating (Table VII1). The activating effect of hydro-
gen was observed when TiCI3AA, TiCIsA, TiCIHA, or y-TiCI3but not
TiCb, TiCIH, or VCh were used (Table VI). The full scope of the hydro-
gen effect, in so far as other donors, transition metal salts and experimental
conditions are considered, is not obvious from the present data.

An appealing explanation for the activating effect of hydrogen is that new
sites are generated [egs. (3) and (4)].

TiCIyTi*) + FR/douor — TiCIJTi-H) ?3)
(catalyst surface) active for
addition of olefin

etc.
TiCIXTi—H) + CHXCH=CH2 TiCIXTi—CH2—CHa—CPI3) )

In these reactions Ti* represents an active titanium on (he surface of
TiCI3 According to this speculation, molecular hydrogen, like the metal
alkyl in a conventional Ziegler catalyst, generates active centers by a chem-
ical reaction. We cannot, however, specify the nature of Ti* above or on
the reaction above.

A number of years ago Mattlack and Breslowbreported the formation of
active catalysts for the polymerization of ethylene by ball-milling transi-
tion metals in presence of hydrogen. A M-H active center was also pro-
posed.

We consider as evidence for the proposal that new sites were generated by
hydrogen our observation that the more active catalyst was also more
stereoregulating. For example, a comparison of experiments 3 and 4 in
Table VII shows that the isotactic index increased from 0.73 to O.SSin pres-
ence of hydrogen, an increase of about 15% crystallinity. According to
our view the larger number of active centers generated by hydrogen
are more isotactic than are the smaller number of sites which were initially
present.
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That hydrogen did not increase the activity of the CHS3TICI3TiCI3
w-BuiN catalyst is not surprising (Table VIII). Relative to CH3TICI3
hydrogen is a poorer site former. For example, we found the CH3TICI3
TiCI3™-BudN catalyst to be about 15 times as active as the H2TiCI3
n-BudN catalyst, (compare experiment 2 of Table VI and experiment 1 of
Table VIII). Thus, the increase in activity in the former catalyst clue to
hydrogen would be expected to be small.

That catalyst activity maximized at about the same amine/TiCl3ratio
in both the TiClaAA"M-BtpN and the TiCIJAA «-Bu3dN-112systems suggests
that the mechanism by which it activates these catalysts is similar.

The author is grateful to Mr. L. R. Roberts of this laboratory and to Drs. P. Cossee
and S. Mostert of the Koninklijke/Shell Laboratorium, Amsterdam, Netherlands for
reading and criticizing this paper. Also, the excellent technical assistance of Mr. 1). W.
Penhale is acknowledged. Discussions with Dr. E. A. Youngman during the experi-
mental work are also appreciated.
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Structure and Reactivity of a,/3-Unsaturated Ethers.
XI1l. Cationic Copolymerization and Acid-Catalyzed
Hydrolysis of 1,2-Dialkoxyethylenes

TADASHI OKUYAMA and TAKAYUKI FUENO,
Faculty of Engineering Science, Osaka University,
Toyonaka, Osaka 560, Japan

Synopsis

The cationic (»polymerizations of geometrical isomers of 1,2-dimethoxy- and 1,2-
diethoxyethylenes with vinyl isobutyl ether as a reference monomer have been carried
out in methylene chloride at —70° using boron trifluoride etherate as catalyst. The
kinetics of the acid-catalyzed hydrolysis of these ethers has also been investigated
in 80% aqueous dioxane, in order to compare the results with the polymerizabilities.
It has been found that the cis ethers are ca. four times as reactive as their trans isomers
in both reactions. On the other hand, it has been proved that a /3-alkoxyl substitution
reduces the hydrolysis reactivity of vinyl alkyl ethers by a factor of ca. 10-3 while it
even enchances the cationic polymerizability. These contrasting results are interpret-
able from the nature of the transition states which are different for the two reactions.

INTRODUCTION

a,/3-Unsaturated ethers are a class of compounds that are very reactive
toward electrophilic reagents. Extensive investigations have recently
been undertaken on the Kkinetics of cationic polymerization and acid-
catalyzed hydrolysis of the ethers, including vinyl,1-6 alkenyl,17-14
styryl,1518 and /3-chlorovinyl ethers.9 However, it appears that the
effects of polar substituents at the /3-position on the reactivity of vinyl
ethers still remain to be inquired. It is known only that /3-chloro sub-
stitution of vinyl ethyl ether greatly reduces the reactivity in cationic
polymerization.9

Al the cis ethers studied so far were more reactive than the corresponding
trans isomers. In most cases, it is consistent with the observation that
the cis isomers are less stable than the trans in the ground state. How-
ever, m-/3-chlorovinyl ethyl ether, which is a more reactive isomer, has
proved to be more stable than its trans isomer.D 1,2-Dialkoxyethylenes
are another type of ether that are more stable in the cis form.2 Thus, it
seems of interest to investigate which isomer of a dialkoxyethylene is more
reactive in relation to its ground-state stability.

The present paper describes the investigations on the effects of />
alkoxvl substitution and geometrical isomerism upon the reactivities of
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vinyl alkyl ethers both in cationic polymerization and in acid-catalyzed
hydrolysis. It has been found that an alkoxyl group significantly en-
hances the reactivity of vinyl ether in the former reaction whereas it
greatly reduces the reactivity in the latter. The cis isomers have proved
to be more reactive in both reactions. All these results appear to be
interpretable from the transition-state stabilities of the relevant elementary
steps and reinforce the validity of the transition state model which has
previously been proposed for the cationic polymerization of a,/3-unsaturated
ethers.2L

EXPERIMENTAL

Materials

1,2-Dimethoxyethylene (DATE) and 1,2-diethoxyethylene (DEE) were
prepared from glyoxal and alcohols by the method of Baganz et al.223
Isomeric compositions were about unity, and the isomers of DME were
fractionated through a spinning-band column. Boiling points were: cis-
DME (isomeric purity 98%), 96.5°C (lit.8 bp, 97°C); Acms-DME (iso-
meric purity 97%), 93°C (lit.Bbp, 93°C); DEE, 132-133°C (lit.Bbp, cis,
134.7°C; trans, 132.4°C).

Dioxane, methylene chloride, vinyl isobutyl ether (VIBE), and boron
trifluoride etherate (BF3-OEto) were purified as described previously.19
Other materials used as internal standards were commercially obtained and
distilled.

Polymerization Procedure

Polymerizations were carried out in methylene chloride at ca. —70°C
(methanol-Dry Ice bath) by use of BF3-OEt2 as catalyst. The concen-
trations of total monomer feed and an internal standard were 7 and 3 vol-
%, respectively. Details of the procedures were the same as have been
described previously.9 The methods of calculation of the monomer reac-
tivity ratios and the relative reactivities were also the same as used be-
fore.9%

Kinetics of the Hydrolysis

Hydrolyses were carried out. in 80% aqueous dioxane containing ca.
0.2M hydrochloric acid at a specified temperature between 25 and 45°C.
The initial concentrations of the reactant ethers Avere typically ca. 0.154/.
The courses of the hydrolysis reactions were followed by the gas-chromato-
graphic determination of the ethers remaining in the reaction mixtures.
Details of the procedures for the rate measurements Awere the same as
those described previously.1

Determinations of Ether Concentrations

The ether concentrations in a reaction mixture were determined by
use of a Shimadzu gas chromatograph Model 4APT Avith hydrogen as
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TABLE 1
Internai Standards and Operating Conditions of a Gas Chromatograph
for the Ether Determinations

Column
Internal Length, Temp,

Reaction Ether standard Packing* m °C
Hydrolysis DME Benzene PEG-DOP 3 »0
DEE »-Butyl ether AGL 4.5 0

Polymerization DME »-Heptane DOP-AGL 4.0 85

<o)
DEE Toluene PEG 2.25 90

“PEG = polyfethylene givenl) 6000, DOP = dioctyl phthalate, AGL = Apiezon
grease L.

carrier gas. Column packings and operating conditions are given in Table
T, together with the internal standards used. 1t was found by calibration
that the half-height width method fully sufficed for linearly correlating the
obtained peak area to the ether concentration.

RESULTS

Cationic Polymerization

In a preliminary experiment, an isomeric mixture of DME was poly-
merized in methylene chloride at ca. —70°C by use of BF8DEt2as catalyst.
There was observed no sign that either isomer undergoes geometrical
isomerization concurrently with polymerization, in agreement with the
the previous results found for the cases of various a,/3-unsaturated
ethers.9101819

Mixtures of cis- and tas-D M E of varying isomeric ratios were mutually

copolymerized. The results are given in Table Il. From these data
TABLE 1l
cis-trans Copolymerization of DIMEL

Polymer-

iztation Monomer feedb Residual monomer0
ime,
hr M® e Mc M, m b
3 0.400 0.600 0.263 0.552 0.116 -0.374
2 0.264 0.736 0.207 0.705 0.058 -0.149
4 0.520 0.480 0.333 0.424 0.253 -0.634
4 0.520 0.480 0.305 0.410 0.258 -0.591
2 0.520 0.480 0.415 0.454 0.239 -0.752
3 0.733 0.267 0.508 0.248 0.478 -2.153
5 0.733 0.267 0.415 0.233 0.511 -1.936

“[BFa-OEL] = 0.038M.
b Initial molar compositions of the monomer mixture.
0 Molar fractions of the residual monomers with respect to the monomer feed.
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Fig. 1. Linear relationship, b = —r,m 4+ r,, for the copolymerization between cis- and

trans-DME.

monomer reactivity ratios, . and r, were calculated by the aid of the
integral form of the Mayo-Lewis copolymerization equation. The 7.,
relations obtained from the equation were essentially linear, r, = mr, + b.
The constants 7, and r, were evaluated by the least-squares treatment of

1.0 = ==

0.5

-Tog M

-log Mv

Fig. 2. Log-log plots of residual monomer fractions for the copolymerizations of
VIBE(M.) with c¢is- and érans-DME (M). [BF;-OEty] = 8.7 mmole/l. [VIBE],:-
[eis-DME],: [irans-DME], = 0.322:0.386:0.292.
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-Iog, '\4/

Fig. 3. Log-log plots of residual monomer fractions for the copolymerizations of
VIBE(Mv) with cis- and frans-DEE (M). [BF3-OEtd = 8.7 mmole 1 [VIBE]»:-
[ds-DEE],,: [¢rans-DEE],, = 0.327:0.504:0.169.

the observed quantities m and 6.3 An m-b plot is shown in Figure 1, yield-
ingrc= 445 + 038and rt = 0.27 + 0.12. ZsDME is about four times
as reactive as irons-DIME [(rdrt) )2 = 4.06].

Next, the ternary mixture of VIBE and cis- and irans-DME was co-
polymerized in order to compare their reactivities. The relative reac-

TABLE 111
Relative Polymerizabilities of Dialkoxyethylenes and Vinyl Alkyl Ethers
Ether Relative polymerizability*
VEEb 1.09 (1.00)
a's-DEE 2.88 2.28
trans-DEE 1.38 1.06
VME® 0.55 0.41
a's-DME 2.23 1.71
trans-DME 0.57 0.44
VIBE (1.00) 0.92

aFigures in parentheses show the reference reactivity.
bVinyl ethyl ether.26
cVinyl methyl ether.6
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tivities were conveniently evaluated from the log-log plots of residual
monomer fractions as described previously.7 Such plots for the present
system are shown in Figure 2. Relative reactivities were evaluated from
the slopes of the plots and are given in Table Ill. It may be worth
noting that cfs-DME is more reactive than VIBE. Reactivity of cis-
DME relative to irans-DME is calculated to be 3.91, in fair agreement with
the value 4.06 obtained from the more precise treatments of the cis-trans
copolymerization.

The copolymerization of VIBE and cis- and frans-DEE was carried out-
in the same manner as described above. The log-log plots are shown in
Figure 3. Relative reactivities are given in Table Ill. Both cis- and
Irans-DEE were found to be more reactive than VIBE. cfs-DEE is ca
twice as reactive as its trans isomer.

Acid-Catalyzed Hydrolysis

The hydrolysis of a,j3-unsaturated ethers is of the first order with re-
spect to both ether and acid. The kinetic measurements were carried out
with the mixtures of isomeric ethers as before.116 The first-order decay
of the isomeric ethers was followed separately and, as is seen in Figure 4,
was found to hold uniformly down to over 70% conversions of the ethers.

Fig. 4. First-order plots for the hydrolysis of cis- and ;raras-DEE at 36°C. [HC1] =
0.189 mole/1.

This fact indicates that neither isomer suffers geometrical isomerization
during the course of hydrolysis and that the rate constants obtained with
isomeric mixtures are significant. Furthermore, it indicates that the reac-
tion under question may proceed through the rate-determining protonation
of the ether.1316

HjO + + H:0
ROCH=CHOR .I_ > ROCH2CHOR f— > ROCH2CHO + ROH 1)
slow ast

The second-order rate constants, k>= fci/[HCI], obtained in the tempera-
ture range 25 4.VVC are shown in Table IV. In the ordinary temperature
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region, the cisisomers are about four times as reactive as the corresponding
trans isomers, despite their greater stability as compared with the latter
isomers.D The reactivities of these ethers are as low as one-thousandth
those of vinyl alkyl ethers.

TABLE IV
Kinetic l)ata for the Acid-Catalyzed Hydrolysis
of Dialkoxyethylenes and Vinyl Alkyl Ethers

1040, 1/mol-sec

Affi, ASt, Relative
Ether 2,°0 35°C °C  kcal/mole eu rate
VEEa 751 175 -4.9 (1.0)
cis-DEE 3.23 11.05 36.0 20.7 -5.4 43 X 10 2
frons-DEE 0.82,, 2.87 9.82 22.8 -0.9 1.1 X 103
VMEDb ~0.5
ds-DME 1.53 5.38 18.3 22.7 0.2 2.0 X 10-3
frans-DME 0.38 1.22 4,53 22.6 -2.9 Q X ov

"Data of Kreevoy and Williams.2
bData of Ledwith and Woods.24

The heats and the entropies of activation, AH%and A<s|, were evaluated
from the f2values listed in Table IV and are given in the same table.
The magnitudes of the ASJ values are small, mostly negative in sign, in
agreement with the results obtained for the case of usual enol ethers.1

DISCUSSION

Effects of Geometrical Isomerism

The cis isomer of either DME or DEE was several times more reactive
than the corresponding trans isomer both in the cationic polymerization
and in the acid-catalyzed hydrolysis, in spite of the greater stability of
the former isomer.  This situation is similar to that observed in the case of
f3-chlorovinyl ethyl ether. It was previously concluded that the greater
reactivity of the cis isomers of alkenyl ethers may be due to their lower
stabilities in the ground state.1910 The results for 1,2-dialkoxyethylenes
and /5-chlorovinyl ether are completely ¢incompatible with the previous
conclusion for alkenyl ethers.

In the cases of a class of olefins carrying polar groups at the both ends
of double bond, their polar nature must be substantially different between
their geometrical isomers. The cis isomers, which bear two polar groups
on the same side, are much more polar than the corresponding trans
isomers, which are symmetrically substituted with two polar groups.
Thus, the former isomer might be more amenable to the polar attack of
reagents than the latter. This would be a possible interpretation of the
difference in the cis-trans reactivities of this class of ethers.
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Effects of /3-Alkoxyl Substitution

In the acid-catalyzed hydrolysis, DAIE and DEE are less reactive than
the corresponding vinyl alkyl ethers by a factor of about 10~3 The reac-
tivities of this order are similar to those of styryl ethyl ether®and /3-chloro-
vinyl ethyl ether.5 These low reactivities have been considered to be
ascribable mainly to the breakdown of an important stabilization effect
of a conjugative /3-substituent on forming a carbonium-ion-like transition
state.

On the other hand, cationic polymerizabilities of vinyl alkyl ethers are
apparently enhanced by the /3-alkoxyl group. This observation is similar
to that found in the case of propenyl alkyl ethers, where /3-methyl sub-
stitution reduces the reactivity of vinyl alkyl ethers in hydrolysis while it
enhances their cationic polymerizability.2191021 The present results are
more conspicuous in this respect.

In order to examine how the /3-methoxyl gioup should enhance the
polymerizability of vinyl alkyl ethers, extended Hiickel molecular orbital
calculations have been carried out on vinyl methyl ether (VME) and cis-
and b'cms-DME completely in the same manner as described previously.2L
For the sake of simplicity, conformation of the methoxyl group has been
taken as s-trans in all the cases examined. The delocalization energies,
AEp and AEa& for the transition state models, 1 and II, have been com-

H H _\C/
vV o \/
R— C------- C -Ccry
i \ -
Y od R
CH5 HX xochl CH H OCH,
Model 1 (AEg) Model 1l (AEaS)

puted according to egs. (6) and (7) of the previous paper,2Lrespectively.
The results of calculations are summarized in Table V. The AEp values for
model | predict the lower reactivity of DME as compared with VME.
Thus, the reactivity indices at the /3-carbon of vinyl ether derivatives are
in agreement with their hydrolysis reactivities but not with their poly-
merizabilities.

On the other hand, the energies AFa3 for model Il correctly predict
the polymerizability of DME relative to VME. Thus, a cyclic transition

TABLE V
Results of Extended Hiickel MO Calculations
Total
energy, AED, At#al’>
Ether eV’ 72eV 72eV
VME -463.847 0.3377 1.1385
cis-DME -716.648 0.3297 1.2695

iroras-DME —716.568 0.3299 1.2698
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state as depicted by model Il seems to be likely for the cationic poly-
merization of vinyl ethers, in agreement with our previous conclusion drawn
from both experimental and theoretical reasonings.682L Results of our
recent investigations concerning the substituent effects on the cationic
polymerization of benzo'uran provide further experimental support to
this conclusion.®

On the basis of theoretical calculations which are seemingly analogous
to our own, Higashimura et al.ZZ claim that in the cationic polymerization
of vinyl ether derivatives, a polymer-end cation should interact also with
an alkoxyl oxygen atom as well as a- and /3-carbons (model II1). How-
ever, their calculations of delocalization energies have been based on too

H

Model 11 XCHs

rough a procedure, which makes the results somewhat dubious and hence
cannot be considered to provide a foundation reliable enough to permit
discrimination between these transition states Il and I1l. Probably, all
that we can state for sure at this moment is that the reaction must involve
simultaneous attack of the chain end on both the a- and d-carbons of
the olefinic bond.

Finally, the present treatments predict almost equal reactivities for the
geometrical isomers of DIME. As has been discussed in the preceding
section, the observed higher reactivity of the cis isomer would be due to
its polar nature, which was not embodied at all in the above calculations.

The authors are grateful to Mr. Tadao Yoneda, undergraduate trainee, 1967, for
able technical assistance.
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Modification of Poly (vinyl Chloride). XIII.
Crosslinking of Poly (vinyl Chloride) with Dithiols
and Properties of the Crosslinked Products

KUNIO MORI and YOSHIRO NAKAMURA, Department of Applied
Chemistry, Iwate University, Morioka, Japan

Synopsis

PVC was crosslinked by immersing PVC-dithiol blends in ethylenediamine at 30°C.
Properties of the products depended on the chain length and chemical structure of the
crosslinkage and on the molecular weight of the polymer chain between crosslinks Me.
Crosslinking by the agent of soft structure and long molecular chain resulted in high ten-
sile strength at break and impact strength and low brittle temperature. The use of
the crosslinking agent of short molecular chain gave high yield strength, Young’s
modulus, and heat distortion temperature. The relation of Meand the chemical struc-
ture of the crosslinks to the properties of the crosslinked rigid polymer was discussed in
regard to the crosslinking effect and plasticizing effect.

INTRODUCTION

A number of studies have been carried out on the modification of poly-
vinyl chloride) (PVC) by crosslinking reactions.4-3 The aim of these in-
vestigations was to improve the polymer in regard to its dimensional stabil-
ity, resistance to solvent, creep ratio, heat distortion, and softening tem-
peratures, but the products were inferior to the original PVC in shock resis-
tance and brittle temperature.

Little is known on the relation of the structure of the crosslink to the
stress-strain and thermal properties of rigid polymers. In one of our ear-
lier studies,4 crosslinked PVC of improved toughness was obtained by the
use of elastomer such as liquid thiokol which contains soft segment, and the
results suggested that the properties of the crosslinked polymer were de-
pendent mainly upon the following factors: (1) average molecular weight
ilic of the polymer chain between crosslinks; (2) chain length Lc¢, molecular
weight, and structure of the crosslink; and (3) structure of the polymer
chain.

The present studies were undertaken to confirm these relations. The
properties of the crosslinked PVC are discussed in regard to crosslinking
effect and plasticizing effect.
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EXPERIMENTAL

Materials

PYC was obtained commercially and used without purification; degrees of
polymerization (P) were 800, 1450, and 2700. Dithiols, except for 1,10-
decyldithiol which was obtained commercially, were prepared from the
corresponding dichlorides by the thiuronium salt method; their properties
are shown in Table I.  Poly (ethylene glycols) used in the syntheses were of
average molecular weight of 200, 300, 400, 600, and 1000. Ethylénedi-
amine (EDA) was substituted for liqguid ammonia, which had been used in
our earlier study,4since EDA is easier to handle and accelerates the cross-
linking reaction.

TABLE I
Properties of Thiol Compounds
SH, o4 5o, °C
Dithiol weight Found Calcd mm Hg
HSCHZCH2DCH?2),,CHXH

n = 1 (EG-140) 134 47.7 47.8 84/4

n —5 (EG-300) 314 21.3 21.0 130/0.1

n = 9 (EG-500) 490 13.9 13.5 -

n = 11 (EG-600) 630 10.4 10.5 —

n = 21 (EG-1000) 1020 6.2 6.45 -
HSCiolRoSH 206 32.0 32.1 -
H8CHZXHACHZH 176 38.5 38.8 94/0.07
RSCIRCelLCiLCetLCiLSH 260 25.4 25.4 -
Dimei*captodichloro-paraffin,

CHH3,(SH)X12 360 20.1 20.1 —

Methods of Blending and Crosslinking

PYC and dithiols were blended in a two-roller mill with heating at 150-
160°C for 5-10 min without additives. Blending was easily done when
more than 2 parts of dithiol were used with 100 parts of PVC. The blended
sheets, colorless, about 0.25 mm thick, and soluble in tetrahydrofuran
(THF), were immersed in EDA and maintained at 30°C for 90-120 min-
utes. The whitened sheets were taken out, washed with methanol, and
then heated at 100°C for 30 min under reduced pressure (<0.01 mm Hg) to
remove residual EDA. The crosslinked PVC thus obtained was colorless;
transparent, insoluble in THE, and had a constant swelling ratio.

Methods of Analysis

Chlorine, nitrogen, and thiol groups were determined by Schoniger,
Kjeldahl, and iodine methods, respectively. Swelling ratio and THE-
insoluble fraction were determined as in our previous paper.4 J/0 was
evaluated from the values of V2in the Elory-Rehner equation5as in a pre-
vious paper.6 Tensile strength, Young’s modulus, and elongation at break
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were determined with a recording Autograph P-100 at a drawing rate of 5
mm/min at 20°C. Breaking energy was similarly determined at a drawing
rate of 500 mm/min and calculated by the equation:

Breaking energy (kg-cm/cm2 = 0.01 AL

where A is the area enclosed by the stress-strain curve and L is the length of
the specimen. The breaking energy can be considered a criterion for the
impact strength or shock resistance.7 Heat distortion temperature was
measured with a Toyoseiki tensile heat distortion apparatus (ASTM D1637-
59T) under a specified stress of 15 kg/cm2at the heating rate of 2°C/min.
Brittle temperature was determined by measuring the temperature at which
a specimen was cracked with scissors in cold methanol.8

RESULTS

Crosslinking Conditions

Properties of the products obtained at various immersion temperatures
are shown in Table Il. At temperatures higher than 50°C, the products
were colored, and a small amount of nitrogen was detected; these results
suggest the presence of a conjugated double bond and EDA-type crosslink
in the products.

TABLE I
Effect of Temperature oil the Crosslinking Reaction*

Crosslinked PVC

THF-
Immersion  EDA per- insoluble
temperature,  meated, fraction,  Swelling

°C wt-% Color wt-% ratio N, wt-%
10 0 Colorless 0 (0.012)
20 4 ( 30.0 6.10 (0.003)
25 11.6 U 76.0 4.50 (0.016)
30 16.7 ( 100.0 2.90 (0.011)
40 25.6 “ “ 2.86 (0.010)
50 32.6 Pale yellow u 3.08 (0.067)
60 36.8 Orange u 2.98 0.76
70 39.1 Reddish purple u 3.00 2.39

“All samples were obtained by immersing PVC blends containing 7 g of EG-600 per
100 g of PVC (P = 1450) for 60 min in EDA.

Effects of immersion time are shown in Figures 1-3. The degrees of
crosslinking depended on the weight of EDA permeated in the blends.

Immersion of the PVC-dithiol blends in EDA at 30°C for 90-120 min
seems to give the best results. It was difficult to obtain completely cross-
linked PVC of  below 1000, as the weight of EDA permeated.in the net-
work structure was limited with the increase of crosslinking density.
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Fig. 1. Effect of THF-insoluble fraction and immersing time on the crosslinking reac-
tion at 30°C: (O) EG-300(3.5, 10); (») EG-600(7.0, 10); (O) EG-300(7.0, 20); («)
bis(benzylmercopto)methane (5.2, 20); () xylylenedithiol(3.9, 20). Figures in
parentheses indicate weight parts per 100 g of PVC and mole parts per 1450 of vinyl
chloride units, respectively.

Fig. 2. Effect of the swelling ratio and immersion time on the crosslinking reaction at
30°C: (O) EG-300(3.5, 10); (») EG-600(7.0, 10); (O) EG-300(7.0, 20); () bis(benzyl-
mercopt)methane(5.2, 20); Xylyleneditriol(3.9, 20). Figures in parentheses indicate
weight parts per 100 g of PVC and mole parts per 1450 of vinyl chloride units, respec-
tively.

Properties of PVC Crosslinked with Di(thioethyl) Polyglycols

Properties of the products obtained by crosslinking PVC (P = 1450)
with di(thioethyl) polyglycols are shown in Figures 4-10. Samples were
obtained by immersing PVC blends at 30°C until the THF swelling ratio
of crosslinked PVC reached an equilibrium value (00-120 min). Cross-
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Fig. 3. Effect, of permeated weight of EDA and immersion time on the crosslinking
reaction at 30°C: (O) EG-300(3.5, 10); (3) EG-600(7.0, 10); (O) EG-300(7.0, 20);
(®) bis(benzylmercapto) methane (5.2, 20); () xylylenedithiol (3.9, 20). Figures in
parentheses indicate weight parts per 100 g of PVC and mole parts per 1450 of vinyl
chloride units, respectively.

Fig. 4. Effect of Mcand Lc on the tensile strength: (O) EG-140; (3) EG-300; (*)
EG-500; (O) EG-600; (®)EG-1000.

=n L~ N
10 15
MC(Xio3)
Fig. 5. Effect of Meand Lcon (he yield strength:  (O) EG-140; (3) EG-300; (*) EG-
500; (0) EG-600; (®) EG-1000.



644 MORI AND NAKAMUIIA

Zl

Me(xio”)
Fig. 6. Relation of Mcand Lcon the Young’s modulus:  (O) EG-140; (3) EG-300; ()
EG-500; (O) EG-600; (®) EG-1000.

ON © A GQ AS.

Fig. 7. Effect of Mcand Lcon the elongation at break: (O) EG-140; (O) EG-300; (*)
EG-500; (6) EG-600; (®) EG-1000.

linker concentrations were 5, 7.5, 10, 15, and 20 mole parts per 1450 parts of
vinyl chloride units, respectively.

As shown in Figure 4, values of tensile strength were highest at il/c of
about S000; higher values were observed with higher Lc except the case of
EG-1000. It might be noted here that LOincreases in the order, EG-140,
-300, -500, -600, and -1000 when the molecular chain of the crosslink-
ing agent is completely straight. Commonly the yield strength and
Young’s modulus tend to increase with decreasing Mc or increasing cross-
linking density, but the present results were almost contrary (Figs. 5and 6).
In the case of vulcanized rubber, the elongation at break decreases with de-
creasing H/c. In the present results, however, the value was lower with
higher Me and highest at I\/c of 7000-8000; higher values were observed
with higher LOexcept in the case of EG-1000 (Fig. 7). As to the elongation
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at break, EG-500 and EG-600 gave favorable results. Similar tendencies
were observed in regard to the breaking energy (Fig. 8). Slightly lower
heat distortion temperature and markedly lower brittle temperature were

Fig. 8. Effect of M, and L, on the breaking energy: (O) EG-140; (9) EG-300; (*)
EG-500; (G) EG-600; (®) EG-1000.

m
U

Fig. 9. Effect of Mcand Lcon the heat distortion temperature and brittle temperature:
(O) EG-140; (9) EG-300; () EG-500; (©) EG-600; (®) EG-1000.

observed with lower MOand with higher Lc (Fig. 9). High heat distortion
temperature and fairly low brittle temperature were observed with the
crosslinked PVC compared with the uncrosslinked (Fig. 10).
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Fig. 10. Effect, of () uncrosslinked and (O) crosslinked PV C-dithiol blends with EG-600
on the heat distortion temperature and brittle temperature.

The properties of the PVC crosslinked by the crosslinking agent con-
taining a soft segment thus differed from those of other crosslinked
amorphous polymers.

The properties of the crosslinked PVC differed with P of the original
PVC. As shown in Table IlI, higher tensile strength, Young’s modulus
and heat distortion temperature but lower brittle temperature were ob-
served with higher P. The elongation at break and breaking energy were
highest with P of 1450.

The properties also differed with the structure of the crosslinking agent
(Table 1V). When a crosslinking agents containing a soft segment and
having a longer molecular chain were used, the products showed high values

TABLE 111
Effect of the Degree of Polymerization of PVO
Heat
distortion
Degree of Yield Tensile  Elongation, Breaking tem- Brittle
poly- strength,  strength,  at break, energy, perature, temperature,
merization  kg/cm2 kg/cm2 % kg-cm/cm2 °C °C
800 530 560 102 146 79 -36
1450 535 600 126 230 80 -34
2160 550 605 96 212 86 -33

aAll samples were obtained by immersing PVC blends containing 8.8 mole parts of
EG-600 per 1000 parts of vinyl chloride units for 90 min at 30°C in EDA, and modulated
in fIf0of 7500.
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Fig. 11. Types of stress-strain curves.

of elongation at break and impact strength and low brittle temperature.
Similar results were observed when dithiodichloroparaffin of short chain
length was used. However, this was not the case when crosslinking agents
with inflexible, short chains were used.

The stress-strain curves of crosslinked PVC can be classified into two
types, as shown in Figure 11. The following crosslinking agents gave the
products having stress-strain curves, of the type shown in Figure 11A:
EG-140, HSCHXHAHZSH, and HSCHoCeHrCHoCjHeCHjSH; with
EG-500, EG-600 and dimercaptodichloroparaffin, curves of the type
shown in Figure IR were obtained.

DISCUSSION

Crosslinking Reaction

When PVC-dithiol blends were immersed in EDA, the condensation of
PVC with dithiol takes place [eq. (1)].

-fCHZCHd-
s
2 fCH.CHf— + HSRSH-nEDA  » R + EDA2HCI )
4 3
—fCH,ICH}-

As reported in a previous paper,9the novel reaction of PVC and dithio
was found to be selectively accelerated by primary diamine or liquid am-
monia, which lead to formation of an activated complex with dithiol and
react as acid acceptors in this reaction. The aliphatic sulfide structure
formed may activate the chlorine atoms of neighboring vinylchloride units
such as the formation of sulfonium salt:
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The activated chlorine atom may react with thiol selectively, and zipper-
like substitution readily takes place. Therefore, it is reasonable to assume
that the distribution of the crosslinkage is not in a random but a bundle
state.

Plasticized Crosslinking Effects

The effect of crosslinking on the stress-strain properties of a rigid poly-
mer such as PVC is considered to be very little, as the segment of the poly-
mer has no mobility at temperatures below Tg However, crosslinking by a
segment which is mobile at room temperature yielded crosslinked PVC of
interesting properties, which may be explained in regard to the crosslinking
and plasticizing effect as follows.

Crosslinking, causes a decrease in the mobility of the molecular segment
and the free volume of the polymer: the shrinkage of the polymer results in
the development of internal stress which leads to the growth of submicro-
scopic cracks. Because of this crosslinking effect, the crosslinked poly-
mers become hard and brittle. When a rigid polymer is fixed (here, PVC),
this effect can be related to Mcand its distribution. With low Mca marked
crosslinking effect was observed on the tensile strength, elongation at break,
and impact strength, but there was little effect on Young’s modulus, yield
strength, and thermal properties. This may be because the free volume
change due to crosslinking is small as the crosslinks in the bundle state.

When the crosslinking segment is soft and flexible, this portion mobilizes
the polymer chain as plasticizer. Such a plasticizing effect depends on the
Lc, molecular weight, and flexibility of the crosslink. A long Lc may pro-
duce relaxation of the internal stress of network, and flexible and high
molecular weight crosslinks are favorable to the mobility of the polymer
chain. Consequently, the plasticizing effect of the soft crosslinkage is
beneficial to the tensile strength, elongation at break, impact strength, and
brittle temperature. The crosslinked polymer is slightly inferior to the
original PVC in yield strength, Young’s modulus, and heat distortion tem-
perature, however. The plasticizing effect of a crosslink of short Lc, low
molecular weight, and hard molecular structure, is little, and the cross-
linking effect is predominant. This seems to be also the case with cross-
links of longer Lc, such as EG-1000, probably due to the orientation of the
crosslinkages. These effects are clearly observed with the stress-strain
curves. In the stress-strain curves of the type shown in Figure 11A, the
crosslinking effect is predominant, but in those of Figure 11B, the plasticiz-
ing effect predominates.

In conclusion, the plasticized crosslinking of PVC emphasized in this
paper should be widely applicable to the improvement of the rigid poly-
mers.
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Free-Radical Homopolymerization and
Copolymerization of Yinylferrocene

JOHN C. LAILL* THANE ROUNSFELL.fand CHARLES U. PITTMAN,
JR,,| Department of Chemistry, University of Alabama,
University, Alabama 35486

Synopsis

The benzene solution homopolymerization of vinylferrocene, initiated by azobisiso-
butyronitrile, gave a series of benzene-soluble homopolymers. Thus, free-radical co-
polymerization studies were performed with styrene, methyl acrylate, methyl meth-
acrylate, acrylonitrile, vinyl acetate, and isoprene in benzene. With the exception of
vinyl acetate and isoprene, which did not give copolymers with vinylferrocene under
these conditions, smooth production of copolymers occurred. The relative reactivity
ratios, r\ and r2 were obtained for vinylferrocene-styrene copolymerizations by using the
curve-fitting method for the differential form of the copolymer equation, by the Fine-
man-Ross technique, and by computer fitting of the integrated form of the copolymer
equations applied to higher conversion copolymerizations. In styrene (M2 copoly-
merizations, the curve-fitting and Fineman-Ross methods both gave )i = 0.08, n = 2.50,
while the integration method gave r, = 0.097, r2= 2.91. Application of the integration
method to methyl acrylate and methyl methacrylate (M2) gave values ofn = 0.82, r2 =
0.63; n = 052, r2= 122, respectively. The curve-fitting method gave n = 0.15, r2
= 0.16 for acrylonitrile (Ms) copolymerizations. From styrene copolymerizations,
vinylferrocene exhibited values of Q = 0.145 and e = 0.47.

INTRODUCTION

A number of polymers, which contain the ferrocene group, have been
prepared in recent years, and have now been reviewed.4-4 While many
condensation polymers and unusual structures have been studied, the
number of studies of free-radical addition polymers containing ferrocene
have been few in number. Vinylferrocene(l) has been homopolymerized
by cationic and free-radical routes. Arimoto and Havengll homopoly-

Fe
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merized vinylferrocene using azobisisobutyronitrile (AIBN) initiation, but
they did not extensively characterize the polymers. Cassidy et al.7 bulk
polymerized vinylferrocene, using AIBN initiation, and obtained poly-
vinylferrocene with a Mn of 48,600. Low molecular weight (4000 > M,,)
polyvinylferrocene was produced by cationic polymerization with BF3«OEt2
TiCl4 AICL, SnClj, and Et2AICI8 In that study, the cationic copoly-
merization with styrene incorporated styrene into the copolymer only
when the styrene content in the monomer feed exceeded 90%. W.ith
BF3+sOEt2catalyzed initiation in toluene, vinyl isobutyl ether (M2 copoly-
merized with vinylferrocene (Mi) givingd = 0.01 +0.1 and r2= 9.7 £
10. Vinylferrocene has recently been copolymerized with butadiene in
toluene solutions by one of us using cobaltic and manganic acetylaceto-
nates as initiators.9 Radical-initiated copolymerizations with methyl
acrylate, methyl methacrylate, acrylonitrile, vinyl acetate, or isoprene
have not been reported.

The most extensive study of vinylferrocene homopolymerization and
copolymerization previously published is the study by Baldwin and
Johnson.0 The rate of AIBN-initiated solution polymerization of vinyl-
ferrocene (k = 72, /[M][I]! = 1.1-1.8 X 10-4) was similar to that of
styrene. This study also suggested that ferrocene was very similar to
styrene in its effect on the rates of polymerization of methyl methacrylate
(MMA) and ethylacrylate. While the data were not precise enough for
the determination of relative reactivity ratios, rough estimates were made
indicating that and r2(Mi = MMA and M2 = VF) were both less than
one and in the same range as that for MMA-styrene copolymerizations
where d = 0.46 and r2 = 0.52.11 Since polymers containing the ferrocene
group might have interesting redox or electron-exchange properties,7'1213
possibilities as charge-transfer complexed polymers,13-15 potential as semi-
conducting polymers,13%6 or ultraviolet- and 7-radiation-absorbing ma-
terials,17-19 we undertook this investigation of the copolymerizability of
vinylferrocene with a series of commercially important organic monomers.*

EXPERIMENTAL

Materials

Vinylferrocene was prepared starting with commercial acetylferrocene
(Arapahoe Chemical Company). This was reduced with NaBER to
hydroxyethylferrocene2l in ethanol solution. Hydroxyethylferrocene was
dehydrated by using CuS04 catalysis in boiling toluene with hydroquinone
inhibitor2 or by direct sublimation from an alumina-hydroxyethylferro-
cene powder mixture.3 The vinylferrocene was sublimed before use, mp
46.5-47.5°C.6 Styrene was washed with 10% aqueous NaOH, with water,
dried over anhydrous NaZS04and then distilled, with a center cut used for

* Initial reports of our work on the homopolymerization of vinylferrocene have
appeared.D
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all polymerizations. Methyl acrylate, methyl methacrylate, acrylonitrile,
vinylacetate, and isoprene were washed with 5% aqueous NaOH, water,
dried over Naz04 and distilled under vacuum. Only center cuts were
used. Benzene was distilled from P25 and AIBN was recrystallized
from methanol (mp 102-103°C, decomposition).

Techniques

Monomers and AIBN were weighed, using an analytical balance, and
dissolved into benzene. These solutions were placed in Fisher-Porter
Aerosol compatability tubes, equipped with a valve, and degassed at 10~3
mm by three alternate freeze-thaw cycles. After degassing, the tubes were
placed in constant temperature baths controlled to +0.01°C. All co-
polymerizations were run at 70°C. After completion of the polymer-
izations, the benzene solutions were added dropwise to rapidly stirring
petroleum ether or methanol to precipitate the polymer. The polymer was
filtered and reprecipitated in this manner two more times to insure its
purity. The polymers were then dried under vacuum and weighed.
Infrared spectra were taken on a Perkin-Elmer Model 237 instrument, and
the glass transition temperatures were approximated by using the differen-
tial scanning calorimetry technique on a Perkin-Elmer DSC Model 1B
calorimeter. Number-average molecular weights were determined by
using a Mel-Labs vapor pressure osmometer (VPO), and molecular weight
distributions were measured on a Waters Model 200 gel-permeation chro-
matograph. The molecular weight distributions were then calculated by
using the VPO-determined values of M,, at the number-average chain
length An on the gel-permeation chromatogram. A Q factor of 88 was
used for vinylferrocene as in previous work.D Viscosities were measured
in benzene by using Cannon-Fenske viscometers.

Determination of Relative Reactivity Ratios
The relative reactivity ratios were determined by using both the differen-
tial form of the copolymer composition equation,{leq. (1), and
d[Mr] _ /1 [Mt]\ n[Mi] + [MZ]
diM2] \[MZ]/ r,[M,] + [Mi]
the integrated form of this equation [eq. (2)].
r2 -

logQM/ypl2Z) - (LiP) log{(L ~ P)([MiJ/[M8)/(L - AXIMAIIM, 3]}
logiPW IMi]) + log{(l - P)(IM,J/IMZ)/(1 - -P)([Mi0]/[M2])}

(2)
where
P=@0— - rd
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The differential form [eg. (1)] was applied to vinylferrocene-styrene (and
acrylonitrile) copolymerizations by performing a series of polymerizations
to low conversions, the [MiO]/[MJ] ratio being varied for the monomer
pair in each run. At low conversion d[Mi]/d[M2] becomes nii/m-i (the
monomer mole ratio found in the copolymer). In each case vinylferrocene
is defined as Mi. A plot was made of %4 versus [Mi0] (mole fraction of Mi
in the starting solution), and the values of n and r2were obtained by fitting
the curve generated by the best n, r2 pair to the experimental curve.
Alternatively, the Fineman-Ross® method was applied to this data. Sub-
stituting F for [Mi]/[M2] and/for vii/rih in eg. (1) and rearranging results
in eg. (3), which can be rearranged, in turn, to eq. (4).

F/m - 1) = nF-/f —r2 (©)]
(/- DIF = --r,fIF2+ n )

A plot of (F/f)(f — 1) as the ordinate and F2f as the abscissa gives a
straight line whose slope is i\ and whose intercept is —2 by eq. (3). In
equation (4), a plot of (/ — 1)/F versus f/F- gives a slope of —2and an
intercept of 7. The advantage of having both forms of the equation is
that in some cases one gives a better straight line than the other.

The most convenient method for determining reactivity ratios was by
use of the integrated equation, eq. (2). This permitted polymerizations to
higher conversions which is important with an expensive monomer such as
vinylferrocene. In this technique, a series of polymerizations, to different
per cent conversions, were perfoimed at two different initial monomer con-
centration ratios, [Mi0)/[MsQ]. For each initial ratio, a plot of the co-
polymer composition (in weight per cent of Mi) versus the weight per cent
conversion was constructed. One point from each of the two curves was
selected, and this set of points was fed into a computer program developed
by Montgomery and FryZ and adapted by us to an IBAI-360-Model .50
computer by using Fortian IV. Each such data point gives r2as a function
of F.  For any set of two points there is a unique value of P that gives
identical values of r2 The program accepts initial monomer concen-
trations and both polymer composition and conversion data for two points
and varies P so as to rapidly converge r2 for this data. These r2and P
values are then used 1o calculate i\. For each copolymer, we used Ib sets
of data points (one taken from each of the two curves) for each deter-
mination of iiand r-. This gives a range of and r2values which are then
used to reconstruct new polymer composition versus conversion curves by
using a second computer program.Z The best values of :\ and r2 are
those which give calculated composition versus conversion curves which
most closely fit the experimental curves.

Any two data points from a single experimental composition-conversion
curve could be used to get rland r2 but this requires input experimental
data accurate to an order of +£0.01%. Our experimental data are not
nearly that good. By using two appropriately different initial monomer



VIINYLFERROCENE POLYMERS 655

compositions, one point from each of the resulting composition versus
conversion curves can be used with a much lower experimental accuracy
necessary to obtain acceptable rh r2 values. By using 16 such sets of
points we are able to cover a range in which the true  and n values surely
lie. The best jy and r>values for our data are then chosen by picking the
specific /iy and r>values in this range which regenerated composition-
conversion curves most closely duplicating the experimental curves.

RESULTS

Homopolymerization

The results of homopolymerizations in benzene solution are summarized
in Table I.  While good yields of poly(vinylferrocene) could be obtained,

TABLE |
Homopolymerization of Vinylferrocene in Benzene Solution
Reaction
AIBN, Temp, time, Yield,
No. Mn Mw n wt-% °C hr %
1 11,400 19,000 6.80 0.985 70 96 69.5
2 10,900 18,100 6.56 1.006 80 96 62.0
3 11,400 18,900 6.54 1.152 70 94.5 73.0
4 6,800 10,500 4.08 1.000 90 9% 29.1
) 7,320 11,100 4.22 0.996 100 96 23.8
6 5,560 9,200 3.85 0.995 120 96 33.3
7 9,730 16,600 6.02 1.090 60 143 39.3
8 10,700 15,400 4.81 0.600 80 96 28.2*

80% benzene-soluble and 20% benzene-insoluble.

the molecular weights were not very high. Since the range of molecular
weight in these samples was not large, no meaningful correlation of [7] with
Mnor Mv. could be obtained.

By using differential scanning calorimetry, the glass transition tempera-
ture T,, for all the polyvinylferrocene samples were found at approximately
190°C. Since the chromatograms exhibited broad curves, this value is
approximate. However, compared with polystyrene’s T,, of 88°C, it is
clear the ferrocene nucleus sharply increases the cohesive energy in these
polymers relative to a benzene ring. Polyvinylferrocene gave ultraviolet
bands at 440, 323 (sh), 260, and 232 my with extinction coefficients of 109,
4960, 6600, and 6460, respectively.

Copolymerization

The low conversion copolymerizations of vinylferrocene with styrene
and acrylonitrile are summarized in Table Il and Ill; these data were
treated by curve fitting (see Fig. 1) and by the Fineman-Ross method (see
Fig. 2). Copolymerizations of vinylferrocene with styrene, methyl
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TABLE 11
Copolymerization of Vinylferrocene and Styrene at 70°C to Low Conversion
Vinylferrocene Vinylferrocene
in Feed, Reaction Conversion, Fe in in copolymer,
mole-% time, hr % copolymer, % mole-%
10.03 1.0 2.63 2.17 4.22
25.40 3.5 9.27 4.87 10.02
40.08 3.6 4.35 7.65 16.75
50.12 5.0 6.30 9.45 21.57
62.25 9.2 6.61 12.02 36.75
79.94 20.0 5.26 16.45 44.97
89.97 20.0 7.36 19.34 57.61

aThe weight ratio of vinylferrocene to A1BN was always between 150 to 1000 in these
studies.

acrylate, and methyl methacrylate to higher conversions are summarized
in Table IV. Smooth copolymerizations look place, and the copolymers
obtained gave homogeneous, single polymer gel-permeation chromato-
grams. The relative reactivity ratios in these copolymerizations are
tabulated in Table V along with calculated Q and e values for vinylferro-
cene. Determinations of i\ and r2by using integrated eq. (2) were per-
formed by using 16 pairs of data points for each monomer pair. Example
data for the styrene copolymerization is summarized in Table VI.

Several attempts to copolymerize vinylferrocene with vinyl acetate and
isoprene were unsuccessful.  Vinylferrocene, vinyl acetate, and AIBX in a
mole ratio of 0.48/1/0.0124, respectively, were added to benzene (10.92 g

Fig. 1 Copolymerization of vinylferrocene (Mi) with styrene to low conversions: (O)
experimental points; (------ ) theroretical curve generated for n = 0.08, n = 2.50.
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TARLE 111
Copolymerization of Vinylferrocene and Acrylonitrile at 70°C to Low Conversion3
Vinylferrocene Vinylferrocene
in feed, Reaction Conversion, Fe in in copolymer,
mole-% time hr % copolymer, % mole-%
9.92 0.25 1.83 16.45 29.3
25.25 0.40 3.85 18.88 38.8
39.98 0.50 2.99 19.72 45.2
47.97 0.75 6.70 20.99 49.1
64.49 1.00 1.91 22.05 56.0
77.46 120 6.87 22.49 59.6
89.79 13.2 7.40 23.13 64.0

3 Each initiated by 0.1 mole-% AIBN.

TABLE IV
Copolymerizations of Vinylferrocene (M,) at70°C in Benzene Initiated by AIBN3
Weight

fraction Weight

in feed, Reaction  Con- % Fe Fraction

vinylferro- time, version, in Co- Mi/M2in
No. Mi cene/Mi hr % polymer Copolymer
i Styrene 0.404/0.596 35 9.23 4.87 0.185/0.815
2 " " 9.0 18.71 5.06 0.192/0.808
3 " " 15.0 22.49 5.10 0.194/0.806
4 " " 23.0 24.91 5.12 0.195/0.805
5 " 0.780/0.220 15.0 2.61 12.82 0.487/0.513
6 " n 24.0 8.76 12.97 0.492/0.508
7 n " 36.0 10.66 13.02 0.495/0.505
8 " " 38.8 21.93 13.18 0.500/0.500
1 Methyl 0.477/0.523 60 174 1410  0.535/0.465

acrylate
2 " " 18.5 51.0 13.83 0.525/0.475
3 L “ 24.0 66.0 13.63 0.517/0.483
4 " " 36.0 78.8 13.20 0.501/0.499
5 " 0.387/0.613 3.0 6.5 12.16 0.461/0.539
6 " " 16.6 44.0 11.71 0.444/0.556
7 " " 8.0 12.0 12.10 0.459/0.541
1 Methyl meth- 0.440/0.560 38.0 75.2 10.73 0.407/0.593
acrylate

2 " " 24.0 36.2 1011 0.384/0.616
3 " 1 10.0 8.9 9.66  0.367/0.633
4 L 1 20.0 34.0 10.09 0.382/0.618
5 " 0.361/0.639 5.0 14.4 7.89 0.300/0.700
6 " " 16.0 43.4 8.34 0.317/0.683
IS " " 20.0 51.2 8.44 0.321/0.679

3With 0.1 mole-% AIBN unless otherwise noted.
bWith 0.2 mole-% AIBN.
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vinylferrocene to 100 ml of solution) and polymerizations at 70°C were
carried out for reaction times ranging from 47 to 144 hr. On work-up,
unreacted vinylferrocene was recovered. Other unsuccessful attempts
were made when the mole ratio was changed to 0.206/1/0.077). A seiies
of unsuccessful attempts to copolymerize vinylferrocene with isoprene were

TABLE V
Relative Reactivity Ratios in Vinylferrocene Copolymerizations
at 70°C Initiated by AIBN in Benzene

M2 " 2 nr2 0 :
Styrene'5 0.08 = 0.04 @ IO 0.20 0.145° 0.47°
Styrene'l 0.08 = 0.02 2.50 £ 0.50 0.20
Styrene0 0.097 + 0.043 291 = 0.07 0.28
Methyl acrylate" 0.82 = 0.05 0.63 £ 0.03 0.52 1.16f 1.39'
Methyl meth-

acrylate” 0.52 + 0.27 1.22 + 0.37 0.64 0.79% 1.07«
Acrylonitrile” 0.15 +0.05 0.16 = 0.05 0.024 0.05h 0.73h

a Vinylferrocene is Mi in all cases.

bFrom curve-fitting technique by use of differential form of the copolymer equation.

"Based on ... = 1.0 and c2 = —0.8 for styrene.B

dBy use of the Fineman-Ross treatment.

"Using the integrated form of the copolymer equation on copolymerizations to higher
conversions.

fBased on Q2= 0.46 and e2 = 0.58 for methjd acrylate.B

*Based on,: = 0.74 and €2 - 0.40 for methyl methacrylate. 2150

1Based on, 2= 0.44 and c2 = 1.2 for acrylonitrile.45
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TABLE VI
Individual Vinylferrocene-Styrene Relative Reactivity Ratios Generated from Various
Combinations of Data Points from Copolymerizations at Two Different Monomer Feed
Ratios by the Integrated Form of Copolymer Equation3

Combination
number3 M
1-5 0.1290 2.9171
1-6 0.1079 2.8940
1-7 0.10.58 2.8917
1-8 0.0.542 2.8354
2-5 0.1299 2.9233
2-6 0.1085 2.8985
2-7 0.1063 2.8960
2-8 0.0.547 2.8356
35 0.1348 2.9567
3-6 0.1127 2.9302
3-7 0.1104 2.9274
3-8 0.0569 2.8632
4-5 0.139.5 2.9888
4-6 0.1167 2.9607
4-7 0.1143 2.9577
4-8 0.0595 2.8902

“Initial mole ratios of vinylferrocene to styrene were 0.725/1 for runs 1-4 and 0.139/1
for runs 5-8.
b From Table I11.

made at 70°C in mole ratios of 0.32/1, respectively (weight ratio 1/1 with
0.01 AIBN).

The values of Q and e for vinylferrocene (Mf) were determined from the
experimental values of and 23 summarized in Table V, and from litera-
ture values of Q2and e2for the comonomer (see footnotes, Table Y). The
standard equations (5)-(7)2cwere used in these calculations.

n = (Qi/Qi) exp{- ei(ei - e} 5)
2 = (Qi/Qt) exp{ —eAe2- ei)} (6)
nr2= exp{—@ei —el2} ()

A Q e map was constructed to include all four copolymerizations.24d
Qi was plotted versus eLfor both extremes of uncertainty of both ri and r2
The intersecting area is the region for the correct Qand e This was done
for all four copolymerizations in hopes of finding a region where Q and e
would be a best fit for all copolymerizations. It was clear that no such re-
gion exists in these copolymerizations and the normal Q~e predictions do not
appear to be possible with vinylferrocene.

This behavior is not unexpected for vinylferrocene. When compared to
a phenyl ring, the ferrocene nucleus exhibits an extraordinary ability to sta-
bilize adjacent positive charge.30-33 For example, a+of 7-ferrocene (deter-
mined from /nferrocenylphcnylelhyl chloride solvolyses) is —0.71 and <+
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of the a-ferrocenyl substituent is —1.42 Even in the meta position, ferro-
cene exhibits < of —0.884 (—0.05).3

Under the conditions of weaker electron demand exhibited when p-ferro-
cenylbenzoic acid dissociates, ferrocene shows a Hammett <pof 0.18 which is
roughly equivalent to that of a methyl group.34 On the other hand, avail-
able evidence indicates the ferrocenyl group destabilizes radical anions®%
and radical37 38 centers in comparison with the effect exerted by a phenyl
ring. Thus, one could not expect vinylferrocene to fit neatly into the Q-e
scheme.

Certain trends can be noted by observing the values of d and r3reported
in Table V. A growing polymer chain, ending in either styryl or a ferrocenyl
radical, prefers to add to styrene as opposed to vinylferrocene. This is ex-
pected since the ferrocene nucleus does not stabilize radical centers as much
as a phenyl ring.  [The Qxvalue for vinylferrocene (Mi) of 0.145 in styrene
copolymerizations emphasizes this low reactivity. ] As the reactivity of M2
decreases on going from styrene to methyl acrylate, rxincreases. Now the
terminal ferrocenyl radical on a propagating chain lias a choice between two
rather unreactive (compared to styrene) monomers: methyl acrylate or
vinylferrocene. Thus, no great selectivity is exhibited, and ly becomes 0.82.

Methyl acrylate is an electron-withdrawing monomer compared to sty-
rene. The transition state for a ferrocenyl radical adding to methyl acrylate
could be stabilized by a polar resonance contribution which contributes
more strongly than when a styryl radical adds to methyl acrylate. This fol-
lows from ferrocene’s remarkable ability to supply electron density as the
demand increases. However, this tendency is not so strong as to cause al-
ternation or to cause  to approach zero. A ferrocenyl radical can add to
methyl methacrylate, relative to vinylferrocene, more readily than it can
add to methyl acrylate.  This follows from the rxvalue of 0.52 (versus 0.82
for methyl acrylate). This is expected because methyl methacrylate can be
attacked by many radicals more rapidly than methyl acrylate can; because
the methyl group stabilizes the transition state of radical attack more than
the starting materials. For instance, a styryl radical adds to methyl meth-
acrylate and methyl acrylate at 60°C with propagation constants of 339 and
235, respectively.® The respective constants for the addition of the radi-
cal of vinyl acetate are 250,000 and 37,000.3 Thus, methyl methacrylate
should be attacked by ferrocenyl radicals more rapidly than methyl acry-
late. The increase in n going from methyl acrylate (0.63) to methyl meth-
acrylate (1.22) in vinylferrocene copolymerizations also reflects methyl
methacrylate’s greater reactivity.

The vinylferrocene-acrylonitrile copolymerization shows a marked ten-
dency to alternate. The small values of rxand r2 (0.15 and 0.16, respec-
tively) lead to an rpy product of 0.024 which is close to zero. This is evi-
dence for a significant polar contribution to the transition state when a fer-
rocenyl radical adds to acrylonitrile or when the radical of acrylonitrile
adds to vinylferrocene. This is in accord with the great ability of ferrocene
to supply electron density towards electron deficient centers. The vinyl
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group in acrylonitrile is more strongly positively polarized than is the vinyl
group in methyl acrylate. With this increased positive character, the polar
contribution to the transition state increases in importance until a strong
tendency to alternate is reached with acrylonitrile as hh.  Further studies
with maleic anhydride as j\I2are now under way.4d

Yinylferrocene should now be considered a promising monomer for co-
polvmerization with a wide variety of organic monomers. It should be-
come a useful specialty additive to copolymer and terpolymer systems cur-
rently in use.

This work was supported by Petroleum Research Fund, Grant No. 4479 AC 1-3, by
Research Corporation funds to purchase a gel-permeation chromatograph, and by the
Paint Research Institute’s Fellowship Program. In addition, support from a Sigma Xi
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Polymerization by Oxidative Coupling. II.
Co-Redistribution of Poly(2,6-diphenyl-I,4-
phenylene Ether) with Phenols

DWAIN WI. WHITE, General Electric Research A Development Center,
Schenectady, New York 12301

Synopsis

Poly(2,6-diphenyl-l,4-phenylene ether) reacts with phenols in the presence of an
initiator to form a mixture of low molecular weight hydroxyarylene ethers. Although
the reaction is similar to the equilibration of poly(2,6-dimethyl-l,4-phenylene ether)
with phenols, higher reaction temperatures and larger initiator concentrations are re-
quired. Compounds as 3,3',5,0'-tetraphenyl-4,4'-diphenoquinone, feri-butyl perbenzo-
ate, and benzoyl peroxide are active initiators. The structure of the polymer affects
the extent, to which the polymer equilibrates.

INTRODUCTION

Many phenols co-redistribute with poly (2,6-dimethyl- 1,4-phenylene
ether) I, to form a mixture of low molecular weight hydroxyarylene ethers

(i)

[reaction (I)].1 The series of equilibration reactions which occurs in the
co-redistribution is related to the redistribution mechanism for the oxidative
coupling of 2,6-dimethylplienol to form polymer 1.2
Poly(2,6-diphenyl-l,4-phenylene ether) (111) has been prepared by the
oxidative coupling polymerization of 2,6-diphenylphenol, (1) [reaction
(2) 134and, by analogy to the synthesis of I, proceeds by a redistribution
mechanism.  Support for the redistribution mechanism lias been presented

(2)

cthb

© 1971 by John Wiley & Sons, Inc.
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by Bolon,4who showed that the dimer (IV) could redistribute to form a
mixture of oligomers [reaction (3)] and could be oxidized to form (I11).4
Evidence for a co-redistribution of 111 with phenols [reaction (4) Jwould aid

v x =1,2,3,...

\Y%

in the determination of structural details of polymer 111 (e.g., the nature
of the head endgroups), would further elucidate the mechanism of the poly-
merization reaction and could provide a synthetic route to 4-aryloxy-2,6-
diarylphenols. This report describes the reaction of 111 with four phenols,
the reaction conditions and materials required for extensive reaction, and
the isolation of one of the co-redistribution products.

"+ mArOH (4)

Vi

EXPERIMENTAL

Small-Scale Equilibration Reactions

Poly(2,6-diphenyl-1,4-phenylene ether6 (111, 0.500 g; intrinsic viscosity
in chloroform at 30°C, 0.32 dl/g), 2,6-diphenylphenol6 (I1, 0.500 g; 2.30
mmole) and 3,3',5,5'-tetraphenyl-4,4'-diphenoquinone67 (VII, 0.050 g;
0.103 mmole) in 25 ml chlorobenzene were heated at reflux for 2 hr. The
solution was cooled to 25°C and added dropwise to vigorously stirred meth-
anol (250 ml). After standing for several hours, the polymer was collected
on a preweighed fritted (fine) filter funnel, washed with methanol, dried at
50°C/10 mm Hg overnight, and weighed. Recovered polymer yields were
used as a measure of extent of reaction and are presented in the tables. A
5-ml aliquot of the filtrate was concentrated on a rotary evaporator, and the
phenolic components were converted into trimethylsilyl ether derivatives by
adding 2 drops of bis(trimethylsilyl)acetamide8and analyzed by gas chro-
matography on a 2-ft silicone rubber column with a program from 100 to
300°C at 10°C/min. The unsilylated concentrated solution was analyzed
by two-dimensional thin-layer chromatography on S X 8 ft silica gel plates
with trans-\,2-dichloroethylene and benzene as developing solvents. Ap-
proximate Rf values for various values of x in V are listed in Table | for the
two thin-layer solvents.
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TABLE |
Rf
x Benzene O-ares-Die.hloroethylene
1 0.8 0.8
2 0.8 0.6
3 0.8 0.5
4 0.83 0.45
5 0.85 0.4
6 0.87 0.35
<6 0.9 0.3

A second series of weaker spots on the thin layer chromatograms is
attributed to compounds with the general structure:

which were derived from the equilibration of X with the polymer. Rf
values for this series are given in Table II.

The spots were detected by spraying with a solution of 10% phosphomo-
lybdic acid in 90% ethanol.

The equilibration procedure described above was used to determine
effects of reaction variables. In these cases, the only change in the pro-
cedure was the specific variable (or variables) described in the text. For
studies on various polymers, the polymers were materials described pre-
viously.5 For reactions with various phenols, the phenols were purified by
recrystallization or distillation (in the case of 2-meth3d-6-phenylphenol).
Gas chromatograph retention times with the program described above for
the volatile products with structure VI (x = 1; trimethylsilyl ether deriva-
tive) from equilibration of 111 with various phenols are listed in Table I11.
Side products which were trapped from gas chromatographs and were
identical to authentic samples had the following retention times: X, 38
min; 4-benzoyloxy-2,6-diphenylphenol, 21 min; 4,4"-dihydroxy-3,3',5,5'-
tetramethylbiphenyl, 17 min; 4,4,-dihydroxy-3,3'-dimethyl-5,5'-diphenyl-
biphenyl, 23 min. An increase in the maximum temperature of the gas
chromatograph program to 350°C permitted elution of the t.rimethylsilyl-
ether of V (x = 3) at 36 min.

TABLE 11
x Benzene irans-Dichloroethylene
0 (compound X) 0.6 0.4
1 0.55 0.3

>1 0.5 0.2
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TABLE 111
—OAr Retention time, min
— OCdH5 19
chl
—0 20
CH:
CHJ
—0 21
caHs
cth6
_( 5

To determine the approximate molecular weight at which equilibrated
polymer was insoluble in methanol, a low molecular weight sample of 111
prepared with a CuCl-tetramethylethylenediamine catalyst5 was stirred
with methanol (250 ml/g polymer). The methanol-insoluble fraction cor-
responded to 20% of the total weight. The intrinsic viscosity was 0.05 dl/g
(CHC13 30°C) and the number-average molecular weight (Mechrolab
osmometer) was 1500 (or DP» ~ 6).

4-Phenoxy-2,6-diphenylphenyl Acetate VIII

Poly(2,6-diphenyl-1,4-phenylene ether5(111, 2.44 g, 10 mmole monomeric
units; intrinsic viscosity in chloroform at 30°C, 0.1 dl/g), phenol (1.88 g, 20
mmole) and 3,3',5,5'-tetraphenyl-4,4'-diphenoquinone (VII, 0.244 g, 0.5
mmole) in 50 ml chlorobenzene were heated at reflux 1hr.  Acetic anhydride
(10 ml) and 5 ml pyridine were added, and the solution was heated at reflux
1 hr. The solvent was removed at reduced pressure with a rotary evap-
orator and the white solid residue was triturated two times with boiling
n-hexane (100 ml) leaving a residue (ca. 1.59). The n-hexane extracts were
cooled to 0°C and the crystals that formed were isolated by filtration. The
crystalline product was identified as compound IX by NMR, infrared
spectra, and mixed melting point with the diacetate of an authentic
sample of X.9 The yields were 0.20 g (mp 206-210°C) from the first crop
and 0.05 g (mp 203- 204°C) from the second crop. The NMR spectrum (in
deuteriochloroform, TMS reference) showed singlet peaks at 1.78 and 7.65
ppm and a poorly resolved grouping at 7.45 and 7.48 ppm in the relative
intensity ratio 6:4:20. Characteristic bands in the infrared (KBr pellet)
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occurred at 1750 (carbonyl), S70 (isolated aryl hydrogen), and 745 and 695
c ar1(phenyl).

The solvent was evaporated from the filtrates which left oily residues
weighing 2.6 g and 0.55 g. The oil was chromatographed on a preparative
scale gas chromatograph (2 ft silicone column, heated from 100°C to 300°C
at 10°C/min), and the fraction eluted at 20 min was collected. The liquid
sample solidified on standing. Recrystallization from n-pentane at —10°C
gave VIII, 0.45 g, mp 102-103°C. The NMR spectrum (in deuteriochloro-
form, TMS reference) of 1X showed peaks at 1.77, 7.05, 7.1S, 7.27, and 7.38
and 7.40 ppm in the relative intensity ratio 3:3:2:2:10 Characteristic
bands in the infrared (thin film of pure liquid) occurred at 1760 (carbonyl),
1215, and 1185 (C—0—<C), 900 (isolated aryl hydrogen), and 750 and 695
cm*1(phenyl).

Anat. Calcd for CrHZ0D3 C, 82.1%; H, 5.3%; Found: C, 82.0%; H, 5.3%.
Acetylation of the Terminal Phenolic Hydroxyl Group in |1l

A solution of poly(2,6-diphenyl-l,4-phenylene ether) (4.0 g, intrinsic vis-
cosity 0.32 dl/g in chloroform at 30°C) in 48 ml pyridine and 48 ml toluene
was heated to reflux under a nitrogen atmosphere. Acetic anhydride (3.0
ml) was added, the reaction temperature was maintained at reflux for 3 hr,
then allowed to cool and left at 25°C for 3 days. The solution was filtered
and the polymer was precipitated by adding the solution dropwise to 600 ml
methanol. The polymer was washed twice in acetone and dried overnight
at 45°C/12 mm. The product weighed 3.96 g, [%]0.30 dl/g. The sharp
infrared absorption at 3550 cm-1 for the starting material in carbon disulfide
(2.5% solution in a 1.0 cm cell, absorbance 0.137) disappeared completely in
the acetylated product.

Equilibration of Acetylated Il

The acetylated polymer was heated with 2,6-diphenylphenol and 3,3',-
5,5'-tetraphenyl-4,4'-diphenoquinone in chlorobenzene by the small-scale
equilibration procedure described above. No low oligomers (e.g., 1V) were
detected by chromatography, and a 100% yield of polymer resulted. The
polymer which had not been acetylated was equilibrated in an identical
manner and was recovered in a 35% yield.

RESULTS

Reaction Products

A chlorobenzene solution of 2,6-diphenylphenol (11) and an equal weight
of polymer 111 in the presence of a catalytic quantity of the initiator, 3,3',-
5,5'-tetraphenyl-4,4'-diphenoquinone (VII) was heated at 132°C for 2 hr.
A mixture of oligomers ranging from monomer 11 to methanol-insoluble poly-
mer (VI, x > ca. 5) was produced. The lower molecular weight components
(monomer through tetramer) were resolved with two-dimensional thin layer
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chromatography. The dimer from the equilibration reaction had Rf values
which were identical to the values for an authentic sample of IV. Further-
more, the redistribution products from reaction (3) and the initial oxidation
products from reaction (2) displayed chromatographic behavior which was
identical to that of the products of the monomer-polymer equilibration.
The monomer, dimer, and trimer could also be detected by gas chromatog-
raphy. The retention times were identical to the oligomers from reactions
(2) and (3). The similarity that was found between dimer equilibration
and monomer-polymer equilibration supports reaction (5) as an overall
description of the monomer-polymer reaction.  This was supported further
by the similarity of product concentrations for the two reactions when |1
and 111 were present in equal weights in the monomer-polymer equilibra-
tion:

CeH5
mHO + (5)

CaH5

i.e, m ~ ninreaction (5).*
Phenol was equilibrated with polymer |1l [reaction (6)] and the com-
ponents of the mixture converted to their acetate derivatives.

From the product mixture, the lowest boiling principal product was iso-
lated and identified as 4-phenoxy-2,6-diphenylphenyl acetate (VII). The
yield based on the formation of one molecule of V111 per repeating unit of
polymer was 12%. A small amount of 1X was also isolated.

*For reactions (3) and (5) under nitrogen with only a trace of initiator, the number-
average degree of polymerization DP* of the equilibrated mixture is essentially the same
as that of the starting mixture. Thus, when . - . in reaction (5), DP» = 2 as in the
case with the dimer [reaction (3)].
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Compound IX arose primarily from the initiator, VI, after reduction to X
during the initiation process. For this equilibration reaction, a low molecu-
lar weight polymer which had been found to undergo extensive equilibration
when heated with 11 was used to provide a relatively high conversion to
products. As a result, product yields in this case were greater than in
another equilibration with phenol and a higher molecular weight polymer
which is described in the next section.

Reaction Variables

To assess the effects of reaction conditions, solvents, polymer structure
and type of initiator on the extent to which reaction (5) proceeded, the
yields of recovered (methanol-insoluble) polymer were measured after equal
weights of polymer 111 and 2,6-diphenylphenol were heated at reflux, usu-
ally in chlorobenzene. A 100% yield of recovered polymer indicated no
equilibration, and lower yields indicated increasing extents of reaction.
The extents of reaction were qualitatively proportional to the concentration
of lower molecular weight products by gas and thin layer chromatographic
analysis.

A comparison of the effectiveness of initiators for reaction (5) is presented
in Table IV. Except for the benzoyl peroxide reaction which was in ben-
zene at 80°C, the other reactions were in chlorobenzene at 132°C. Al-
though the molar quantities of the initiators vary, their effectiveness toward

TABLE IV
Equilibration of 11 (500 mg) and 111 (500 mg)
With Various Initiators

Wt. of Itecovered

Initiator initiator, mg polymer, «
Vil 50 35

3,3'5,5'-Tetramethyl-

4,4'-diphenoquinone 50 98
Dicumyl peroxide 50 100
Benzoyl peroxide 100 67
ferf-Butyl hydroperoxide 50 99

ferf-Bufyl perbenzoate 50 40
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promoting equilibration can be assessed qualitatively. Three oxidizing
agents were ineffective: 3,3',5,5'-tetramethyl-4,4'-diphenoquinone, tert-
butyl hydroperoxide, and dicumyl peroxide. The remaining materials,
3,3',5,5'-tetraphenyldiphenoquinone, VII, ferf-butyl perbenzoate, and ben-
zoyl peroxide were initiators. Benzoyl peroxide was used at S0°C because
of its relatively low decomposition temperature, yet was moderately effec-
tive. Compound VII appeared to be the most versatile initiator, since it
could be used over a wide temperature range.

Initiator concentrations were varied for VII in chlorobenzene at 132°C
and for benzoyl peroxide in benzene at 80°C. The effect on recovered
polymer yield is listed in Table V. With VII, a quantity of ca. 50 mg/500

TABLE V
Equilibration of 11 (500 mg) and I11 (500 mg)
with Various Quantities of Initiators

Wt. of Recovered

Initiator initiator, mg polymer, %
VII 5 73
ViI 15 58
ViI 50 35
Vil 150 45
Benzoyl peroxide 20 91
Benzoyl peroxide 50 80
Benzoyl peroxide 100 67

mg polymer was most effective. Possibly, with the higher concentration of
VII, the equilibration products were being oxidized to higher molecular
weight insoluble products. With benzoyl peroxide quantities of 100 mg/500
mg polymer or more appeared to be required for extensive equilibration.

Polymer recovery from reaction (5) with VII as an initiator is listed in
Table VI for four solvents at temperatures ranging from 80 to 180°C.

TABLE VI
Equilibration of 11 (500 mg) and 111 (500 mg) in
Various Solvents at Iteflux Temperatures

Reaction Reeoverd
Solvent temperature, °C polymer,
Benzene 80 71
Toluene 111 83
Chlorobenzene 132 35
o-Dichlorobenzene 180 14

Although there is a general trend toward more extensive equilibration with
increased reaction temperature, the type of solvent appears to be of some
importance since with toluene the least amount of equilibration occurred
even though it was used at an intermediate temperature.
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Three equilibration reactions were run in chlorobenzene at reflux for
various time intervals (Table VI11).

TABLE VII
Extent of Equilibration of Il (500 mg) and Il (500 mg) with Time
Reaction time, hi Recovered polymer, %
0.5 53
2.0 35
18.0 22

Initially the reaction proceeded rapidly, but then became slower. This
may have been due primarily to the loss of the initiator by reaction with 2,6-
diphenylphenol:*

211+ VIl — 2X

During the course of the reaction, a decrease in the color of VII was noted.
Chromatographic analysis indicated the formation of 4,4'-dihydroxy-3,3',-
5,5'-tetraphenylbiphenyl (X). The isolation of the diacetate of X was
described above for the equilibration in which 111 was co-redistributed with
phenol.

3,3',5,5'-Tetramethyldiphenoquinone was used as an initiator at lower
temperatures to minimize side reactions. The reaction was very slow at
80°C. Yields of recovered polymer were: 99% after 0.5 hr, 98% after 2
hr, and 97% after 16 hr.

A variety of samples of polymer I11 with different molecular weights and
from different catalyst systems were described previously.1 Some of these
samples were equilibrated with 2,6-diphenylphenol with initiation by VI in
benzene at 80°C. Yields of recovered polymer are compared in Table V111

TABLE VIII
Equilibration of Polymers Prepared from Various
Catalysts with 11 in Chlorobenzene at 132°C

Recovered
lui <4l Amine in polymerization catalyst polymer, %
0.05 A,A'-Dime! hyl-1,3-propane- 37
diamine
0.06 A,A:V' N'-Tetramethyl-1,6- 42
hexanediamine
0.07 ALALIViIV'-Tetramethyl-1,3- 39
butanediamine
0.44 " 95
0.32 ATAVV'j-V'-Tetrametlrylethylene- 71
diamme
0.19 Di-re-butylamine 95
0.39 ! 97
0.31 n-Butylamine 91

*The analogous oxidation of 2,6-xylenol by 3,3',5,5'-tetramethyldiphenoquinone has
been reported. 011
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for polymers prepared with various amines in the catalyst and with the
viscosity of the polymer before equilibration.

Polymers prepared with diamine catalysts showed a general progression
of less equilibration with increasing intrinsic viscosity. When the catalyst
contained either a primary or secondary monoamine, the polymers neither
attained high molecular weights in the polymerization5 nor equilibrated
appreciably. Thus, it is possible that the monoamines reacted with the
phenolic end of the polymer to both terminate polymerization and deacti-
vate the “redistribution-active” portion of the polymer.

To determine whether low molecular weight polymers did equilibrate
more readily than high molecular weight polymers, six polymers which were
isolated at different times from the same polymerization reaction were
equilibrated with 2,6-diphenylphenol in o-dichlorobenzene at 180°C for 2
hr.  The molecular weights of these samples ranged from M,, <5000 to ca.
80,000. Yields of recovered polymer are listed in Table 1X.

TABLE IX
Effect of Molecular Weight on Extent of Equilibration
kl dl/g Recovered polymer, «
0.09 4
0.11 10
0.19 19
0.24 16
0.30 16, 17
0.41 28

The tendency toward less equilibration with higher molecular weight is
similar to the behavior of poly(2,6-dimethylphenylene oxide), I, equilibra-
tions, in which case both molecular weight (i.e., changes in endgroup con-
centration) and endgroup abnormalities affect the reactivity.1

The reactivity of four phenols toward equilibration with 111 in chloro-
benzene at 132°C with Y1l as an initiator was measured (Table X). 2,0-
Diphenylphenol caused the most extensive equilibration. 2-Methyl-6-
phenylphenol, with a structure closer to that of 2,6-diphenylphenol than the
other phenols, was more reactive than the other two phenols. A some-
what similar reactivity series has been found for poly(2-methyl-6-phenyl-
phenylene oxide). In this case, 2-methvl-O-phenylphenol equilibrated
more extensively with the polymer than did phenol or 2,6-xylenol which
do not contain an o-phenyl group.22

TABLE X
Equilibration of 111 with Varions Phénols (1 mole phenol/monomer unit)
Phenol Recovered polymer, «
Phenol 93
2,6-Dimethylphenol 94
2-Met hyl-6-pheny Iphenol 60

2,6-Diphenylphenol 35
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DISCUSSION

The reaction conditions which are required to equilibrate polymer 111
with phenols are more strenuous than for the equilibration of the corre-
sponding polymer, |, from 2,6-dimethylphenol with phenols. Higher
temperatures and higher concentrations of initiator are required. Further-
more, initiators with higher oxidation potentials are more effective (e.g., VIl
instead of the tetramethyl-substituted analog). The initiators also have to
be able to oxidize the phenols at the higher temperatures without extensive
side reactions.

There are many similarities between equilibration of phenols with 111
and with I.  The extensiveness of both reactions depends on the molecular
weight of the polymer and the method of polymerization. In both cases,
one of the most effective initiators is the tetrasubstituted diphenoquinone
which is obtained as a side product during the preparation of the polymer.
The similarities of the two systems and the product analyses after equili-
bration indicate similar mechanisms for equilibration. Thus, for the case
of reaction (5) with V11 as initiator, the reactions (6)—£12) seem likely.
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(10)

(11)

(12

Reactions (G and (7) represent initiation reactions. The oxidizing agent
can be either VII or the semiquinone of VII. The reaction sequence is
continued by carbon-oxygen coupling reactions and dissociation reactions
which are illustrated by the reactions in equilibria (8), (9), and (10).
Hydrogen abstraction reactions as (11) convert the radical species to the
free phenol and either generate new aryloxy radicals or oxidize the reduced
forms of VII. Termination is represented by the carbon-carbon coupling
reaction (12).

Polymer 111 must have a free phenolic hydroxyl group at the end of the
polymer chain to participate in the equilibration sequence described above;
otherwise, co-redistribution should not occur. This requirement was
demonstrated by an attempt to equilibrate polymer with the hydroxyl
groups quantitatively acetylated. No low molecular weight co-redistribu-
tion products were detected, and the polymer was recovered quantitatively.
Presumably then, the polymers which did not co-redistribute extensively
with 2,6-diphenylphenol (Table V1) contain structural irregularities in the
head ring. These inactive polymers are also inert toward further oxidation
to high molecular weights in polymerization systems which normally pro-
duce high molecular weight polymers.

Further support for the presence of structural irregularities is presented
by the reduced reactivity of higher molecular weight polymers toward
equilibration. Two reasons why the differences in molecular weight alone
do not account for variations in reactivity are described here. First, the
lower molecular weight polymers should react at a more rapid rate than
higher polymers since equal weights were used resulting in higher end group
concentrations for solutions of low polymers. However, due to the high
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reaction temperature (170°C), the reaction time was sufficient to approach a
steady state condition even for the higher polymers. This was demon-
strated by using longer reaction times and finding almost no further de-
crease in the vyields of recovered polymer. Second, the possibility that
complete equilibration of high molecular weight polymer would produce a
larger concentration of higher molecular weight (and thereby methanol-
insoluble) oligomers than would a low polymer is not the case since the
molar concentration of I is so much greater than the molar concentration of
either high or low polymer that the DP,, of both reaction mixtures is almost
identical.

The possibility that some of the polymer chains do not contain 4-hy-
droxy-2,6-diphenylphenoxy “head” endgroups and that there is a decrease
in the percentage of chains bearing these end groups as polymerization
proceeds can account for decreasing reactivity with increasing molecular
weight. If the “head” end-groups can react during polymerization in an
abnormal manner, i.e., to form stable products by reactions other than the
normal oxidative coupling reactions for chain growth, or if intermediates
such as the quinone-ketal moiety can rearrange or be intercepted by other
species in the reaction medium, abnormal structural units can arise.
Two types of abnormal reactions would be, for example, head-to-head
coupling reactions [other than the normal quinone-ketal formation
reaction such as reactions (8) or (10)] which would result in either un-
reactive polymers containing 2,6-diphenylphenoxy groups on each end of
the chain instead of only on one end of the chain or in reactions in which
another species such as the amine in the catalyst reacted with the “head”
endgroup to form a new abnormal endgroup. The gradual incorporation of
nitrogen into the polymer with increased polymerization time5supports the
possibility of reactions of polymer with the amine.

The author is indebted to Mr. H. J. Klopfer for assistance and Mr. E. M. Hadsell for
preparative-scale chromatographic separations.
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Elastomers from the Copolymerization of
Conjugated Dienes and Styrenes Containing Chlorine

A F. HALASA* H. ADAMS, and C. J. HUNTER,
Central Research Laboratories, The Firestone Tire & Rubber Company,
Akron, Ohio 44317

Synopsis

Copolymers of 1,3-butadiene and .. and p-chlorostyrenes have been made by use of
alkyllithium initiators. These copolymers have a uniform distribution of the chloro-
styrene along the chain, suggesting that the reactivity ratio of 1,3-butadiene and chloro-
styrene is close to unity.

INTRODUCTION

The chlorostyrene monomers have been available for many years, and
synthetic rubbers have been made from them by copolymerizing butadiene
and chlorostyrenes in emulsion systems. The present study was directed
toward the preparation and elucidation of properties of copolymers of bu-
tadiene and chlorostyrene obtained with anionic polymerization systems.
Special emphasis is given to alkyllithium-catalyzed polymerizations.

The polymerization rates of o- and p-chlorostyrene determined under free-
radical conditions indicate that they polymerize faster than styrene.12
This points out the fact that ring chlorination enhances the rate of the poly-
merization by either electronic or hyperconjugational effects.34

The literature contains many papers dealing with the copolymerization
of butadiene and styrene in systems with various anionic catalysts. It is
known that when butadiene and styrene copolymerize in an anionic system,
the reactivity ratio of 1,3 butadiene (%) is 18 times the reactivity ratio of
the styrene (r2. Consequently, when the two monomers are loaded ini-
tially, butadiene polymerizes preferentially, leaving excess styrene which
enters the polymer in increasing proportions as polymerization progresses.
Ultimately, the styrene is blocked on the end of the polymer chain. This
situation can be overcome by delaying addition of all of the butadiene or by
adding suitable modifiers to change the reactivity ratios, bringing them
closer together and producing more nearly “random” polymers.

The reactivity ratios for o-chlorostyrene and p-chlorostyrene toward sty-
rene as well as 1,3-butadiene in the presence of cationic and free-radical
initiators are known.6 Although no work was found in the literature on the

*To whom all inquiries should be directed.
677
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stereospecific copolymerizations of halogenated styrenes with dienes by
anionic initiator, some data were reported for polymerization with the Zieg-
ler catalyst.5

Szwarc and co-workers,6in studying the anionic homopolymerizalion and
copolymerization of substituted styrenes in tetrahydrofuran, found that the
absolute rate constant obeys the Hammett relations. However, no copoly-
merization data were found in the literature for the chlorostyrene-diolefin
systems in either polar or nonpolar media.

The reaction of w-butvllithium and o-chlorostyrene as well as p-chloro-
styrene in polar solvents has been reported in the literature.7 In these
polar solvents the significant finding as expected was halogen-metal ex-
change. The resulting lithio derivatives were used as initiators for diene
polymerization, using a large excess of catalyst.

The present study is concerned with copolymerization of ring-chlori-
nated styrene and diolefins by using organolithium initiator in hydrocarbon
medium.

DISCUSSION

In view of the literaure, one would not expect halogenated styrenes to
polymerize on the addition of organolithium compounds. Rather, a simple
metal-halogen reaction would be expected. If the monomers did polymer-
ize, one would expect a portion of the chlorostyrene to form a block segment,
as in the case with styrene in the copolymerization of 1,3-butadiene and
styrene.

However, we found that both o-chlorostyrene and an o-p-chlorostyrene
mixture (65% ortho, 35% para) copolymerized readily with butadiene when
organolithium initiators in hydrocarbon solvents were used, to form high
molecular weight polymers.

The butadiene portion of the resulting copolymer had the microstructure
typically found in lithium-initiated polybutadiene.

It was also found that the copolymer had no chlorostyrene blocks as de-
termined by the osmium tetraoxide oxidation method and NMR analysis
of the aromatic region. In Figure 1, the NMR spectra for polychloro-
styrene homopolymer and an 80/20 butadiene-chlorostyrene copolymer
are shown. The absorption of the aromatic protons of the copolymer ap-
pears at 7.50 ppm, while the same protons in polychlorostyrene show an up-
field shift due to the ortho hydrogen resonance of neighboring chlorostyrene
units in the polymer chain. Likewise, the position (2.5 ppm) of the a hy-
drogen of polychlorostyrene is shifted upfield from the position (3.0 ppm)
of the same protons of the copolymer.

This copolymer has a constant composition as determined by chemical
and physical methods of analysis over a wide range of conversion for any
given set of polymerization conditions. However, the composition of the
chlorostyrene (StCl)-butadiene (BD) copolymers did vary from one set of
polymerization conditions to another. The temperature effect on the com-
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Fig. 1. NMR spectra of polychlorostyrene homopolymer and of copolymer of chloro-
styrene and butadiene.

position and on the conversion of three 80/20 BD-StCl initial charge
polymerizations can be seen in Figure 2. Also, the effect of the per cent
chlorostyrene charged on the composition and per cent conversion is quite
evident. All the copolymers had constant composition over a wide range
of conversions. But in three runs made at different temperatures, we finu
by increasing the temperature the conversion and amount of chlorostyrene
are decreased. However, the chlorostyrene is uniformly distributed
throughout the copolymer. This points out that a termination reaction is
occurring during the polymerization and that it is temperature-dependent.

The per cent chlorostyrene in the polymer prepared from the 80/20
BD-chlorostyrene initial charge at a constant initiator level is inversely
proportional to temperature of polymerization. The polymer contained
24% chlorostyrene when formed at 30°C, 20% at 50°C, and 16% at 70°C,
in all cases uniformly distributed in the polymer.

It is conceivable that if the polymerization could proceed to 100% conver-
sion, the remaining monomer would block onto the chain since an excess
quantity of the monomer (either BD or chlorostyrene) would be present.

On the right side of Figure 2, it can be seen that the amount of chloro-
styrene is uniformly distributed throughout the polymer, but in some cases
differs from the per cent charged. The four polymerizations were carried
out at 50°C and a constant initiator level. With both the 10% and 20%
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chlorostyrene charge, the same percentage is uniformly distributed through-
out the polymer. However, in the case of a 30% charge, the polymer con-
tains 35% chlorostyrene, which is a larger concentration than charged.
In the final case of a 60%, chlorostyrene charge, 50% is uniformly dis-
tributed throughout the polymer before the termination reaction predom-
inates.

From Figure 2, it is quite evident that the reactivity ratio of the mono-
mers are changing slightly and are dependent upon temperature of poly-
merization and composition charged. The reactivity ratio of the monomers

%

CI-STY

Fig. 2. Plots of conversion vs. per cent chlorostyrene incorporated in the copolymer
prepared (left) at the same monomer ratio and different temperatures and (right) at
different monomer ratios and the same temperature: (T) 80/20 BD-StCl, 30°C; (: )
80/20 BD-StCl, 50°C; (- ) 80/20 BD-StCl, 70°C; (», 90/10 BD-StCl, 50°C; :,
70/30 BD-StCl, 50°C; (F) 80/20 BD-StCI, 50°C; (s , 40/60 BD-StCl, 50°C. [BuLi]
for all polymerizations, 4 mmole/100 g monomer.

appear to be close to one for certain conditions. An attempt was made to
determine the reactivity ratios, but the copolymerization of butadiene and
chlorostyrene does not proceed by the usual copolymerization equations be-
cause of a competing termination reaction. The termination reaction is
responsible for the variation in percent conversion under various condi-
tions of temperature, initiator and chlorostyrene concentration.

In Figure 3, the molecular weight distribution of the copolymers as deter-
mined by gel-permeation chromatography also provides further evidence for
the termination step. The molecular weight distribution becomes broader
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and shifts to higher molecular weight with an increase in temperature or
chlorostyrene concentration.

At high polymerization temperatures, there is a decrease in conversion.
Evidently, the termination reaction has a higher activation energy and so
predominates at higher temperatures. The termination step is dependent
not only on temperature, but also on chlorostyrene concentration in the
charge. With an increase in chlorostyrene, there is a decrease in conversion,
an indication of the participation of chlorostyrene in the termination reac-
tion.

Figure 4 shows the rate of polymerization in relation to temperature and
chlorostyrene concentration. The data on the left of Figure 4 are for poly-
merization carried out at a constant temperature and initiator level while

80/20 BD/CI-STY BD/CI-STY at 50° C

Fig. 3. Gel-permeation chromatography distribution of copolymer at different tempera-
tures and different compositions.

the chlorostyrene content was varied in the initial charge. As the chloro-
styrene level is increased, the apparent rate of polymerization decreases,
while the rate of the termination reaction increases. The data on the right
side of Figure 4 are for polymerization conducted at a constant chlorosty-
rene and initiator level. The temperature was varied. It can be seen that
at lower temperature, the rate is slow and the polymerization proceeds to
high conversion, while at high temperature, one observes an enhanced rate
and the polymerization terminates at low conversions. The kinetics of
this reaction cannot be accounted for by a simple kinetic equation due to
the termination step in the reaction. In analyzing the kinetics of the co-
polymerization, the following conclusions were made from the experimental
data presented.

The compositional analyses of the polymers indicate that the chloro-
styrene content of the polymer varies very little from the charge ratio.
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%

Conv. Conv.

Fig. 4. Plots of conversion vs. time for copolymer prepared at (left) different monomer
ratios and (right) same monomer ratios and different temperatures: (A) 90/10 BD-StCl,
50°C; (- » 80/20 BD-StCl, 50°C; (C) 70/30 BD-StCl, 50°C; (», 40/60 BD-StCl,
50°C; (-, 80/20 BD-StCl, 70°C; (¢, 80/20 BD-StCl, 50°C; (s, 80/20 BD-StCl,
30°C. [BuLi] for all polymerizations, 4 mmole/100 g monomer.

The reactivity ratios are very close to one. The polymerization equation
contains a termination step.

An obvious reaction leading to termination would be between the
alkyllithium and chlorine of the chlorostyrene giving lithium chloride.
However, it is possible that other reactions or adventitious impurities may
be present that could lead to slow termination. Possible terminating
mechanisms are: (1) metal halogen exchange reaction; (2) radical-lon
formation; (3) metallation reaction; and (4) displacement reactions.

Any one of these reactions would lead to either termination or chain
transfer processes.

Considering these experimental facts a polymerization equation can be
written in the following simplified form:

BuLi + M —>PLi @)
PLi + M *PLi )

assuming % = r2 = 1.0, where M represents the collective monomer of
chlorostyrene and butadiene, PLi is the active polymer lithium, and k{and
k,, are the initiation and propagation rate constants, respectively. The con-
comitant reaction of the carbon-bound lithium, both butyllithium and poly-
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mer lithium, with the chlorostyrene (StCl) may be represented in the gen-
eralized form:

PLi + StCI P + LicCl €)
BuLi + StCI  Bu + LiCl 4

It is not intended that these equations be specific as to the products of the
reaction except that they represent a deactivation of the lithium as to its
ability to add additional monomer. Consequently, these reactions may be
considered as termination reactions and dead polymer (P) is produced.
The reaction with the monomeric chlorostyrene or with chlorostyrene in the
polymer is assumed to occur at the same rate. Therefore, the chlorosty-
rene concentration considered in these equations is decreased only by react-
ing with polymer lithium (kT) or butyllithium (k'T) and not by polymer-
ization.

To simplify the mathematical equations, let KT = k'T. This assumption
may be questionable but it certainly will be approached over the latter por-
tion of the polymerization when the initiation reaction is minimized or most
of the butyllithium has been converted over into polymer lithium. The
rate of disappearance of active lithium is then given as follows:

cl[Lij/dt = — [U][StCI] 5)
where
[Li] = [BuLi] + [PLi]
and
[StCI] = [StClJo

with the solution

[Li] = [BuLi]oexp{ -k T[StCI]3 )
The zero subscript refers to starting or original concentration. Thus, the
total concentration of active lithium is decreased exponentially with time of
reaction. Since [Li]J0 « [StCllo, [LiJo was neglected in the expression
[StCI], « [Li]Q

Having obtained an expression for the active lithium as a function of the
time of reaction, the polymerization rate equation can be represented as:

d[MJ/dt = —Ap[I][Li] (7)

Here, kt was assumed equal to kp and the same comments advanced pre-
viously for the termination reaction apply. Asolution is

A [BuLi]o ,

(=9 1 s~ L

exp{ —fc[StCl]oi} (8)

where c is the fraction of conversion.



684 11ALASA, ADAMS, AND HUNTER

This equation is in line with the experimental results in that as the time
approaches infinity the conversion becomes constant at less than 100%.
That is, for

t-+ co, In (L - c)nax = (% /% )/[BuLi]o/[StCl]o 9

Thus, the maximum conversion can be increased by increasing the amount
of butyllithium and decreased by increasing the chlorostyrene concentra-
tion.

Fig. 5. Effect of concentration of chlorosytrene upon maximum conversion.

Fair agreement is obtained between the experimental values for the max-
imum conversion and the chlorostyrene concentration as shown in Figure 5.
This semilogarithmic plot of I-cnmax against the reciprocal of the concentra-
tion of the chlorostyrene gives a straight line the slope of which can be used
to calculate the kp'kr ratio

kp/k T = (2.303)o X slope/[BuL.i]o (10)

in which the slope of 0.056 was calculated from Figure 5 at catalyst con-
centration of 1.37 X 10~2mol/l. of «-butyllithium. Substitution in eq.



ELASTOMERS 685

(10) gives (lie value for k,,/kT = 9.4. This means that the rate of poly-
merization is approximately ten times the rate of termination.
Substitution of eq. (9) in eq. (8) gives a tractable equation

1 - [InQ- ¢)in(1- c)mex] = exp{ — [StCloi} (11)

Tor substitution of the rate data in eq. (11), the results are plotted in Fig-
ure 6. Straight lines were obtained with slopes that increase with increas-

Fig. 0. Variation of conversion with time: (0) 10% StCl; (A) 20% StCl; (O) 00%
stcl; (@) 6o% stcl.

ing amounts of chlorostyrene. The rate constant could be obtained from
the slopes of these lines by means of eq. (12):

kT = 2.303(slope)/ [$t,ClJo (12)

Combination of the two slopes from Figures 5 and (i makes it possible to ob-
tain a value for the polymerization propagation constant (/,',,).

Similarly, the data in Table | give us the values for kT; using the expres-
sion kp/kT = 9.4, one is able to obtain the values for kv = 1.04 I./mole-min.
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TABLE |
Copolymerization Rates

Ratio BD/StCI [StCI], mole/l. Slope kr 1./mole-min
0/100 0.780 — —
40/60 0.474 0.026 0.127
70/30 0.231 0.0110 0.110
80/20 0.1.56 0.00678 0.100
90/10 0.078 0.00607) (0.180)

Avg. 0.110

The energies of activation for the individual reactions can be obtained by
applying thrse equations to the rate data obtained at different tempera-
tures.

The fact that these equations predict fairly accurately the observations
substantiates the general nature of the proposed mechanism. Of course,
simplifying assumptions were made so that the details of the mechanism
cannot be predicted but the major steps are outlined.

PHYSICAL PROPERTIES

The compounding data of the chlorostyrene-polybutadiene rubbers are
listed in Tables 11 and IlIl. From these tables, one can see that the test
copolymer has significantly lower tensile strength than that of the BD/St
copolymer control. It showed lower Young’s modulus index and green
strength, with (5-10%) lower wet traction than that of the control. Sim-
ilarly, the test rubber showed lower rebound at 212°F.

The physical properties of this copolymer differ greatly from the emul-
sion-synthesized butadiene-chlorostyrene copolymer.8 The difference in

TABLE Il
Tire Tread Stock Evaluation

BD-styrene BD-chlorostyrene copolymer
(No. 556) No. 557 No. 558 No. 559 No. 560

Chlorostyrene content, % (18% 18.7 23.1 25.5 20.0
styrene)

300% Modulus (30 min, 425 200 300 475 450
300°F), psi

Tensile strength, (30 min, 1850 475 750 1250 725
300°F), psi

Ultimate elongation (30 840 540 540 640 440
min, 300°F), %

Shore A Hardness (cured 61 .0 58.0 62.0 62.0 54.0
at 300°F, 35 min)

W et traction rating 50.1 47.7 48.1 48.6 43.5
(Stanley-London)

Young's bending modulus -46 -54 -50 —55 -63

index (10,000 psi), °C
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physical properties may be due to the sequence distribution of the chloro-
styrene in the copolymer.

The processibility of the BD-StCI copolymers on milling and Banbury
mixing was good in all cases.

EXPERIMENTAL

Reagents

o-Chlorostyrene (pure) and o,p-chlorostyrene mixture (05% ortho, and
35% para) were obtained from Dow Chemical Co. and were purified by
vacuum distillation from calcium hydride.

Solvent

Hexane was purified by washing with sulfuric acid and distilled from
sodium dispersion.

Polymer Preparation

The copolymer was prepared in beverage bottles in hexane solution con-
taining the proper ratios of o-chlorostyrene or the o,p-chlorostyrene mixture
and 1,3-butadiene, with n-butyllithium as the initiator.9 Several runs were
made with pure o-chlorostyrene as compared to the o,p-chlorostyrene mix-
ture and found to behave similarly.

Preparation of Copolymer Containing 20% o-Chlorostyrene
and 80% 1,3-Butadiene

Into a 28-0z beverage bottle previously washed with distilled water,
baked in a 140°C oven overnight, and cooled with a stream of nitrogen, was
placed 260 g of a blend containing 75% hexane and 25% 1,3-butadiene. To
this blend was added 17.5 g of freshly distilled o-chlorostyrene. The bot-
tle was shaken well and catalyzed with 4.0 m moles of n-butyllithium. The
bottle was then placed in a 50°C bath with tumbling action for 10 hr.

At the conclusion of the polymerization a solution of 2,2'-methylenebis-
(4-methyl-O-ieH-butyl phenol) antioxidant in isopropyl alcohol was added.
The copolymer was recovered by coagulation in isopropyl alcohol and was
separated and dried and used for compounding studies. The same proce-
dure was used to prepare copolymers of 1,3-butadiene and o,p-chloro-
styrene.

The authors wish to thank The Firestone Tire . Rubber Company for permission to
publish this work. We also like to thank Dr. 1). P. Tate of the Elastomer Division for
his comments and suggestions.
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Ladder Pyrrolone Structures with Aiilhraquiiione
Recurring Units

JEXO SZITA, L. H. BRANXIGAX, and C. S. AIARVEL, Department
of Chemistry, The University of Arizona, Tucson, Arizona 85721

Synopsis

1,2,4,5-Tetraaminoanthraquinone and 1,4,58-naphthalene-tetracarboxylic acid dian-
hydride react in dimethylacetamide to give a tetrameric prepolymer with balanced
endgroups of anhydride and diamine. When this prepolymer is carefully treated with
polyphosphorie acid at elevated temperature it is converted to a soluble polypyrrolone
type structure with an inherent viscosity of 2.3—2.7. Polymers of this molecular weight
can be wet-spun into pliable fibers from methanesulfonic acid. The TGA curve in air
shows little weight loss below 550°C. The polymer can also be solubilized by reduction
with sodium dithionite in alkaline aqueous dimethyl sulfoxide.

Van Deusen et al.1have recently obtained extremely thermally stable
and fabricable polymers by the condensation of 1,4,5,8-naphthalene-
tetracarboxylic dianhydride with either 1,2,4,5-tetraaminobenzene or
3,3'4,4'-tetraaminodiphenyl. These polymers are soluble in concentrated
sulfuric acid and have been wet-spun from this solvent to yield strong
fibers. We thought that by using 1,2,5,6-tetraaminoanthraquinone as the
tetraamine in this reaction, a polymer which could be solubilized in basic
media by reduction would make an even more readily fabricable material.

Some model reactions were first carried out with the use of 1,8-naph-
thalic acid anhydride with 1,2-diaminoanthraquinone and 1,2,5,6-tetra-
aminoanthraquinone, and 1,4,5,8-naphthalenetetracarboxylic acid di-
anhydride with 1,2-diaminoanthraquinone. These reactions were carried
out in acetic acid solution, in dimethylacetamide containing acetic acid,
and in the melt. Usually a final heating of the first formed model com-
pounds was required to form the pyrrolone structure. Polyphosphorie
acid was not satisfactory as solvent for the reactions, as it appeared to
cause some self-condensation of the aminoanthraquinone derivative. In
the case of the reaction with 1,4,5,8-naphthalenetetracarboxylic dianhydride
and 1,2-diaminoanthraquinone, it appeared that only one anhydride
group reacted to the pyrrolone with one anhydride group remaining
unreacted.

Polycondensation of the tetraacid anhydride and tetraamine was
carried out in polyphosphorie acid to yield products which were only
partially cyclized and completely soluble in sulfuric acid. On further
heating to about 350°C products were obtained which by analysis and
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infrared data were shown to be completely cyclized. These condensa-
tions seemed to proceed in steps.

The exact structures were not determined as many isomers could be
formed in these steps. The intermediate 1 was characterized by elemental
analysis and an infared spectrum which showed at 1775 cm-1 characteris-
tics of anhydride carbonyl groups and at 1(550 cm-1 characteristics of the
imide group.

It was observed that when the two reagents were condensed in DMAc
solution containing 10% of acetic acid a dark brown precipitate formed and
could be isolated by filtration. This appeared to be a tetramer of structure
V.

The product had a low inherent viscosity (0.05) and showed strong-
absorption in the infrared at 1780 and 1745 cm-1 and a medium weak
absorption at 158 cm-1. When heated in polyphosphoric acid at 160-
170°C this prepolvmer further condensed to a completely soluble (ITSOj)
polymer with inherent viscosity of 1.34. This polymer gave analytical
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values and infrared data characteristic of the closed-ring structure I11.
Further heating of the polymer in the solid state gave a product which was
only 42% soluble in sulfuric acid.

When the prepolymer was heated in polyphosphoric acid at 120°C
for 1.5 hr and at 200°C for 1 hr, a polymer of #j,j, = 1.89 was obtained.
The optimum conditions for the polycondensation were found to be heating
an 8% (weight) solution of the prepolymer in polyphosphoric acid at
120°C for 3 hr and at 20()°C for 1 hour. Polymers obtained from the
latter procedure had inherent viscosities of 2.4-2.7. The results of a
variety of condensation experiments are shown in Table 1. These higher
molecular weight products were found to be nearly completely insoluble
in sulfuric acid but at least 90% soluble in methanesulfonic acid and were
shown by analysis and base degradation to be nearly completely of the
closed structure I11. It is obvious that the best results are obtained when
the condensation is carried out in two steps. First, the prepolymer, which
becomes an AB type monomer, is formed and purified. It is then balanced
in reactive end groups to give high molecular weight products upon treat-
ment with polyphosphoric acid.

The TGA curve (Fig. 1) in nitrogen atmosphere, for the polymer (run 7,
Table 1), showed slight weight loss at 100°C due to absorbed moisture
and essentially no further loss below 600°C. Even the TGA curve taken
in air shows no weight loss below about 550°C.

A sample of a polymer of inherent viscosity 2.7 (run 9, Table 1), was
reduced with sodium dithionite in DMSO-water-NaOH at 80-90°C.
When the polymer was recovered from the resulting solution the inherent
viscosity was lowered to 0.82. This indicates the presence of a small
number of base-labile imide linkages in the polymer chain. Thus the
regenerated polymer is the highly closed structure I11. The TGA curve
of this base-treated polymer is essentially the same as the TGA curve for
the polymer before treatment with base (Fig. 1).

The fiber-forming properties of this polymer were also investigated.
Solutions of the product of run 9 h = 2.7) in methanesulfonic acid were
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0 200 400 600 800

Fig. L TGA curve for run 7, Table I.

prepared. The very viscous solutions (5-7%) were extruded from a syringe
into 70% methanesulfonic acid, and the precipitating fibers were hand-
drawn from 18, 22, and 25 gauge needles. After washing and drying, the
green fibers were quite strong and flexible. Good fibers were prepared in
this same way from polymer samples with ifinh as low as 0.74. More brittle
fibers were obtained by extruding the reductive solution into DMS0-HD,
0.1ATICL.

EXPERIMENTAL

Monomers

1,2-Diaminoanthraquinone (DAA) was purchased from Aldrich Chemical
Co., and purified by recrystallization from nitrobenzene.

Anar. Caled for CiHi,ND2: C, 70.59%; H, 4.23%; N, 11.76%; O, 13.42%.
Found: C, 70.03%; It, 3.88%; N, 12.05%; O, 14.17%.

1,2,5,6-Tetraaminoanthragquinone (TAA) was prepared from 2,6-diamino-
anthraquinone as described2 and recrystallized from acetophenone before
use.

Anat. Calcd for CHHINAD 2: C, 62.68%; H, 4.51%; N, 20.88%, O, 11.93%.
Found: C, 62.83%; 11,4.51%; N, 19.49%; 0,12.41%; residue, 0.58%.

1,8-Naphthalic anhydride (NA) and 1,4,5,8-naphthalenetetracarboxylic

dianhydride (NTDA) were purchased from Aldrich Chemical Co. NA was
used as received and NTDA for model reactions was purified by reprecipita-
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tion from DAISO solution in absolute alcohol. The NTDA used for poly-
condensation was received in highly purified form from Dr. Van Deusen,
AFAID (MANP) Wright-Patterson Air Force Base, Ohio.

Model Compounds

Condensation of 1,8-Naphthalic Anhydride (NA)
and 1,2-Diaminoanthraquinone (JDAA)

In Glacial Acetic Acid. To 25 ml of solvent were added 1.1913 g (0.005
mole) of DAA and 0.9909 g (0.005 mole) of NA; the mixture was heated
under nitrogen atmosphere in the first 15 hr to 120°C and maintained for
55 hr. During the reaction a red-brown product precipitated. After
cooling it was collected by filtration, washed several times with acetic acid
and water, then extracted with water for 0 days. After drying in vacuum
at 70-80° C the yield was 1.083 g (55%).

Anar. Calcd for C-DIUNAL: C, 74.67%; Il, 3.37%; N, 6.69%. Found: C,
74.72%; H, 2.98%; N, 7.10%.

About 000 mg of this product was heated in a glass tube under reduced
pressure (0.5-1 mm Hg). In the first hour the temperature was raised to
280-300°C, in the second hour to 340°C and kept there for the next 2 hr.
The heated product showed infrared bands in the range of 1800-1200 cm-1:
1710(s), 1670(s), 1595-1585(s), 1545(m), 1460(m), 1415(m), 1355(s), 1330(s),
1290(s), 1250(m) cm-1.

Anar. Caled for CEHIND3: C, 78.00%; H, 3.02%; N, 7.00%. Found: C,
77.03%; H, 2.95%; N, 7.04%.

I PPA. DAA (1.1913 g, 0.005 mole) and NA (0.9909 g, 0.005 mole)
were heated in 25 g of PPA (82.5%) under nitrogen atmosphere to 130°C
in 3 hr and kept for 45 hr. After cooling, the black solution was pre-
cipitated in 700 ml distilled water, the precipitate isolated, neutralized
with ammonium carbonate, and washed and extracted with water for 4
days. A black granular solid was obtained in the yield of 1.18 g (60%).

Anat. Caled for CmlliND3: C, 78.00%; H, 3.02%; N, 7.00%; O, 11.98%.
Found: C, 73.45%; H, 2.98%; N, 8.35%; 0,11.20%; residue, 3.02%.

Further Purification. The above product was ground (0.5 g in 50 ml
of glacial acetic acid) and then boiled three times for 5-10 min. After
filtration the product was washed with hot acetic acid and water and dried
ina vacuum oven.

Anatl. Found: C, 74.84%; H, 2.99%; N, 8.97%; O, 11.34%; Res., 1.49%.,.
Found after heating in the solid state as above described: C, 76.74%; 11, 2.99%.; N,
9.61%,; O, 9.98%; residue, 1.40%.

Condensation of 1,8-Naphthalic anhydride with
1,2,5,6-Tetraaminoanthraquinone (TAA)

In the Melt. TAA (0.671 g, 0.0025 mole) was treated with an excess
of NA (5 g, 0.025 mole). The temperature was raised to 240°C in 2 hr
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and held there for another 2 hr, then slowly raised to 320°C in the last
15 hr. After purification by reprecipitation and extraction as described
before, the weight of the product obtained (2.625 g) was too high. There-
fore, the dark green powder was washed with hot DMSO several times
and finally with hot toluene and benzene. Because the unsatisfactory
elemental analysis (C, 71.94%; H, 2.86%; N, 9.48%; 0, 13.26%; residue,
0.99%) and indication of anhydride in infrared spectrum the product was
treated again with boiling acetic acid. The yield of the olive green product
was 0.984 g (83%). The infrared spectrum had the following bands in the
range of 1800-1200 cm-1: 1710(s), 1670(s), 1595-1585(s), 1545(m), 1490(w),
1460(m), 1410(s), 1350(s), 1330(s), 12S0(s), 1240(s) and a weak shoulder at
1640 cm-1. This shoulder decreased after heating in the solid state under
the same conditions as before.

Anal. Calcd for c, 74.74%; H, 2.98%; N, 9.18%. caled for
C3HiND4: ¢, 77.02%; H, 2.72%; N, 9.40%. Found before final heating: C, 72.63%;
H, 2.66%; N, 9.43%. Found after heating: C, 74.87%; H, 2.72%; N, 9.93%.

In the Melt. In a mortar 2.3825 g (0.01 mole) of DAA and 2.9727 ¢
(0.015 mole) of NA were intimately mixed and placed in a round bottom
flask. The system was evacuated and filled with nitrogen then heated
under N2atmosphere to 300°C in 3.5 hr and kept for Lhr. At about 200°C
the mixture melted and began an intensive elimination of water. The
dark solid mass thus obtained was ground in a mortar, dissolved in 10 ml
of concentrated HZOr and precipitated in 400 ml of water then extracted
for 6 days with water. The yield of dried dark green powder material thus
obtained was 3.655 g (>100%). Infrared spectrum indicated anhydride
groups. In order to remove the still present anhydride the product was
treated with hot acetic acid as described above. The yield was then 81%.

Anal. Calcd for C,HuN,04: C, 74.64%; H, 3.37%; N, 6.69%. C«HI2N 2 3:
C,78.00%; H,3.02%; N,7.00%. Found: C,76.84%; Il, 2.85%; N, 7.26%.

Analysis shows ring closure was incomplete. This product was heated in
the solid state under the same condition as before. The infrared spectrum
of the heated product was identical with the spectrum of the polymer ob-
tained in DMAC after heating.

Co?iclensation of 1,2-Diaminoanthraquino?ie with
1,4,5,8-Naphthalenetetracarboxylic Dianhydride

In the Solid State. The mixture of 2.3825 g of DAA and 1.340 g of
NTDA in 75 g of PPA was heated to 240°C for 1 hr and then 240 320°C
for 4.5 hr. It was then treated as described for the condensation product
of DAA and NA. Finally the product was extracted with water for 4
days. The yield was 2.433 g (75%). Elemental analysis indicated that
the product was not pure. Therefore, about 0.5 g of the product was
heated two times in about 50 ml of DMAc at 100-110°C for 10 min. After
cooling, the solid part was collected by filtration and washed with DMAc
and hot toluene and benzene. The purified product was dried in a vacuum
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oven at 100-110°C then further heated in the solid state up to 340°C.
The infrared spectrum had bands at 1710(s), 1665(s), 1585(s), 1545(m),
1490(m), 1400(m), 1410(h), 1370(m), 1350(a), 1310(a), 1280(a) and 124',
(sh)y cm-1. The heated product showed weaker bands at 1400 and 1280
cm-1.

Anat. Caled for CZHBND 6. C, 75.00%; H, 2.40%; N, 8.34%. Found before
heating: C, 74.14%; H, 2.39%; N, 8.02%; residue, 0.50%. Found after heating:
C,75.1%; H, 2.30%; N,7.97%; residue, 0.51%.

Polymers

Condensation of TAA with 1,4,5,8-Naphthalenetetracarhoxylic
Dianhydride (NTDA) in PPA

A solution of 0.6707 g (0.002', mole) of TAA and 0.0704 g (0.002", mole)
of NTDA in 27 g of PPA was heated to 240°C over a period of 35 hr. It
was then heated to 200°C for about 1 hr when the mixture became too thick
to stir. The highly viscous solvent was treated with 200 ml of distilled
water; the precipitate was collected on a filter, neutralized with ammonium
carbonate, then washed well and extracted with hot water for 4 days. A
dark polymer weighing 0.852 g was obtained. It showed infrared bands at
1710(m), 1660 (with shoulder), 1580(m), 1340(m) and 1240(s) cm-1. It
was 90% soluble in concentrated sulfuric acid and had an inherent viscosity
of 0.60.

Anatr. Calcd for CBH,2N4h: C, 69.43%; H, 2.50%; N, 11.55%. Found: C,
69.41%; H, 2.57%; N, 12.54%.

This compares to the open structure shown in formula Il.  When the solid
polymer was heated to 300°C for 3 hr and then to 300°C for an additional 2
hr, it was mainly the ladder structure 111 as indicated by infrared bands at
1710(w), 1450(w), 1340(w), 1260-1200(sh) and 1710(sh) cm-1 and by the
analysis.

Anal. Calcd for OBHINLO4: C, 72.15%; H, 2.06%; N, 12.00%. Found: C,
70.70%; H, 2.10%; N, 13.06%.

In Solid State. An intimate mixture of 0.6707 g of TAA and 0.6704 g
of NTDA was heated under N2to 160°C in the first hour, then to 280°C
in the next 4 hr and kept at this temperature for 1 hr. After cooling, the
solid mass was ground and dissolved in 8 ml of concentrated HZS04 then
precipitated in 400 ml of water. The dark violet precipitate was extracted
with water for 10 days. The yield was 0.627 g. A 400-mg portion of the
product was dissolved in 10 g of PPA and heated under nitrogen atmo-
sphere to 160°C and kept at 160-170°C for the next 3 hr until the reaction
mixture became very viscous and ceased to flow. After precipitation in
water the product was neutralized, washed and boiled four times in about
100-150 ml of water. The yield was 0.322 g. The final polymer (mrh
= 1.04) was further heated in the solid state as above described for the pre-
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vious polymer. The infrared spectra showed bands in the range of 1800
1200 cm-1 first polymer: 1775(b), 1750-1730(s), 1710(sh), 1650(b),
1595(b), 1570(m), 1515(s), 1435(b), 1365(b), 1315(b), 1285-1260(s), 1220(m)
cm*“1 After heating in PPA: 1710(m), 1675-1045(m), 1580(m), 1460(m),
1410(m), 1345(b), 1260-1220(s) cm-1. After heating in the solid state:
1710(w), 1450(w), 1340(iv), 1260-1200(sh) cm“1

Anat. Calcd for CBHUNAD 7 (structure 1): C, 64.87%; H, 2.72%; N, 10.51%.
Calcd for CBHiIN 405 (structure 11): C, 69.43%; H, 2.50%; N, 11.55%. Calcd for
CaBJiN404 (structure 111): C, 72.15%; H, 2.06%; N, 12.00%. Found after first, stage:
C, 63.86%; H, 3.03%; N, 11.16%. Found after PPA treatment: C, 69.42%; H, 2.57%;
N, 11.87%. Found after final heating: C, 70.08%; H, 1.99%; N, 12.30%.

In DMAc and CH3OOH. The same amount of the monomers as
before were heated under N2atmosphere in a mixture of 33 ml of DMAc
and 3 ml of glacial acetic acid. In the first 1.5 hr the temperature was
raised to 100°C, in the next 1 hr to 120°C and finally to 155-160°C for
4 hr. After standing overnight the black precipitate was collected by
filtration, washed several times with small amounts of DMAc, then with
water and finally boiled three times with water.  After drying in a vacuum
oven at 70-80°C, the yield was 1.402 g, 7inh «= 0.05 (in concentrated HZS04
at,30°C; c¢ = 0.5g/100ml). This sample had the following infrared bands:
1780(s), 1750(m), 1710(s), 1660(m), 1615(w), 1580(s), 1540(s), 1500(w),
1440(m), 1410(s), 1370(m), 1345(s), 1310(m), 1270(s), 1230(s) cm“1

Anai. Calcd for O,6HBN®nN (structure 1V:) C, 68.55%; H, 2.16%; N, 16.37%.
Found: C, 67.76%; H, 2.46%; N, 11.68%.

Heating this apparent tetramer in the solid state for 3 hr at 300°C and then
350°C for 2 hr longer made little change in either the infrared spectrum or
the analysis.

General Procedure for Condensation of the Prepolymer
IV in Polyphosphoric Acid (Table I)

The prepolymer was dissolved in a weighed amount of PPA contained in a
three-necked round-bottomed flask equipped with mechanical stirrer and
an inlet and outlet for dry nitrogen. The mixture was warmed in an oil
bath to 80°C and stirred as rapidly as possible overnight to insure complete
dissolution of the prepolymer. As in run 2, the mixture was then heated to
120°C in 1 hr and held at that temperature for 1.5 hr, then heated to 190-
200°C in 1 hr and held at the latter temperature for 1 hr. After this final
heating, the mixture became a rubbery mass. The mass was cooled to room
temperature and broken up in water with a blender. The fine powder was
mixed rapidly in the blender with water four more times, filtered and ex-
tracted in a Soxhlet overnight with water. The product was then ex-
tracted with ethanol for 4 hr and ether for 4 hr and dried under vacuum.
The products of these procedures had analyses and inherent viscosities
shown in Table I.
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The infrared spectrum (KBr) of the product of Run 1 had bands at
1710(m), 1660(m), INSO(m), 1460(m), 1340(b), 1260(sh), 1220(s) cm-1
The ultraviolet spectrum showed x"*at 430(sh), 473, 493, 503 niju.

Reduction and Solubilization

A 1-g portion of polymer (run 9, 7irh = 2.7) was covered with 5 ml
DMSO in a 25 ml three-necked round-bottomed flask with mechanical
stirrer and inlet and outlet for dry nitrogen. This mixture was stirred
under nitrogen for Lhr and 1g of finely ground NaOH lias added along with
1 g of sodium dithionite and 5 ml of water. The mixture was stirred under
nitrogen at 80-90°C for 2 hr. The polymer became highly swollen and
formed a partial solution. When the solution was exposed to air a rubbery
film formed on the surface. Some brittle fibers were prepared by extruding
the solution into 1:1 DMSO:HD, OliV HCL

The polymer was reoxidized by pouring the solution into the extrusion
solution. The black solid was collected by filtration, extracted with water
in a Soxhlet overnight and with ethanol for 2 hr. ~ After drying, the polymer
had ijinh = 0.82 (0.52% in CH3HS03) and gave a TGA curve nearly identi-
cal with that of Figure 1

Wet Spinning from Methanesulfonic Acid Solutions

A spinning dope was prepared by heating a mixture of 1g of polymer in 15
ml of methanesulfonic acid at 60-70°C overnight. The extremely viscous
solution was poured into the barrel of a 10 ml syringe. An 18 gauge needle
was attached and with as constant pressure as possible the solution was ex-
truded into 70% methanesulfonic acid contained in a large shallow dish.
The end of the precipitated fiber was grasped with a forceps and was drawn
gently across the surface of the precipitation bath for about 6 in. while
holding the pressure on the syringe steady. Fibers as long as 24 in. were
drawn in this way. The fiber was then washed in water, 10% sodium car-
bonate, again in water and air dried. The fibers thus formed were strong
and flexible. Finer filaments were also formed by using 22 and 25 gauge
needles.

This work was supported by the Air Force Materials Laboratory, Air Force Systems
Command, Wright-Patterson Air Force Base, Ohio.

We are indebted to Dr. G. F. L. Elders, Air Force Materials Laboratory, Wright-Pat-
terson Air Force Base, for the thermogravimetric analyses.
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SYNOPSIS

The preparation of polyamides by the phosphite amide procedure was investigated.
The yield of amidation was determined in the reaction of diethyl- or o-phenylenephos-
phite derivatives of piperidine, piperazine, or iroras-2,5-dimethylpiperazine with either
mono- or dicarboxylic acids. Higher yields were obtained by using diethyl phosphite
derivatives; however, for both types of derivatives the yields were never greater than
90%. Only low molecular weight polymers could be obtained under optimum reaction
conditions. In the polycondensation of (+ )-frans-l,3-cyclohexanedicarboxylic acid or
(+ )-fraras-1,2-cyclohexanedicarboxylic acid with phosphite derivatives of either piper-
azine or imrax-2,.7-dimethylpiperazine, the optical rotation of the polymers was lower than
the rotation of the corresponding polyamides prepared by the interfacial condensation
procedure with dicarboxylic acid chlorides. It was shown that an intermediate mixed
anhydride was formed during the amidation reaction. This may account for the ob-
served racemization.

INTRODUCTION

As part of a study to determine the conformational behavior of asym-
metric polyamides,12 the preparation of a series of polymers containing
cyclic dicarboxylic acids and piperazine units was undertaken. Since
rigid, optically active cyclic diacids were used, it was necessary to employ a
polymerization procedure which was expect'd to afford polymers of reason-
ably high molecular weight in nearly qualitative yields without racemiza-
tion. Of the possible routes, those methods requiring the activation of the
carbonyl group,&e.g., interfacial condensation using dicarbonyl chlorides,
were undesirable because the electronegative substituent could facilitate
nucleophilic displacement on the adjacent carbon atom causing racemiza-
tion.  On the other hand, no racemization would be expected if the coupling
of an optically active dicarboxylic acid with an active derivative of the
amine moiety.d Among these methods, the activation of the amine group
through phosphite4-8 and phosphate8* derivatives has achieved consider-
able attention. It has been reported that under certain conditions the
coupling reaction of protected amino acids with various phosphite amide

* Visiting Research Associate. Piesent address: Institute of Macromolecular Chem-
istry, Czechoslovak Academy of Science, Prague, Czechoslovakia.
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derivatives proceeded in high yields7 without racemization.67 Therefore,
the possibility of preparing rigid optically active polyamides by using this
procedure was explored.

In using rigid and sterically hindered dicarboxylic acids, a different rate of
reactivity was expected as compared to that for the flexible amino acids.
In order to determine the best reaction condition for polymerization, factors
such as time, temperature, rate of addition, concentration of reacting spe-
cies, and solvent composition were investigated in the preparation of re-
lated model systems.

RESULTS AND DISCUSSION

The phosphite amides prepared for this study were: 1,4-bis (diethoxy-
phosphido)piperazine (1), |,4-bis(diethoxyphosphido)-ba;;s-2,5-dimethvl-
piperazine (1), 1,4-bis(l,2-0-phenylenedioxyphosphido)-piperazine (111),
1,4-bis(l,2-0-phenylenedioxyphosphido)-trans-2,5-dimethylpiperazine (1V),
and 1-diethoxyphosphidopiperidine (V).

Mixed Anhydride Formation

In the reaction of the phosphite amides with various mono or dicarboxylic
acids, a substance insoluble in certain solvents was isolated from the reac-
tion mixture. Appreciable amounts, up to 30% of the insoluble product
were formed during the attempted polycondensation of o-phenylenephos-
phite amide (Il1) with (% )tm«..s-1,2-cyclohexanediearboxylic acid (VI)
in pyridine.  From both the elemental analysis for phosphorus content and
infrared determination, it was concluded that the insoluble product
(salt VI1I) consisted of a mixed anhydride formed from o-plienylenephos-
pliite 11 and diacid VI, and the monophosphite amide of piperazine.

VIl

Reacting piperidinophosphite (V) (Z = >CH2 with the diacid VI (1:1
mixture) in diethyl ether, a high yield of the monopiperidine salt V111 was
obtained. In toluene, dimethylformamide (DMF), or pyridine, high yields
of the monoamide I1X (Z = >CFI2 were obtained. These results sug-
gested that the reaction proceeded by two paths; the final product depends
upon the solubility and/or reactivity of the sail intermediate (VII or
VII).

The formation of the salts VII and VI1II indicated that the amidation
reaction (1) was not faster than the exchange reaction (2) which resulted in
the mixed anhydride. The latter can react with the liberated cyclic amine
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to form the amide [reaction {&)] or the free cyclic amine can react with the
carboxylic group to form the salt [reaction (4)].

— COOH +

-CoO0— P +

-COOH

0

— C— N Z o+
P— N Z

c—0—P .

0
HN Z — 2 — C— N z +
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P— OH
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As soon as the salt becomes insoluble in the reaction medium, the concentra-
tion of both components decreases rapidly in the solution resulting in a de-
crease of the amidation reactions (1) and (3).

A quantitative yield of the monopiperidine salt was obtained from the re-
action of piperidinophosphite (V) with (z)bicyclo[2.2.2]-octane-Ercms-2,3-
dicarboxylic acid (X) (1:1 mixture) in toluene (Table 1). On refluxing the
reaction mixture, both the monoamide (I1X) and the monopiperidine salt
(VII) could be obtained. It appeared as if reaction (1) did not signifi-
cantly contribute to the condensation and that the major part of the amide
bond was formed from the mixed anhydride by reaction (3). When the
reaction of diacid X with the phosphite derivative V was carried out in
DM F, no precipitation of the salt occurred, as was observed when the reac-
tion was carried out in other solvents. After the usual work-up, a mixture
of monopiperidine salt, monoamide, and some diamide could be isolated.

TABLE 1
Reaction of |-Diethoxyphosphidopiperidine (V) with Cyclic Picarboxylic Acids
Temp, Time, Major
Diacid Solvent” Ratiol °C hr product (s)°
0 DEE 1 25 2 a+ 10% b
I DMF 1 25 i b, 85%
P 1 60 D b, 90%
MOH
0
(*)-VI
(-)-VI T 2 Reflux ?) ¢, 85%
0
T 2 Reflux 2 ¢, SS%
T 1 25 10 a, 90%,
T 1 Reflux 2 a+ b (%) + ¢
P 2 60 f) b+ ¢ (60%) + d
P 2 60 40 ¢, 60%
0 DMF 1 30 6 a+b
()-X DMF 1 60 4 40% a + 40%, J)
T 1 25 10 a, 95%
T 1 50 2 a+ b
P 1 60 4 50% b +
T 2 Reflux 2 ¢, 90%
DEE 1 25 2 a, 97%
DEE 1 25 12 a, 95%,

"Solvents: T = toluene, P = pyridine, DEE = diethyl ether, DMF = dimethyl-
formamide.

b Ratio: 1-diethoxyphosphidopiperiding (V) to dicarboxylic acid.

cProduct(s): a = monopiperidine salt, b = monoamide, ¢ = diamide, d = diacid.
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An authentic sample of the monopiperidine salt of X was found to be very
soluble in DM F. These results indicated that solubility, dissociation and
reactivity [reaction (5)] of (lie intermediate salt were important for the
amidation reaction.

0
—C00— + ACOOHHNAZ —C—NA~Z + ~COOH (5
+
OH
OEt
Z= "CH, N_—vy
'V'OEt

Yield of Amidation

The corresponding diethyl and o-phenylenephosphite amides (I-1V)
were prepared to compare the reactivity of the different types of phosphite

TABLE 11
Head ion of Phosphite Amides with Cyclohexaneearboxylie
(CH) and Benzoic Acid (B)

Phosphite Temp, Time,
amide* Acid Solventl °C hr Yield, %
1 B P 100 20 NX
1 B T 60 20 19
1l B DM F 60 20 8
11 CH DM F 60 20 69
I CH P 60 2 45
11 CH P 60 20 63
11 CH P 60 2.5 73c
11 B P 60 20 58
I B P 60 40 59
11 B DEP 60 20 40
11 B DEP 60 40 40
11 B DMF 60 20 57
11 B DMF 60 40 65
1 B T 25 00 30
1 B T 60 20 63
11 B T e 1.7 o]
\V4 B T 100 22 32
v B T 100 4S 40
v B P 100 20 43
v B P 100 64 43

“Amides: 11 = 1,4-bis(diethoxyphosphido)-trans-2,5-dimethylpiperazine; HI = 14-
bis(l,2-phenylenedioxyphosphido )piperazine; IV = 1,4-bis(l,2-phenylenedioxyphos-
phido)-traras-2,r>-dimethylpiperazine.

bSolvents: T = toluene, P = pyridine, DEI’ = diethylphosphite, DMF = dimethyl-
formamide.

¢ The acid wei*;added during 1.5 hr.
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amides derived from piperazine and ¢rans-2,5-dimethylpiperazine. The
o-phenylenephosphite amides, (I111) and (IV), were promising because they
were crystalline. They could be purified easily and weighted exactly in
equimolar amounts with the dicarboxylic acids for the polycondensation
reaction. However, the results which are summarized in Table Il indi-
cated that the yields of diacylated products obtained from o-phenylene-
phosphite derivatives (111) or (IV) were lower than the yields obtained from
the diethylphosphite derivative (I1). The observations were directly con-
trary to those reported in the literature, where it was stated that o-phenvl-
enephosphite derivatives gave higher yields.D

Studying the influence of the solvent on the yield, it was observed that the
yield varied for the different types of phosphite amides. The yield prob-
ably depends on the solubility and dissociation of the salt intermediate, and
on the relative rates of reaction 1, 2, 3and $in a particular solvent. Ander-
son et al.4also found that amidation proceeded in higher yield in certain
solvents.

To suppress salt formation during the preparation of the polymers, the
reaction was studied in anhydrous pyridine. In the reaction of phosphite
amides (I 1V) with monocarboxylic acids in pyridine, the yields obtained
varied but were generally higher than those obtained in other solvents
(Table 11).  Similar trends were obtained for the dicarboxylic acids (Table
). t
) No significant increase in the yield occurred when the reaction time was
extended. An increase in the yield with an increase in temperature was
attributed to the increased solubility, dissociation and reactivity of the in-
termediate salt with temperature (Tables 1and II).

A pronounced effect of the rate of addition of the carboxylic acid to the
phosphite amide solution on the yield was observed. Only 45% of the di-
amide was obtained when the acid was added all at once, whereas upon a
slow addition of the acid the yield increased to 73% (Table Il). In the
latter case, the reaction proceeded at a low concentration of acid; there-
fore, the concentration of the free amine groups was higher than in the case
when all the acid was added at the beginning of the reaction.

The reaction of ¢ra?is-l,2-cyclohexanedicarboxylic acid (V1) with piperi-
dinophosphite V gave a quantitative yield of the monoamide IX (Z =
>CH32 in a shorter time, as compared to that of the diacid VI with the
phosphite V in DIMF at (>0°C, a precipitate appeared within 15 minutes of
mixing which then redissolved. After the usual work-up, only the mono-
amide was collected in quantitative yield. When the reaction was re-
peated, the precipitate was isolated and identified as the frans-monopiperi-
dine salt of VI. These results again indicated that reaction (2) predomi-
nates. The liberated piperidine reacted with the acid and formed a salt
[reaction (4)]. However, for this acid, the mixed anhydride salt cyclized
forming the dicarboxylic anhydride of VI which then reacted with piperi-
dine to form the monoamide product. The reaction of the (+) anhydride
of VI and piperidine in various solvents was studied and was found to be
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very fast. The proposed formation of trans-1,2-cyclohexanedicarboxylic
anhydride as an intermediate is realistic because attempts to prepare other
reactive intermediates of diacid VI always resulted in the isolation of some
trans-1,2-cyclohexanedicarboxylic anhydride.1l Both the /ran.s-1,3-cyclo-
hexanedicarboxylic acid and bicyclic diacid (X) are unable to form the in-
termediate internal anhydride.  This would suggest that the amidation pro-
ceeded predominantly by way of reaction (3) for these two acids. How-
ever, the formation of an anhydride between two diacid molecules cannot
be ruled out entirely.

Polycondensation

Only low molecular weight polyamides were obtained in the polyconden-
sation of various types of phosphite amides (I-1V) with the dicarboxylic
acids. Even under optimum reaction conditions, the intrinsic viscosity of
the polymers was never greater than 0.10 dl/g. The molecular weight of
the polymers did not increase by extending the reaction time from SO min
to 82 hr.  These results can be rationalized because the yields of the amida-
tion reaction for the models did not exceed 90%. The yields were also un-
affected by the length of time of the reaction (Table II).

The molecular weight of the polymers prepared by the use of o-phenyl-
enephosphite amide was 50% lower than the molecular weight of the poly-
mers prepared using diethylphosphite amides. Again, this corresponds to
the lower yields of amidation found in the model studies (Table 11). This
is analogous to the condensation of tripeptides with tetraethylpyrophosphite
where only low molecular weight polyamides were obtained under various
conditions.12-14

The optical rotation of polymers prepared from the optically active tvans-
1,2- or Ivans-1,3-cyclohexanedicarboxy lic acids was 20-50% lower than the
rotation of the corresponding polymers prepared either by the polyconden-
sation of diamines with dicarbonyl chloridesll or with reactive diesters.5
The difference in the rotation could be due to the lower molecular weight of
the polymers obtained by the phosphite amide procedure; however, the dif-
erence is caused by racemization because it is known that oligopeptides of
L-proline (tetramer or pentamer) account for 80% of the observed optical
rotation of poly-L-proline.16-18

The reaction of optically active diacid VI and phosphite amide V was
studied (1:2 mixture). After refluxing the mixture in toluene for 3 hr, the
diamide product was isolated and purified. An optical rotatory dispersion
spectrum of the product exhibited 90% of the observed rotational strength
when compared to an authentic sample prepared by another route.1l Part
of the difference could be explained in terms, of accuracy within the limits
of experimental error of the measurement. Also a trace amount of phos-
phite by-product could not be completely eliminated from the sample.
This may also account for the difference. Nevertheless, the extent of race-
mization was not as high as in the polymer preparation.
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Because of the two conflicting results between polymer and model prep-
arations, the high racemization during the polymerization may be due to the
presence of pyridine for long periods of time. The basic pyridine could
complex with the acidic a-hydrogen of the dicarboxylic acids which would
result in racemization in polymer preparation.

The mixed anhydride reaction is known to cause racemization in the prep-
aration of polypeptides.3* The fact that the carboxyl component and not
the amino component is racemized in the coupling of amino acids can be ac-
cepted also as an indication for the participation of the activated carboxyl
group in the phosphite amide procedure.® Therefore, the condensation of
phosphite amides with carboxylic acids cannot be considered as a reaction
of the activated amine group.

Postcondensation of Interfacial Polymers

It was found that polymers prepared by interfacial polycondensation of
trans-1,2-cyclohexanedicarbonyl chloride with frans-2,5-dimethylpiper-
azine contain predominantly carboxylic end groups and only a minor frac-
tion of amine end groups. The molecular weight of these polyamides could
be increased in two ways: first, by converting the carboxylic end groups
into activated derivatives such as active esters, which can then be coupled
with an equivalent of the diamine; second by coupling the carboxylic end
groups with a suitable active derivative of the diamine, e.g., a phosphite
amide derivative. The first method has certain disadvantages. When di-
cyclohexylcarbodiimide is used as condensing agent,Dside reactions such as
the formation of anhydrides and acyl urea produced parallel to the forma-
tion of the active esters. Consequently, the coupling of the carboxylic end
groups with |,4-bis(diethoxyphosphido)-/rans-2,5-dimethylpiperazine was
investigated as a method to increase the molecular weight of polyamides
[reaction (6)].

CH,
Y COOH + (EtO)P—n  n— P(EtO), + HOCO------- P,
CHi
(6)
CH
Y — CO—N  N— CO--memeev Pm + 2 (EtO),P—OH

The second-order rate constant of the coupling reaction was estimated to
be 6 X 10~41/mole-sec by determining the decrease of the carboxyl group
content during the postcondensation. A similar value (0 X 1()~4 1/mole-
sec) was found for the opt jcully active polyamide system at <S8°C.  The rate
was found to be too low to be useful in the preparation of high molecular
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weight polyamides from ¢m?)s-I,2-cyclohexanedicarboxylic acid and phos-
phite amide derivatives of ¢raws-2,5-dimethylpiperazine because of the high
temperature and long reaction time necessary to attain a reasonable extent
of reaction. Nevertheless, this method might be useful for increasing the
molecular weight of polyamides which contain mostly carboxylic end
groups. In addition, by this procedure it would be possible to obtain high
molecular weight polymers from rather low molecular weight polyamides of
high optical purity which can be obtained by simpler methods.11 13

EXPERIMENTAL

General

During the synthesis, all operations were performed in dry solvents under
a nitrogen atmosphere previously dried by using molecular sieve 4A. The
purification of the starting materials and the manipulation of the phosphite
amides were carried out under a dry nitrogen atmosphere.  Triethylamine,
pyridine, and toluene were dried over molecular sieve 4A and then with
sodium ketyl.2L Dimethylformamide was dried over molecular sieve 4A.
The solvents were finally distilled in a dry nitrogen atmosphere into storage
flasks that were equipped with a three-way stopcock which allowed the
withdrawal of small amounts of solvents in a stream of dry nitrogen. The
products (Table 1) obtained from the piperidinophosphite (V) reactions
were isolated using wet solvents at atmospheric conditions to insure com-
plete hydrolysis of the mixed anhydride. The molecular weight of poly-
mers was determined with a Hitachi-Perkin-Elmer Model 115 apparatus in
chloroform at 40°C.

Materials

0-Phenylenechlorophosphite2 was redistilled before use (bp 4S.2-
48.4°C/0.3 mm). Diethyl chlorophosphite was prepared by refluxing 0.2
mole of triethyl phosphite with 0.1 mole of phosphorus trichloride and dis-
tilling the product twice (bp 64°C/50 mm, 147-147.5°C/760 mm).3
Piperazine and ¢ran,s-2,5-dimethyjpiperazine were dried by azeotropic dis-
tillation using toluene.  After recrystallization from toluene, the materials
were stored in sealed ampoules under dry nitrogen in amounts required for
the reactions. The (—) and (% )trans-l,2-cyclohexanedicarboxylic acids
were prepared according to published procedures.d (+)Bicyclo[2.2.2]
octane-trans-2,3-dicarboxylic acid and (% )bicvclo- [2.2.2 [oct-5-ene-trans-
2,3-dicarboxylic acid were prepared as described.3

1,4-Bis(diethoxyphosphido)piperazine (I).  Diethyl chlorophosphite
(5.63 g, 36.0 mmole) was added to a stirred solution consisting of piperazine
(1.546 g, 17.9 mmole), triethylamine (3.70 g), and 150 ml of toluene main-
tained at 0°C. After reaction at 0°C for 2 hr and at room temperature for
1 hr, the triethylamine hydrochloride was filtered off and washed with two
portions of toluene (50 ml). The filtrate was concentrated by evaporation
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at 26°C/0.05 mm, leaving a viscous colorless liquid residue; yield 5.36 g
(92%).

ANaL. Caled for CrlluNsOPy:  C, 45.63%; 1, 8.93%; N, 8.87%; P, 22.64%.
Found: C,45.519; H,8.98%; N, 8.80%; P,22.51%,.

1,4-Bis(diethoxyphosphido)-trans-2,5-dimethylpiperazine (II). Diethyl
chlorophosphite (2.86 g, 8.3 mmole) was added to a stirred solution of
trans-2,5-dimethylpiperazine (0.945 g, 8.30 mmole) and triethylamine (1.66
g) in toluene (100 ml) at 0°C. After 1 hr, the triethylamine hydrochloride
was removed by filtration. The filtrate was concentrated by evaporation
at 25°C/0.05 mm to a viscous colorless liquid (2.53 g, 859).

ANaL. Caled for Ci:HuNOsPs: C, 42.409,; H, 9.499%; N, 8.249,; P, 21.049%,.
Found: C,42.289;; H, 9.58%; N, 8.18%,; P, 20.93%.

1,4-Bis(1,2-o-phenylenedioxyphosphido)piperazine (III). A solution of
piperazine (1.67 g, 19.4 mmole) and triethylamine (4.11 g, 40.6 mmole) in
toluene (96 ml) was cooled to 0°C and stirred while o-phenylene chloro-
phosphite (6.80 g, 39.0 mmole) was added. The reaction temperature was
allowed to attain room temperature slowly. After an additional 2 hr, tri-
ethylamine hydrochloride was filtered off and washed, first with 90 ml and
then with 15 ml of toluene. About 40 ml of toluene was removed by
distillation from the mixture. After cooling to —70°C, crystalline phos-
phite amide III separated. The product was filtered at —60°, washed with
toluene and dried at 26°C/0.1 mm. Obtained 5.22 g (749,), mp 149-
150°C. Another 0.86 g (129,) of phosphite amide IT was obtained from
the mother liquid.

AnaL. Caled for CisHisN2OsPo: C, 53.059%; H, 4.45%; N, 7.73%; P. 17.119%,.
Found: C,533.16%; H,4.57%; N,7.65%; P, 17.01%.

1,4-Bis(1,2- 0 - phenylenedioxyphosphido) - trans- 2,5 - dimethylpiperazine
(IV). To a stirred solution of trans-2,5-dimethylpiperazine (1.835 g,
16.1 mmole) and triethylamine (3.28 g, 32.4 mmole) in ether (100 ml) cooled
to 0°C was added o-phenylene chlorophosphite (5.77 g, 33.1 mmole) during
4 3 min period. After stirring at room temperature for 1 hr, triethylamine
hydrochloride was filtered and washed with ether; then most of the solvent
was removed in vacuo. The resulting solution (about 10 ml of ether) was
cooled to —70°C and the phosphite amide IV which crystallized was filtered
and washed with ether. The yield was 5.60 g (899;); mp 132.5-133.5°C.

AnaL. Caled for CisHpNyOsPy: C, 55.39%; H, 5.16%; N, 7.18%. Found: C,
55.18%; H, 5.49%; N, 7.15%,.

1-Diethyoxyphosphidopiperidine (V). Freshly distilled piperidine (16.4
g, 0.19 mole) (distilled from BaO or CaHs) dissolved in 250 ml of diethyl
ether was added during a period of 30 min to an ice-cold, stirred solution
consisting of freshly distilled diethyl chlorophosphite (30 g, 0.19 mole),
anhydrous triethylamine (21.2 g, 0.21 mole), and 500 ml of diethyl ether.
After stirring the reaction mixture for 1 hr at 0°C and 1 hr at room tem-
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perature, the precipitated triethylamine hydrochloride was removed
by filtration and washed with diethyl ether. The ether was removed by
distillation leaving a viscous residue which was vacuum distilled. After a
large fore run (bp 56-100°C/28 mm), 1-diethoxyphosphidopiperidine (V)
was collected, bp 101°C/28 mm. Obtained was 23.6 g (609%,), % = 1.4614.

ANaL. Caled for CsHuNOP: C, 52.67%; H, 9.82%; N, 6.82%. Found: C,
52.73%; H, 9.76%,; N, 6.48¢,.

Typical Reaction of 1-Diethyoxyphosphidopiperidine (V) with Various
Dicarboxylic Acids

Phosphite amide V was reacted with an appropriate amount of dicar-
boxylic acid dissolved in approximately 10 ml of solvent (or enough solvent
to dissolve the acid). The reaction conditions and product distributions
are listed in Table I. The general work-up consisted of diluting the reac-
tion mixture with approximately 40 ml of wet diethyl ether. The precipi-
tate that formed was isolated by filtration and air dried. It was identified
as the monopiperidino salt of the diacid by comparison with an authentic
sample prepared by a different procedure. In addition, some free acid
(identified by mp) can be isolated. The filtrate was concentrated to dry-
ness at 26°C in vacuo. The oily residue which slowly crystallized after
months, consisted of a mixture of products, solvent, and phosphite by-
products. Generally, the residue was dissolved in a small quantity of chlo-
roform and placed on the top of 3040 g of I'lorsil in a chromatography col-
umn; it was eluted first with petroleum ether (bp 30-60°C) and then by a
cyclohexane—ether mixture (1:1). After removing the solvent by evapora-
tion, the solid residue was recrystallized from a small quantity of ethyl ace-
tate—petroleum ether mixture. The product was identified as the mono-
amide when one equivalent of phosphite amide V was reacted with one
equivalent of dicarboxylic acid. In the reaction of two equivalents of
phosphite amide V with one equivalent of diacid, the diamide was isolated.
Both monoamide and diamide ecould be isolated when pyridine was used as
solvent. The products were identified by comparison of the infrared and
NMR spectra and melting points with those of authentic samples prepared
by a different procedure.

Typical Reaction of Phosphite Amide with Benzoic or
Cyclohexanecarboxylic Acid

Piperazine- or trans-2,5-dimethylpiperazinephosphidoamines (I-1V,
10-20 mmole) were reacted with exactly equimolar amounts of benzoic or
cyclohexanecarboxylic acid dissolved in 10 ml of solvent. After diluting
the reaction mixture with approximately 30 ml of chloroform, the solution
was washed with saturated sodium bicarbonate and finally with water
After evaporating to dryness, the residue was dissolved in 5 ml of ethyl
alcohol and poured into boiling water. The diacylated piperazine or
trans-2,5-dimethylpiperazine derivative was isolated by cooling the reaction
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mixture to room temperature. The product was collected by filtration and
dried in vacuo. The reaction conditions and yields of the diamides are given
in Table I. In some cases, a crystalline solid was deposited oil the walls
during the reaction. This solid was soluble in water.

Reaction of 1-Diethoxyphosphidopiperidine (V) with (+)-/ra«,s-1,2-Cyclo-
hexanedicarboxylic Acid (VI) in DMF

Piperidinophosphite (V) (3.39 g, 16.5 mmole) dissolved in 10 ml of dry
DM F was added over a period of 20 min to a stirred solution consisting of
hems-1,2-cyclohexanedicarboxylic acid (2.94 g, 16.5 mmole) and 25 ml. of
DMF at room temperature. Ten minutes after the initial addition a pre-
cipitate formed which redissolved within 10 min after the addition was com-
pleted. The reaction mixture was stirred an additional hour. After the
usual work-up and purification, the monoamide product, ha/is-2-piperidino-
carbonylcyclohexanecarboxylic acid was isolated. Obtained was 3.3 g
(85%) of product, mp 120-121°C; on additional recrystallization it had mp
121° (authentic sample mp 121-121.5°C).

The reaction was repeated with the piperidinophosphite (V) being added
rapidly by syringe. The reaction mixture was filtered when the precipitate
appeared. The precipitate was washed twice with 2-ml portions of DMF,
several times with wet diethyl ether, and air-dried. The obtained product
was identified as the monopiperidine salt of diacid VI, mp 152-153°C.
After vacuum sublimation, a product with mp 153-154°C was obtained; an
authentic sample had mp 153-154°C.

Preparation of Monopiperidine Salts of Various Dicarboxylic Acids

One equivalent of anhydrous piperidine was added to the dicarboxylic
acid dissolved in a large quantity of a suitable solvent. The reaction mix-
ture was diluted with diethyl ether. The precipitate was collected by filtra-
tion and air dried. The product was purified by adding to hot ethyl ace-
tate. The precipitate was reisolated by filtration and air dried. The
conditions, the compound, solvent, product, melting point, and analysis are
listed as follows. (x)Bicyclo[2.2.2]octane-irans-2,3-dicarboxylic acid,
toluene, frans-monopiperidine salt, mp 164-165°C.

Anal. Calcd for CisHjsNou C, 63.58%; H, 8.89%; N, 4.94%. Found: C,
63.53%; H, 8.82%; N, 5.08%.

(x)Bicyclo [2.2.2 ]oct-5-ene-frans-2,3-dicarboxylic  acid, toluene, trans-
monopiperidine salt, mp 156-158°C.

Anat. Caled for C,JIZNO04 C, 64.04%; H, 824%; N, 498%, Found: C,
64.07% ; 11,8.02%; N, 4.96%.

(% )-trans-1,2-cyclohexanedicarboxylic acid, DAIF, /raws-monopiperidine
salt, mp 156-158°C.

Anal. Calcd for CiHZNO04 C, 60.68%; H, 9.01%; N, 5.44%. Found: C,
60.78%,; 11, 9.06%; N, 5.43%.
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cfs-1,2-cyclohexanedicarboxylic acid, DAII', cis-monopiperidine salt, mp
143-144.5°C.

Anal. Calcd for CIHNONO4: C, 60.68%; H, 9.01%; N, 5.44%. Found: C,
60.61%; H, 9.09%; N, 5.37%.

Reaction of (z)-Oans-l,2-Cyclohexanedicarboxylic Acid (VI) with 1,4-
Bis(l,2-0-phenylenedioxyphosphido)piperazine (I11). (x)trans-1,2-Cyclo-
hexanedicarboxylic acid (0.6679 g, 3.88 mmole) in 5.2 ml of pyridine was
added, over a period of 10 hr, to a stirred solution consisting of 1.329 g (3.66
mmole) of phosphite amide 111 and 5.2 ml of pyridine maintained at 60°.
During the addition, a crystalline solid separated from the reaction mixture.
After the addition of the diacid, the reaction mixture was stirred at 60°C
for 20 hr, diluted with 25 ml of methylene chloride and the solid material
was isolated by filtration (obtained 0.59 g). The infrared spectrum of this
substance showed the presence of -N H 22 00C-(salt).

Anal. Calcd for CaJEsNoOgP-.: P, 11.59%. Found: P, 12.0%.

The filtrate was evaporated in vacuo, leaving a dry residue which was dis-
solved in 30 ml of chloroform. The solution was washed with 10% sodium
carbonate, 10% sulfuric acid, and finally with water. The solution was
evaporated to 5 ml and pipetted into 200 ml of ether which was stirred.
The polymer was isolated by filtration and dried in vacuo. Avyield of 0.38 g
(47%) was obtained. The infrared spectrum showed absorption at 1635
cm-1 (amide).

Polycondensation of (£ )tra«s-1,2-Cyclohexanedicarboxylic Acid (V1) with
1,4-Bis(diethoxyphosphido)-trans-2,5-diniethylpiperazine  (1I).  Diethyl
chlorophosphite (1.6 ml) was added to a stirred solution consisting of
/rans-2,5-dimethylpiperazine (0.567 g, 4.96 mmole) and methylene chlo-
ride (15 ml) maintained between 5-10°. After 15 min, 1.61 ml of triethyl-
amine was added. The mixture was stirred for an additional period of 45
min at room temperature. After the triethylamine hydrochloride was
filtered off and washed with methylene chloride, the solvent and the excess
diethyl chlorophosphite were removed by evaporation at 60-70°C/0.2 mm,
leaving a residue which was then dissolved in 7.5 ml of diethyl phosphite.
To this solution (x)Erans-1,2-cyclohexanedicarboxylic acid (0.8455 g, 4.91
mmole) was added. The reaction mixture was heated at 85° for a period of
80 min.  After cooling, 30 ml of ether was added and the precipitate which
was isolated was redissolved in 5 ml of DMF at 100°C. The filtered solu-
tion was pipetted into 200 ml of water, and the polymer was isolated by fil-
tration. After washing with water and drying, polymer, 1.10 g (89%) was
obtained; [i7]5 (methyl alcohol) 0.113 dl/g.

Polycondensation of (% )/rans-l,2-Cyclohexanedicarboxylic Acid (VI)
with  1,4-Bis(diethoxyphosphido)-ficw?s-2,5-dimethylpiperazine (1I). A
solution consisting of phosphite amide 1V, (0.7957 g, 2.25 mmole) and (*)-
¢rans-1,2-cyclohexanedicarboxylic acid (1) (0.3955 g, 229 mmole) in
pyridine (4 ml) was heated at 100°C for a period of 82 hr. The pyridine
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was removed by evaporation at 60-N0°C/10 mm. The residue was dis-
solved in 5 ml of DM F and pipetted into MIDml of water. The polymer
was washed thoroughly with water and dried at 120°C/0.05 mm; yield 0.52
g (92%). The polymer was reprecipitated by pipetting a chloroform solu-
tion into ether; [77]® (methyl alcohol) 0.108 dl/g, M,, = 5060. The in-
frared spectrum shows bands at 1635 (amide), 1725 (carboxyl), and 3480
cm' 1(amine).

Polycondensation of (+)ba?is-1,2-Cyclohexanedicarboxylic Acid (VI)
with 1,4-Bis(l,2-o0-phenylenedioxyphosphido)piperazine (I1I). (*)!rans-
1.2- Cyclohexanedicarboxylic acid (0.401 g, 2.33 mmole) and phosphite
amide 111 (0.843 g, 2.33 mmole) in 3 ml of DMF was heated at 80°C for 7
hrs.  After most of the solvent has removed by evaporation at 80-90°C/
0.05 mm, the residue was heated with 8 ml of aqueous methyl alcohol at
60°C for Lhr. Evaporation of the alcohol and water from the mixture left
a residue which was dissolved in methylene chloride. The solution was
washed with water. The polymer was isolated by precipitation with ether;
yield 0.36 g (60%), h p (methyl alcohol) 0.053 dl/g.

Polycondensation of (—fra??s-1,2-Cyciohexanedicarboxylic Acid (VI)
with |,4-Bis!diethoxyphosphido)-/rae.s-2,5-dimethylpiperazine (II). (-)-
Ira?is-1,2-Cyclohexanedicarboxylic acid (0.5774 g, 3.36 mmole, [a]f>
—18.9 [c = 2, CHCU]) and phosphite amide 11 (1.043 g, 2.94 mmole) in 9 ml
of pyridine was heated at 60°C for 20 hr and then at 90°C for 90 min.
The solvent was removed by evaporation at 80GC/0.1 mm, leaving a viscous
residue. The polymer which was precipitated with water was washed and
dried in vacuo. The yield was 0.27 g (42%), [a]fj +76. After reprecipi-
tation from chloroform into ether, the product had [aJo +90 (c = 0.5,
chloroform), content of carboxylic endgroups 0.65 mmole/g.

Similarly, polycondensation of (—b'a«s-1,2-cyclohexanedicarboxylic acid
(0.5188 g, 30.1 mmole) with phosphite amide Il (1.071 g, 30.1 mmole) in di-
ethyl phosphite (4 ml) at 85°C, for 110 min gave 0.262 g (35%) of polymer;
[a]Z +71 (c = 1.27, chloroform), containing 0.76 mmole COOH/g end-
groups.

Polycondensation of (+)/raus-1,3-Cyclohexanedicarboxylic Acid with
1,4-Bis(diethoxyphosphido)-ira?is-2,5-dimethylpiperazine (Il). (+)trans-
1.3- Cyclohexanedicarboxylic acid (0.5055 g, 2.95 mmole) with [a]jf
+21.95 (c = 1.68, acetone), mp 131-133°C, and phosphite amide Il (0.9747
g, 2.75 mmole) in pyridine (3 ml) was heated at 85°C for 49 hr. The poly-
mer was precipitated with boiling water and purified by reprecipitation
(chloroform solution to ether). The yield was 0.545 g (79%); [or]ff
—10.5 (c = 2, chloroform); carboxyl group content, 0.34 mmole/g.

Increase in Molecular Weight of Poly(l,4-[(+£)ba«s-1,2-cyclohexane-
dicarbonyl Hra?is-2,5-dimethylpiperazine) by using |,4-Bis(diethoxyphos-
phido) -fta?is-2,5-dimethylpiperazine (Il). Poly(1,4-[(+ )trans-1,2-cvclo-
hexanedicarbonyl]-trans-2,5-dimethylpiperazine) (0.97 g, containing 0.534
mmole COOH/g, and less than 0.02 mmole XH2g, I/,, = 4,080) was dis-
solved at 80°C in pyridine (8.8 ml). Then 99.0 mg (0.279 mmole) of phos-
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pliite amido 11 was added. Parts of (lie reaction mixture was heated at
80°C for 3, 22, 50, and 166 hr, respectivelv. After reducing the volume of
each fraction to 1 ml hv evaporation of the solvent at NO°C/0.1 mm, the
polymer was precipitated by boiling water. The initial [7]2> (methyl
alcohol) of the polymer was 0.111 dl/g. After postcondensation for 22, 50,
and 166 hr, the [r?p was 0.129, 0.160, and 0.178 dl/g, respectively. During
the postcondensation, the content of carboxylic endgroups of the polymer
decreased from 0.470 mmole/g to 0.367 mmole/g after 3 hr, to 0.155
mmole/g after 22 hr, and to 0.068 mmole/g after 50 hr (determined from
infrared spectra of the polymers, and by conductometric titration of the
initial polymer).

Similarly, 0.S20 g of a polymer containing 0.10 mmole COOH/g and less
than 0.02 mmole NH2g was treated with 13.9 mg (0.049 mmole) of phos-
phite amide Il in 8 ml of pyridine at 80°C for 2 hr; the intrinsic viscosity of
the polymer (0.348) increased to 0.405 dl/g.

Condensation of optically active poly(1,4-[(+ )-trans-1,2-cyclohexane-
dicarbonyl]-//an.s-2,5-dimethylpiperazine), (0.144 g, containing 0.109
mmole COOHY/g) with phosphite amide 11 (3.1 mg, 0.011 mmole) in pyri-
dine (2 ml) at 85° for 105 hr increased the intrinsic viscosity from 0.248 to
0.273 dl/g. The content of carboxylic endgroups decreased from 0.109 to
0.043 mmole/g. The optical rotation of the initial polyamide was [o]f/
—114.6. After postcondensation, the optical rotation was [a]u'2
—115.5 (c = 1.0, methyl alcohol).

The authors are indebted to Dr. Y. Nishimura and Dr. M. Mizutori for valuable sam-
ples of the diearboxylic acids and polymers that were used in the initial phase of this work.
One of us (Jan Sebenda) is grateful for support from the Institute of Science and Tech-
nology, Ann Arbor, Michigan (March 1967 to March 1968). RAV gratefully acknowl-
edges the support from the Monsanto Summer Fellowship (1967) and the Sherwin-
Williams Company Summer Fellowship (1968).
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NMR Identification of C, to COBranched
Hydrocarbons Derived from the
Decomposition of Polyisobutylene

R. W. WAItREX, D. S. GATES,* and G. L. DRISCOLL,
Sun Oil Company, Marcus Hook, Pennsylvania 19061

Synopsis

The composition of nonvolatile fluids obtained from thermally cracking and hydroge-
nating polyisobutylene was determined by using a combination of gas chromatography
and nuclear magnetic resonance spectroscopy (NMR ). This work involved the separation
and characterization of a homologous series, Cu-C«, of sixteen branched hydrocarbon
species consisting of repeating isobutylene structures. As a result of this investigation,
useful correlations between NAIR spectra and molecular structure for highly branched
hydrocarbons were developed. The data demonstrate that these hydrocarbons are
unique species characterized by “crowded” and sterically hindered geminal methyl and
isolated methylene groups. NMR solvent shift studies in benzene solutions indicate
that it is possible to differentiate between maximally crowded geminal methyl groups and
between maximally crowded methylene groups in these structures. Results of the ben-
zene-induced solvent effects are discussed with respect to the stereochemistry of these
molecules and related to existing solvent shift data. These results suggest that these
hydrocarbons are polar or nearly polar materials. Successive losses of isobutylene units
from stabilized tertiary radicals can account for the formation of the major species identi-
fied in these fluids. Higher carbon numbered species have lower refractive indices and
densities and higher molal volumes than predicted by calculations.

INTRODUCTION

Oligomers and high molecular weight polymers of isobutylene have been
prepared commercially for a number of years.1 We became interested in
comparing the structures of isobutylene oligomers when it was found that
fluids prepared by thermally cracking high molecular weight polyisobutyl-
ene had physical properties different from those of commercial isobutylene
oligomers. More specifically, the fluids prepared by thermal cracking had
much better viscosity-temperature properties which are very useful in cer-
tain fluid applications. The purpose of this paper is to describe the charac-
terization of the relatively nonvolatile fluids prepared by thermally cracking
and hydrogenating high molecular weight polyisobutylene.

This work involved the determination of the molecular structures of a
homologous series, ¢ n-¢ 4, of sixteen branched hydrocarbon species con-
taining repeating isobutylene units. In addition to providing the identifi-

*Present address: Delaware County Community College, Media, Pa., 19063.
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caticjn of the Cn-C« oligomer structures, the results of this work: (1) pro-
vide useful correlations between NMR spectra and molecular structure for
highly branched hydrocarbons, (2) describe the use of benzene-induced
solvent shifts in the NMR determination of their molecular structure, (3)
correlate proton chemical shifts with molecular “crowding,” (4) compare
the calculated and experimental values of their refractive indices and den-
sities (for two species only) at 25°C and relate differences between the cal-
culated and observed values to molal volume, and (5) discuss in light of
previous data2the mechanisms which appear to be involved in the forma-
tion of these nonvolatile products.

EXPERIMENTAL

Apparatus

Gas chromatographic separations were obtained by using F&M Models
720 and 5750 gas chromatographs and Model 775 Prepmaster.  All of these
instruments were equipped with dual columns and thermal conductivity
detectors (WX filaments). The chromatographic columns used with the
analytical instruments consisted of (i-ft and 24-ft X ‘/win. o.d. copper tub-
ing packed with 5.0% SE-54 silicone rubber on GONO mesh Chromosorb G
(acid washed and silane treated (AW-S), 8-ft X Win. o.d. copper tubing
packed with 5.0% GE-SE-30 silicone rubber on 60-NO mesh Chromosorb G
(AW-S), and 6-ft X Win- o.d. copper tubing containing 10.0% Apiezon L
grease on G0-80 mesh Chromosorb R (AW-S). The 775 Prepmaster
utilized an 80-in. X 3rin. o.d. stainless steel column containing 20% UC
W98 silicone rubber coated on 10-GO mesh untreated Chromosorb P. The
6-ft and 24-ft SE-54 columns were temperature-programmed from 90 to
300°C at arate of 7.5-8°C/min and were also run isothermally at tempera-
tures ranging from 210 to 280°C. Figure 1shows the separation obtained
for these species when temperature-programmed over the 6-ft SE-54 silicone
rubber column. The G-ft Apiezon L column was used in series with the
24-ft SE-54 silicone rubber column and operated isothermally at tempera-
tures of 125 and 270°C. Helium was used as carrier gas at a rate of 75
ml/min. for all analytical columns. The injection ports of the 720 and 5750
instruments were maintained at a temperature of 320°C and the detectors
at a temperature of 340°C. The 80-in. preparative column was operated at
250-300°C and at a helium carrier gas flow rate of 370 ml/min. The injec-
tion port temperature was 335°C and the detector temperature 305°C.

A Perkin-Elmer Model 220 capillary gas chromatograph equipped with a
flame ionization detector was used for purity determination of collected
fractions. The capillary columns used for this work consisted of a 150-ft
X 0.01-in. capillary column of Ucon 50-HB-5100 and 150-ft and 50-ft X
0.01-in. capillary columns of Apiezon L grease. The Ucon column was
operated isothermally at temperatures ranging from 75 to 150°C and at
pressures of 20 to 30 psi. The 50-ft Apiezon L column was operated isother-
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mallv at 200-230°C and at pressures of 20-25 psi. The 150-ft Apiezon L
column was operated at 250°C and 40 psi.

The NMR spectra were obtained on Varian Models A-(30 and HA-100
spectrometers. One XAIR spectrum was obtained by using the Varian
Model HR-220. The 00-Al Hz spectra were recorded with the use of carbon
tetrachloride and hexadeuteriobenzene solutions containing 0.1-0.3
mole/1. of sample and about 1% of tetramethylsilane, TAIS. Resonance
positions (in Hz and ppm) were measured relative to the internal reference,
TAIS, at ambient temperatures (33° + 1°C). The 60-AlHz spectra were
run at sweep widths of 250 and 500 Hz. The 100-AlHz spectra of the
C@6solutions were obtained by using frequency sweep with the control
signal locked on TAIS. These spectra were recorded by using a sweep off-
set of 72 Hz and a sweep width of 100 Hz. The single 220-AlHz spectrum
was obtained by using a sweep width of 250 Hz and an offset of 165 Hz.
Integrated intensities of the resonance peaks were measured with the A-GD,
HA-100, and HR-220 electronic integrators. Alass spectra were obtained
by using a Consolidated Electrodynamics Corporation Alodel 21-103C
mass spectrometer equipped with a Alicrotek high temperature inlet and a
Varian Vac-lon pumping system. The spectra were run at ionizing volt-
ages of 9and 12 eV.

Refractive indices of collected fractions were obtained with a Bauscli
and Lomb Abbé refractometer at 25°C. Reference samples of hepta-
methylnonane and isooctane were used for calibration before each series of
determinations. Alolecular weights were obtained by using a Alechrolab
Alodel 301 vapor-pressure osmometer. Benzene was used as the solvent for
all compounds examined. Densities at 25°C were obtained for two col-
lected fractions by using a microcapillary pycnometer calibrated with dis-
tilled water.

Procedure

Preparation of Isobutylene Fractions. The isobutylene fractions to be
analyzed were prepared by thermally cracking commercial polyisobutylene
having a number-average molecular weight of 23,000 in a stirred, round-
bottomed flask at about 375°C/1 mm Hg. The product was taken overhead
continuously with essentially no reflux or fractionation. The distillate
products and traps were combined and distilled to 100°C at 0.3 mm Hg and
the overhead fractions discarded. The remaining nonvolatile thermally
cracked polyisobutylene, which represented about 35-40% of the total
charge, was hydrogenated in a 1-liter stainless steel hydrogenation reactor
at 2500 psi hydrogen and 274°C for 6 hr.  The catalyst was 0.5% palladium
on | Smesh coconut charcoal. The product was then fractionally distilled
under vacuum from 40 to 250°C (270-520°C/7GO mm Hg). Distillate
fractions covering the complete boiling range were then taken for analysis.

Isolation and Identification of Components. The major branched hydro-
carbon species of the distillate fractions were separated and isolated into
chromatographic fractions of reasonably high purity by temperature-
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programmed and isothermal gas chromatography. In most cases, chro-
matographic fractions representative of a single molecular species of each
carbon number were obtained by using the Gt and 24-ft SE-54 silicone
rubber columns under isothermal conditions ranging from 210 to 280°C.
In certain instances, fractions consisting of hydrocarbons having several
different carbon numbers were prepared by using the 80-in. X 3A-in.
preparative column. These concentrates were then rechromatographed over
the '/Vim diameter analytical columns and pure chromatographic fractions
of single carbon number species collected.

In the separation of the Cn and Ci2hydrocarbon species, a 24-ft SE-54
silicon rubber column was used in series with a G-ft Apiezon L column and
was operated at 120°C. This same combination of columns was used for
tlie separation of the CZ and C2 hydrocarbon species at 270°C. The pur-
ity of all chromatographic fractions was determined utilizing capillary gas
chromatography. The 150-ft Ucon capillary column was used for the ex-
amination of the C1-C2 hydrocarbon species. The purity of the high
molecular weight, C2Z-C 1) hydrocarbon species was determined with the
50-ft and 150-ft Apiezon L capillary columns. The carbon numbers of these
branched hydrocarbon species were determined by using a combination of
(1) relative gas chromatographic retention time data obtained using SE-54
and SE-30 silicone rubber columns, (2) the relative gas chromatographic
retention time of a reference branched Ci6 hydrocarbon, (heptamethyl-
nonane), (3) mass spectrometric data, (4) molecular weight data obtained
using vapor pressure osmometry and (5) integrated NAIR data. The iden-
tification of all collected branched hydrocarbons, Cn-C.io species, was ac-
complished by XAIR spectroscopy by use of GO-AIHz, 100-AlHz, and 220-
ATHz spectra obtained in both CCh and Cells solvents.

Determination of Calculated and Experimental Physical Property Data.
Refractive indices of pure collected fractions of each hydrocarbon species
were obtained using a Bausch and Lomb refractometer at 25°C. Calculated
refractive indices were then obtained for each carbon number species by
using an isomeric variation method and compared with the experimental
values. Calculated densities at 25°C were also obtained for each carbon
number species using this same method. The calculated densities of the
c:s and C3 hydrocarbons were compared with the experimental values.
These were the only species which were collected in sufficient quantities to
allow this determination.

RESULTS

The gas chromatogram of the hydrogenated, thermally cracked polyiso-
butylene before fractionation is shown in figure 1and illustrates the com-
plexity of these nonvolatile fluids. The series of peaks observed in this chro-
matogram represent a homologous series of two different basic species of
branched hydrocarbons.  One species is symmetrical, has an odd number of
carbon atoms, and is terminated with two isopropyl groups. The second
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Fig. 1 Gas chromatogram of hydrogenated decomposition products of polyisobutylene.

species is nonsymmetrical, consists of an even number of carbon atoms, and
is terminated with an isopropyl group and a tertiary butyl group. The in-
cremental increase of carbon number for each series is due to an additional
isobutylene unit in the hydrocarbon chain. It should be noted that no sig-
nificant amounts of the odd-numbered carbon species which are terminated
with two tertiary butyl groups were found to be present in these nonvolatile
fractions. The carbon number of each collected component is indicated
in the gas chromatogram shown in Figure 1 The presence of much lower
concentrations of the Cu and Ci2species relative to the concentrations of
higher carbon numbered species is probably due to the loss of a portion of
these hydrocarbons to the overhead fractions that were discarded in the first
distillation.  Purity and molecular weight data obtained for each collected

TABLF 1
Purity and Molecular Weight Data for Collected Fractions

Molecular weight

Carbon Relative
No. Purity, %* Calculated Observedl error, %
un 99+ 156.3 161 +3.0
©» 97.5 170.3 177 +3.9
15 99+ 212.4 214 + 0.7
16 99+ 226.4 219 -2.8
1 99+ 268.5 271 +0.9
20 99.0 282.5 275 -2.7
23 96.7 324.6 322 -0.8
24 96.9 338.6 344 + 1.4
27 99+ 380.7 377 -1.0
28 99+ 394.7 397 + 0.6
3 98.8 436.8 426 -2.5
3?2 98.7 450.8 444 -1.5
35 97.3 492.9 490 -0.6
36 99+ 507.0 513 + 1.2
39 99+ 549.0 544 -0.9
40 99+ 563.1 570 +1.2

“Capillary gas chromatography.
lj Vapor pressure osmometry.
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hydrocarbon species, Ch-Cjq are given in Table I. The purity of these
fractions varied from 96.7 to 99+% and the calculated molecular weight of
each carbon number species was in good agreement with the experimental
molecular weight obtained using vapor pressure osmometry.

The. identification of these branched hydrocarbons as determined by
NMR spectroscopy is indicated by the structural assignments | XVI. In
these formulas maximally crowded geminal dimethyl groups are enclosed in
brackets. The observed resonance positions in CCh and assignments for
the methylene and methyl protons of this series of hydrocarbons are sum-
marized in Tables Il and IIl. Methyl and methylene protons of the same

TABLE I
Summary of Methylene Resonance Positions in CCh

Resonance

Molecular position,  Multi-
CIU type structure* Designation ppm pletb
ch,
Uncrowded —CH>—C—1I a 113, 1.21 d
|
ch,
GIL CH,
| | ..
Slightly —C—CH«—C— bc 1.0
crowded
Clu CH,
QH3 CHgs”
Crowded —C—CH, —(1:— cd 1.33
CH3 CH3_
~ CH, “ CHi
Maximally —Cj— CH, —c¢— efg 1.42
crowded C}
CH, CH3
ar ch
|
—C— maximally crowded geminal methyl group.
l
CH,

Jd = doublet;s = singlet.
mFor Cr and Cis species only.

type and having the same degree of steric hinderance and crowding were
found to have essentially the same chemical shifts in CCh for each indi-
vidual hydrocarbon species regardless of carbon number. Differentiation
and assignment, of a number of the maximally crowded methylene and maxi-
mally crowded geminal dimethyl groups in these compounds was possible
from 100-MHz spectra obtained using C@D6solvent. The observed proton
resonance positions for these groups in C@D6and their assignments in the
C19-C 40 hydrocarbon species are summarized in Table IV. The 100-MHz
spectra of the Cy c.., C3 c0, and css hydrocarbon species are given in
Figures 2 through 6, respectively. One 220-MHz scan of the C# hydrocar-
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bon .species in CE@D6is given in Figure 7. The solvent change from CCh to
Cfddr, not only resulted in magnetic nonequivalence of these crowded methyl-
ene and geminal dimethyl protons, but also gave widely differing negative
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TABLE 1F
Summary of Methyl Resonance Positions in CCU
Resonance
Molecular position,
CHa type structure Designation ppm Multiplet*
CH
Isopropyl o h 0.88, 0.08 d
CH3
CTT,
Slightly )
crowded f’ ib 0.87 s
geminal 1
CHa
CH.i
Crowded
geminal j 0.98-1.0 S
(Ha
rcufi
Maximally
crowded ¢ k,I,m,n 1,08-1.10 s
geminal
¢:h3
ch3
terf-Butyl HsC—C 0 0.98-1.0 S
T

ad = doublet; s = singlet.
bFor Cn species only;

uncrowded geminal methyls occur at 48.5-50 Hz (0.81-0.83
ppm).3

Fig. 22 NMR spectrum of Cxo (V1) in CeDr, solution at 100 MHz.
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TABLE IV
Summitry of Resonance Positions for Crowded Methylene
and (Seminal Methyl Groups in CsDe

Resonance positions, ppm*

Maximally Crowded Maximally crowded
crowded CH> terminal OIL geminal CH3
Compound e f g c d k 1 m n
C,h (V) - - - - 1.39 - 114 - -
C., (V1) 148 — — 1.39 141 1.15 116 - -
C,3(VII) — 152 - — 143 — 118 — —
Cm (VIII) 152 153 - 141 143 117 118 120 -
C,, (IX) - 152 — — 143 — 118 120 -
G8(X) 1.\2 154 155 141 144 117 119 120 121
C., (XI) - 154 156 — 144 — 120 — 122
Cm (XI1) 153 154 156 142 1.44 117 120 121 1.23
C,6 (XI11) — 155 157 — 145 — 120 — 1.23
CM(X1V) 153 155 157 142 145 118 120 1.22 1.23«
CM(XV) - 156 1.58 — 145 — 121 — 1.2
C4, (XVI) 154 156 1.58 142 145 118 121 122 1.2
and E.Mfg')'1

“Measured from 100-MH/, spectra with TMS as internal standard.
'* Run at 60-MHz only.

cBroad signal.

1 Resolved in 220-MHz scan only.

Avalues [A(ppm) = 5CCU — 5C@D6] for terminally and centrally located
protons. Table V summarizes these results by showing the solvent shift
data obtained from the (iO-AlHz spectra of the Cu-Cw hydrocarbon species
in these two solvents.
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TABLE V
Solvent Shifts: A = 5(CClj) —5(Cel "9
A ppm8
Maximally
Carbon Maximally crowded

No. crowded OIL geminal CHj (CH:;),CH (CH.i)aC
11 - - 0 -
12 - — 0 0
16» — -0.02 -0.02 -0.02
m — -0.04 -0.02 —
20 —0.06 -0.06 -0.03 -0.04
23 -0. 10 -0.08 -0.04 —
24 -0.10 -0. 10 -0.04 -0.05
27 -0.11 -0.10 -0.04 —
28 -0. 13 -0.11 -0.04 -0.05
31 -0.14 -0.12 -0.04 —
32 -0.14 -0.13 -0.04 -0.05
35 -0.15 -0.13 -0.04 —
36 -0.15 -0.13 -0.04 -0.06
39 -0.16 -0.14 to -0.15- -0.04 —
40 -0.16 -0.14 to -0 .15¢c -0.04 -0.06

1800d -0.18 -0.18 — —

“0.1-8.37V/ solutions.

b No appreciable solvent shift observed.

r Broad peak.

1Polyisobutylene; carbon no. based on number-average molecular weight.

In an attempt to show the effects of various aromatic solvents on these
hydrocarbons, the chemical shifts of the maximally crowded methylene pro-
tons were determined for a mixture of Csi-C;j6 species in a variety of sub-
stituted benzenes and in pyridine. The data suggested that the aromatic-

(X) Cj8
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TABLE VI
Physical Property Data

Refractive index RI

Calculated
Carbon Calculated” Observed ARI density
No. (25°C) (25°C) (Calc.-obs.) (25°), glcc
u 1.4143 1.4165 -0.0022 0.7375
12 1.4254 1.4257 -0.0003 0.7561
15 1.4380 1.4380 — 0.7816
16 1.4460 1.4441 + 0.0019 0.7942
] 1.4533 1.4530 + 0.0003 0.8092
20 1.4592 1.4564 + 0.0028 0.8185
28 1.4636 1.4615 + 0.0021 0.8282
24 1.4684 1.4648 +0.0036 0.8355
27 1.4713 1.4679 + 0.0034 0.8419
28 1.4753 1.4704 + 0.0049 0.8479
M 1.4772 1.4725 + 0.0047 0.8525
M2 1.4805 1.4750 + 0.0055 0.8575
35 1.4818 1.4768 + 0.0050 0.8607"
36 1.4849 1.4780 + 0.0069 0.865P1
39 1.4856 1.4798 +0.0058 0.8674
40 1.4881 1.4815 + 0.0066 0.8712

»See Greenshields and Rossini.4
*From calculated value of molal volume at 25°C.
'Observed value = 0.8584 g/cc.
wObserved value = 0.8631 g cc.

induced solvent shifts for these hydrocarbon species are influenced by the
diamagnetic anisotropy of the aromatic solvent used.

Table VI gives the refractive indices determined at 25°C for the Cu-C.i0
hydrocarbon species. These values are compared with the calculated

@m c>d

Fig. 5. NMR spectrum of Css (XIII) in C6De solution at 100 MHz.
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values obtained for these compounds using the isomeric variation method of
Clreenshields and Rossini.4 The difference between the calculated and ex-
perimental refractive indices was found to increase with increasing carbon
number. This table also includes density values which were obtained from

n

Fig. 7. NMR spectrum of CID (XVI) in CeD6solution at 220 MHz.
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the calculated molal volumes4 (20°C) of these hydrocarbon species and
compares the calculated and experimental density values for two hydrocar-
bons, the CHand Cspecies. Positive deviations between calculated and
observed density values were found for these two hydrocarbon species.

REFRACTIVE INDICES OF ODD CARBON NO. SPECIES
CALCULATED

REFRACTIVE INDICES OF EVEN CARBON NO. SPECIES CALCULATED*

OBSERVED

Fig. 9. Calculated and observed HI vs. carbon number.
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Separate plots of the calculated and observed refractive indices versus the
number of carbon atoms are given for both the odd-numbered carbon spe-
cies and the even-numbered carbon species in Figures 8 and 9, respectively.

DISCUSSION

Nuclear Magnetic Resonance Spectra

The branched hydrocarbon species identified in this investigation are
characterized by sterically hindered methylene and gemitial methyl groups.
The degree of steric hindrance can be considered in terms of the relative de-
gree of “crowding” experienced by the individual methylene and methyl
protons. In the crowding of methylene and geminal methyl protons there
are two extremes: (1) uncrowded protons of methylenes and of isolated,
internal geminal methyls in a branched chain3and (2) maximally crowded
protons of methylenes and geminal methyls in a polyisobutylene chain.35
Methylene and geminal methyl groups having proton crowding of types (1)
and (2) occur in these hydrocarbon species with the exception of uncrowded
geminal methyl groups. In addition, methylene and geminal methyl
groups having intermediate degrees of proton crowding occur and are listed
in Tables 1l and I11. This crowding effect, although somewhat less pro-
nounced in the lower carbon number species, becomes significantly greater
with an increase in the carbon chain.  As shown by Edwards and Chamber-
lain,5and also indicated by Fisher-Hirschfelder-Taylor and Dreiding models
of these structures, the introduction of a methylene between two internal
geminal methyl groups or between an internal geminal methyl and a tert-
butyl group (a to each group) causes significant bending of the hydrocarbon
chain. This bending results in much greater crowding and steric hinder-
ance of the various protons which in turn restricts free rotation of the in-
dividual methylene and geminal methyl groups. Resulting changes in an-
isotropy cause a downfield chemical shift of their proton resonance signals.
This shift can be attributed to van der Waals repulsions of hydrogen nu-
clei6and is influenced by the relative degree of crowding experienced by the
individual methylene and methyl protons.

Edwards and Chamberlain5and Bartz and Chamberlain3noted that the
lower limit of this downfield shift in branched paraffins (CC14 solutions)
is 66 Hz (1.10 ppm) for internal geminal methyls and 85 Hz (1.42 ppm) for
isolated methylenes. This occurs in the polymer, polyisobutylene, where
the repeating isobutylene unit provides maximum crowding of both the
geminal methyl and the isolated methylene groups. In this investigation,
we have found that the lower carbon number, Cn, Ci2 and C«, branched
hydrocarbon species have no maximally crowded geminal methyl groups.
The single geminal methyl in the Cn species (I) has some degree of crowding
and as defined in Table 111 is slightly crowded. This group gives a reso-
nance singlet peak at 0.87 ppm. The resonance is shifted slightly downfield
from the resonance singlet of a “normal” uncrowded geminal methyl at
0.81-0.83 ppm.3 The two methylene groups, (a), in this compound give the
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predicted doublet resonance signal which corresponds to uncrowded methyl-
enes of a branched chain.3 The Cwand Cu species (Il and Ill, respec-
tively) have geminal methyl groups which are more sterically hindered than
the geminal methyl of the Cu species. These methyls, (j), are crowded
methyl groups and give a resonance singlet which is shifted to lower held and
appears at 0.98 to 1.0 ppm. The CRspecies has a crowded ¢eri-butyl group
as do all of the even-numbered carbon species in this series of compounds.
The crowded terf-butyl and crowded internal geminal methyls in these mole-
cules cause a downfield shift of the resonance signal of the single methylene,
(b), between them (a to each group). Methylene groups having this en-
vironment are slightly crowded and are found in only the C2and Cu hydro-
carbon species. Their characteristic resonance which appears at 75 Hz
(1.25 ppm) is not observed in the NMR spectra of any of the other branched
hydrocarbon species.

The Cie hydrocarbon species (IV) is characterized by having both
crowded and maximally crowded geminal methyl groups. This is the first
molecular species in this series of compounds which has maximum crowding
of a geminal methyl group. A geminal methyl group has maximum crowd-
ing when it is (1) adjacent (a) to two isolated methylene groups, and (2) f)
to two quaternary carbon atoms. This crowding is comparable to the
maximum crowding of geminal methyls of polyisobutylene. The resonance
signal for the maximally crowded geminal methyl in 1V, like the resonance
signal for the maximally crowded geminal methyls of polyisobutylene, is
shifted downfield and appears at 65-66 Hz (1.08-1.10 ppm). The two iso-
lated (uncoupled) methylenes, (c) and (d), in this molecule (referred to as
the terminal isolated methylenes in the longer carbon chain species) are both
adjacent to a maximally crowded geminal methyl group and are, therefore,
more sterically hindered and crowded than the isolated methylenes, (b), of
the CR2and Cu species. This increased methyl crowding causes a 5 Hz
downfield shift of the methylene resonance to 80 Hz (1.33 ppm), where one
single resonance peak is observed for both isolated terminal methylene
groups. These methylene groups are crowded methylenes and are found in
all of the higher carbon numbered species (Cu and above). This isa new cor-
relation for methylene protons which was not included in the methylene
chemical shift data presented for a large number of hydrocarbons by Bartz
and Chamberlain.3 Although the single resonance at 1.33 ppm (CClj solu-
tion) confirms that these methylenes have essentially the same degree of
crowding, the structure of the Cu molecule 1V indicates that these two
methylene groups have slightly different molecular environments and
should, therefore, be magnetically nonequivalent and give two separate pro-
ton resonance signals in NMR. The subsequent use of CED6 as the
NMR solvent resulted in a slight broadening of this methylene resonance
peak suggesting magnetic nonequivalence of these two methylene groups.
Subsequent NMR examinations of the higher, even-numbered carbon species
(those terminated with both a fert-butyl and isopropyl group) in C&Dc
solvent revealed in every case two distinct, separate signals for the terminal
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Fig. 10. NM1! spectra of Co (VI) and polyisobutvlene in CCL solution at 60 MHz.

isolated methylene groups, (c) and (d), thus confirming their magnetic 21011-
equivalence.

The Ci9hydrocarbon species is the only other compound in this series
which has a single maximally crowded geminal methyl group. This molec-
ular species, (V), which is symmetrical about the maximally crowded
geminal methyl group, has two isolated methylenes, (d), having exactly
the same molecular environment. These groups are, therefore, mag-
netically equivalent. The NMR spectrum of the CI9 species in both
CCh and Cel)ii solvents shows, as expected, a single proton resonance peak
for these crowded methylenes. All of the odd-numbered carbon species
in this series are characterized by this molecular symmetry and have ter-
minal, isolated, crowded methylene groups which are identical. The un-
symmetrical CDhydrocarbon species (V1) is the first species of this hydro-
carbon series which has a maximally crowded methylene group. Al iso-
lated methylene group has maximum crowding when it is adjacent to, or
between, two maximally crowded geminal methyl groups such as in poly-
isobutylene. Figure 10 Compares the NMR spectrum of the C2 species
with the NMR spectrum of polyisobutylene. The nonequivalence of the
terminal isolated methylene groups, (c) and (d), in this compound as in the
Cigspecies was confirmed using CéD0as the NMR solvent.
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All of the subsequent higher carbon numbered hydrocarbons [C23 (VII)
to Ch (XVI)) have an increasing number of maximally crowded geminal
methyl and maximally crowded methylene groups, and consist of two basic
species: (1) an odd-numbered carbon species terminated with two isopro-
pyl groups and symmetrical about either a maximally crowded geminal
methyl group or a maximally crowded methylene group and (2) an even-
numbered carbon species terminated with both an isopropyl and ¢erf-butyl
group and without a center of symmetry. The CZBand C2 species are il-
lustrated (VII and VIII) where A refers to maximally crowded geminal
methyl groups and B corresponds to maximally crowded methylene
groups.

Cll, Cllj i CM, GIB
] | ! | |
IlI—C CHa—C—OIF—A B—A—Clh— C—GII,—C—II

| | | | |
CHa CHa GIF, CHa

VIl (cm)
CHa GET CHa
Gl |s—G'—C Hs—A—B—A—B—A—CHa—IC—CH -—é—H
dHa éHa éﬂa
VIl (Cm)

Integrated intensities of the observed resonances for each carbon number
species were consistent for the theoretical number of maximally crowded
methylenes and maximally crowded geminal methyls predicted for each as-
signed structure. The number of maximally crowded geminal methyl and

TABLE VI
Summary of Maximally Crowded Groups in Ci to C4 Species
No.
maximally No.
crowded  maximally
Carbon No. of No. of Center of geminal crowded

No. (CHa)aCll  (CHa)aC symmet ry* CHa’s CH.’S
16 1 1 none 1 0
10 2 0 gem. Clls 1 0
20 1 1 none 2 1
23 2 0 CH2 2 1
24 1 1 none 3 2
27 2 0 gem. CHj 3 2
X 1 1 none 4 8
3 2 0 CH2 4 3
32 1 1 none 5 4
* 2 0 gem. CHa 5 4
30 1 1 none 6 5
30 2 0 CHa 6 5
40 1 1 none 7 6

»Symmetrical about maximally crowded geminal Cll3 or maximally crowded CI112
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maximally crowded methylene groups for the Ci6to Cw species are sum-
marized in Table VII. The number of maximally crowded methylene
groups is always one less than the number of maximally crowded geminal
methyl groups.

Typical 60-MHz NMII spectra of a symmetrical and unsymmetrical
branched hydrocarbon species [CB (V1) and (21(VIII) Jin CCh solvent are

j

Fig. 11. NMR spectrum of Cz (VI1) in CChsolution at 60 MHz.

o

Fig. 12. NMIt spectrum of Cm (VI11) in CCh solution at 60 MHz.
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j.o

Fig. 14. NMR spectrum of C3 (VIII) in CeD6solution at 60 MHz.

shown respectively in Figures 11 and 12 with their proton assignments. It
should be noted that the resonance positions of the same proton types are
essentially the same in CCh regardless of the species carbon number (see
Tables Il and I111). The NMR spectra of these same carbon number spe-
cies in C@6solvent are given respectively in Figures 13 and 14. The CeD6
spectrum of the symmetrical CBhydrocarbon shows a proton resonance sin-
glet for the two identical terminal isolated methylenes, (d), at 86 Hz (1.43
ppm) and a single proton peak for the two equivalent maximally crowded
geminal methyl groups, (1), at 70 Hz (1.18 ppm). In the C&@D6spectrum of
the C?i species, the nonequivalent terminal methylenes, (c) and (d), are split
into an expected doublet peak at 84-85 Hz (1.41-1.43 ppm). In addition,
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the maximally crowded geminal methyl groups, (k), (9, and (m), now ap-
pear as a distorted singlet, a single peak having two unresolved shoulder
peaks. This strongly suggested that these three maximally crowded geminal
methyl groups have different molecular environments, in this molecule, i.e.,
different degrees of crowding.  Although the proton resonance signal of the
two maximally crowded methylenes, (e) and (f), appear as a singlet in this
spectrum (run at a sweep width of 500 Hz), a perceptible amount of broaden-
ing was observed for this peak when the spectrum was run at a sweep width
of 250 Hz. This peak broadening indicated that these methylene groups
were also nonequivalent. NAIR spectra of the CZ-CDhydrocarbon species
run at 60-AlHz and in CéD6 solvent provided additional data which
suggested the possibility of differentiating between maximally crowded
geminal methyl groups and between maximally crowded methylene
groups by means of benzene-induced solvent shifts. The data implied
that maximally crowded geminal methyl and maximally crowded
methylene groups which have varying degrees of crowding are not
identical and have different chemical shifts in an anisotropic solvent such as
CeD& The 100-MHz spectra of the Cy C4, CB C3H and CHhydrocarbon
species in Figures 2-6, confirm the magnetic nonequivalence of (1) the
crowded terminal isolated methylene groups (c) and (d) in the nonsym-
metrical species and (2) the maximally crowded geminal methyl and max-
imally crowded methylene groups which have different degrees of crowding
in both the nonsymmetrical and symmetrical species. As indicated previ-
ously, a summary of these proton resonance positions in (Alt; for the Cig-
C-Dhydrocarbon species is given in Table IV.

In the nonsymmetrical, even-numbered carbon species, relatively less
proton crowding occurs in the carbon chain on the teri-butyl end of the mole-
cule than on the end terminated with the isopropyl group; i.e., the di-
methylpentyl group:

CH3 CTL

| |
—C—CEL—C—H

| |

ch3 ca

provides more molecular crowding than the teri-butyl group. Evidence for
this are the facts that (1) the proton resonance signal of the terminal
crowded methylene group () is, upheld from the proton signal of the
crowded methylene group (d) (compare the NMR spectra of the CHand
C3species in Figs. 5and 6, respectively), (2) the proton resonance signal of
the maximally crowded geminal methyl group (k) is upfield from the proton
signal of the maximally crowded geminal methyl group, () (see Fig. 2), (3)
the proton resonance signal of the maximally crowded methylene group
(e) is upfield from the resonance signal of the maximally crowded methylene
group (f) (see Figs. 3 and 4), and (4) the resonance signal of the crowded
teri-butyl group (0) appears at slightly higher field than the corresponding
signal of the crowded internal geminal methyl group, (j) (see Figs. 2 and 3).
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MAXIMALLY "CROWDED" GEMINAL
METHYL GROUPS (4

MAXIMALLY "CROWDED'
METHYLENE PROTONS

Fig. 15. Fisher-Hirschfelder-Taylor model of C2x(V1).

It should be noted that, although these last two groups are not of the same
type, their relative field position appears to be related to the degree of
molecular crowding for the individual methyl protons. Fisher-Hirsch-
felder-Taylor models of these hydrocarbon species also suggest that the side
of the molecule having the tot-butyl group is the least crowded. Figure 15
shows one such model of the C2 species which indicates that these com-
pounds are very rigid, sausage-shaped molecules having their geminal
methyls oriented on one side of the chain and their methylene groups on the
other. The CDmodel gives additional evidence for extreme crowding of the
geminal methyl and methylene groups in these structures. This crowding
severely hinders rotation of all of the groups involved with the exception of
the terminal isopropyl and tertiary butyl groups which also are hindered,
but to a lesser degree. The difficulty encountered in the construction of
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these models is also suggestive of significant molecular strain. Examination
of the structures of the higher carbon numbered species clearly shows an in-
creased crowding effect due to the additional number of maximally crowded
geminal methyl and maximally crowded methylene groups in the center of
the hydrocarbon chain. The increased crowding experienced by these
groups causes a further downfield shift of their resonance peaks with the
most crowded groups occurring at the lowest field positions of their respec-
tive geminal methyl and methylene categories. The 100-MHz spectrum of
the C3 species which is shown in Figure 6 illustrates this by showing four
separate proton signals for the maximally crowded geminal methyl groups
and three separate proton signals for the maximally crowded methylene
groups. In each category, the most crowded group occurs at the lowest
field position. The 220-MHz spectrum of the (ho species in Figure 7 shows
four proton signals for both the maximally crowded geminal methyl groups
and the maximally crowded methylene groups. There appears to be a dis-
tinct similarity between the proton resonance peak pattern of the maximally
crowded geminal methyl groups and the maximally crowded methylene
groups in this spectrum. In each of these NMR regions of these spectra
(Figs. 6 and 7), the proton resonance peaks of the most crowded groups are
not completely resolved from one another and appear as broadened signals.
Increased resolution of the 220-MHz scan results in the appearance of the
proton signal which has been assigned to the maximally crowded methylene
group (g") and shows partial resolution of the signal due to the maximally
crowded geminal methyl groups designated by (n).

Solvent Effects

Benzene-induced solvent shifts were quite useful in the structural deter-
mination of these nonpolar branched hydrocarbons. Although aromatic
solvent effects in proton spectra of polar organic molecules have been
extensively studied,7-10 only one detailed NMR study has been noted in the
literature which involved aromatic solvent effects and saturated nonpolar
hydrocarbons. 1L In view of this fact, and since it has been reported that
aromatic solvents tend to produce high-field dilution shifts for aliphatic
solutes2 and that benzene has little effect on the position of the angular
methyl resonances of nonpolar saturated hydrocarbons such as steroids,3
we feel that the solvent effects that have been observed for these hydrocar-
bon species are particularly interesting. Some of the solvent effects de-
scribed here are unique in that the solvent change from CCl4to CVIL; gives
widely differing negative Avalues [A = 5(CCh) —<5(C3D9)] for terminally
and centrally located protons and gives rise to magnetic nonequivalence of
isolated methylene and geminal methyl protons which have different de-
grees of molecular crowding. These values extend over the range —0.02
to —0.15 ppm. The solvent shift data which have been determined for
these hydrocarbons are given in Table V and refer to hexadeuteriobenzene
rather than benzene solutions. However, since there appears to be no
significant isotope effect in aromatic induced solvent shifts,4the following
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observations which have been derived from these data, will be considered
valid for benzene solutions: (1) the solvent shifts (A) for all of the protons
of the Ck to C4species are negative; (2) the magnitude of the solvent-in-
duced shifts increases with carbon number and molecular size; (3) the posi-
tions of the proton resonances of the cu, c:., and c.s species are barely
influenced on changing from CCU to C@6solvent; and (4) for any given
carbon number species (Cd and above), the centrally located protons of
maximally crowded methylene and geminal methyl groups experience
greater solvent shifts than protons of terminal isopropyl and ferf-butyl
groups.

Correlation of the magnitude and sign of Avalues with the molecular size
of these hydrocarbons [points (1) and (2) above] is in agreement with pre-
vious solvent shift data reported for methyl resonances of saturated cyclo-
paraffins by Winkler and Philipsborn.11 In their work, A values toward
lower field for alkyl-substituted cycloparaffins were plotted as a function of
the length of the carbon chain along the main axis and an approximate linear
relationship was found. In our work the carbon chain lengths of the CO-CD
species which were approximated by using Dreiding models, taking into
account van der Waals radii of hydrogen atoms, were plotted against the A
values of geminal methyl protons having maximum crowding. The result-
ing graph proved to be an extension of the graph developed by Winkler
and Philipsborn and showed a good linear dependence of solvent shift with
molecular size or volume.

The above graphical correlation suggests that the larger molecular species
(CDand above) can accommaodate on their surfaces a larger number of clus-
tering or solvating benzene molecules. A cumulative solute-solvent inter-
action would then lead to larger benzene-induced solvent shifts. We
can account for the observation in point (3) above by the greater flexibility
of the Cu, C12 and Chspecies which would probably lead to a random orien-
tation of these molecules with respect to the benzene solvent. Point (4)
can be rationalized in terms of rotational averaging of the terminal isopropyl
and ferf-butyl methyl groups with respect to the solvating benzene mole-
cules. This minimizes solvent effects and results in solvent shifts of com-
paratively lower magnitude for the terminal methyl protons. On the other
hand, the protons of the maximally crowded methylene and geminal
methyl groups of the more rigid molecules which experience little rotation
and have essentially fixed positions in space, i.e., have stereospecificity with
respect to the entire solute molecule, show a constantly increasing induced
solvent shift of significant magnitude toward a downfield direction which is
over and above that observed for the terminal methyl protons of the same
molecule.

The data presented above suggest that there is some preferred mutual
orientation of the solvent and solute molecules with the solvent molecule (s)
being packed or oriented in a more or less orderly pattern about the solute
molecule. In arandom approach of benzene solvent molecules, we expect a
shift to high field.55 A possible explanation of this preferred orientation
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| CARBON TETRACHLORIDE
j! (CARBON DISULFIDE
|nit|robenzene
|1ben|zonitrile
|n.n'-din'}ethylaniline
|methylbenzoate
(chlorobenzene
| fluorobenzene
|anisole |I
!LTOLUENE I|
5:[1.3,5 —TRIISO:ILPROPYLBENZENE
| hexadeuteriobenzene

| PYRIDINE II

| | | | 1
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Fig. 16. Maximally crowded methylene proton resonance shifts for Cai-C 3 species.

effect will be presented later. Proton shifts to lower field indicate that the
most probable mode of solvation would be the one where the molecular
plane of the benzene ring is perpendicular to or steeply inclined with respect
to the axis or plane of the hydrocarbon solute such that the solute protons
are in the plane (deshielding zone) of the aromatic ring. The fact that
there is no net shielding effect seems to preclude the possibility of solute
protons being either predominantly above or below the plane of the aro-
matic ring of neighboring solvent molecules.

The use of other aromatic solvents has produced additional evidence
which indicates that the aromatic-induced solvent shifts observed for the
protons of these hydrocarbon species are influenced by the magnetic aniso-
tropy of the solvent molecules. Figure 16 shows the chemical shifts ob-
served for the protons of methylene groups having maximum crowding for a
mixture of C3-C3 species when run in various aromatic solvents (0.15M
solutions). The results show that in general the trend of the chemical
shifts [A = s (CCh) —&(solvent,)] appears to follow the electron-donating
or withdrawing properties of the substituents on the benzene ring. The sol-
ute protons show a greater downfield shift in aromatic solvents substituted
with electron-donating groups than in aromatic solvents substituted with
electron-withdrawing groups. It is interesting to note that the rod-shaped
solvent molecule, CS2 which has its largest diamagnetic susceptibility along
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the axis of the rod, was the only solvent investigated that produced a net
shielding effect, on these hydrocarbon protons.

From the various solvent shift data obtained (Fig. 16), it is obvious that
there is no correlation between the magnitude of the induced chemical shifts
and the dielectric constant of the various solvents employed. % In mixed
solvent systems it was determined that the chemical shift differences were
dependent on the mole fraction of CeDe in CC14 This behavior was also
noted for other solvents shown in Figure 16. The concentration of the
hydrocarbon solute was not found to ke, of great importance. At lower con-
centrations of solute (0.03-0.1M) in both CCl4and C@6solvents, the posi-
tions of the methylene and methyl proton resonance remained essentially
constant.

For polar solutes, benzene-induced solvent shifts have been widely inter-
preted in terms of local dipole-induced dipole interactions resulting in a pre-
ferred mutual orientation of solute and solvent molecules, with shifts then
arising due to the anisotropy of benzene.7-10 Wilson et ah,9in a generaliza-
tion of anisotropy shifts in benzene, have indicated that protons lying in
regions of high electron density will be deshielded while those in regions of
low electron density will be shielded.

A possible interpretation of stereospecific solvation by benzene of these
species is one which is based on the unique nature of these hydrocarbon
molecules. These hydrocarbon species, as previously described are charac-
terized by extremely crowded geminal methyl and methylene groups. It is
expected that the van der Waals repulsions occurring in the maximally
crowded groups result in the creation of dipoles such that the *“end-on”
approach of benzene is the preferred one. It is postulated, therefore, that
these hydrocarbons behave much the same way as polar molecules by having-
protons which are located in regions of high electron density deshielded in
benzene. This can be accounted for by the end-on approach of benzene
molecules to these high electron density regions (as opposed to a random
approach). This is analogous to the end-on approach of benzene molecules
to electron-rich areas of dipoles which has previously been described for
polar compounds.9

In summary, the nature of the solvation by benzene of these hydrocarbon
species has been considered. Whether the origin of these solvent-induced
shifts can be more adequately described in terms of some other form(s) of
interaction must await a more detailed study of this system.

Physical Property Data

During the course of this investigation, a sufficient quantity of purified
material (0.025-0.040 cc) was collected for these hydrocarbon species to
allow the determination of their refractive indices at 25°C. Information
concerning the physical properties of these materials seemed to be of signifi-
cant value because these hydrocarbons are unique and interesting molecules
which are characterized by a high degree of branching and molecular
crowding, and in addition have not been previously reported in the litera-
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ture. It was also recognized that this homologous series of hydrocarbons
would be excellent reference compounds for evaluating empirical equations
that have been used to calculate the isomeric variation in the values of
physical properties of paraffin hydrocarbons. These equations involved
only structural parameters. A comparison of the calculated refractive in-
dices obtained from the calculated values of molal refraction and molal vol-
ume by using the method of Greenshields and Rossini4 with the experi-
mental refractive indices obtained for these hydrocarbon species indicated
certain trends in the deviations between the calculated and observed values.
The tabulated data in Table VI and the curves given in Figures 8 and 9
show that the difference between the calculated and observed refractive in-
dices become progressively larger, i.e., shows greater positive deviations, as
the species carbon number is increased. Lower values for the observed
refractive indices suggest that the higher carbon numbered species, begin-
ning with C2y have increasingly higher molecular volumes than predicted
by computation. Since higher molecular volumes would mean lower den-
sities by the relationship D = M/V, it follows that the experimental den-
sities for these species should be somewhat lower than the calculated values.
Experimental evidence for this is given in Table VI which shows positive de-
viations of 0.002 g/cc between the calculated and observed densities for two
of these hydrocarbons, the C® and C¥ species. The experimental molal
volumes were determined for these two species using the observed density
values and were found to be 1.3 and 1.5 cc/mole higher than the calculated
molal volumes. These deviations are in excess of the average deviation in
molal volume (£0.62 cc/mole) which was reported for a series of Ci2C2D
hydrocarbons by Greenshields and Rossini.

Mechanisms

The formation of the volatile thermal decomposition products of polyiso-
but.ylene was examined on the basis of a free-radical mechanism by Tsu-
chiya and Sumi.2 In explaining the formation of these products their pos-
tulation of random initiation and radical processes seemed quite reasonable.
Our data largely complement those of Tsucliiya and Sumi and generally re-
inforce their conclusions. While they concentrated on the very volatile
products, with no positive identifications of products higher than Ci2 we
were concerned with the intermediate molecular weight species, Cn-C«-
In examining the formation of these relatively nonvolatile products on the
same basis, we need only one additional consideration. Each random
chain scission results not only in two types of radicals, but each radical type
has two different types of chain ends. (Note that since we hydrogenated
our products before analysis, we can draw no conclusions about the termina-
tion steps.) There are two possibilities of cleavage modes: A and B:

(‘}h3 CHsi CHs CHs CHs
l 1 |
CHa CH- n - -PH F‘1 PH ! PH P -CEL—C—H

I - I
CH3 ) CHsi CHs °z ! CEL
. _ _
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These lead to four types of products:
Type A Cleavage:

Clls Clls Clls
CH — C--—m- CHs— C— CH—C
1
CHs CHs » Om
A-l
CHs CHs CHs
J
CH—C-—--CIL—C— -CH —C—1
1 1 i
CHs CHs m CHs
A-l1
Type B Cleavage:
CH CH,; CHs
| |
CH—C— -CHs—C— -CHs—¢ —CHs.
| |
ch CH; CH3
B-I
CHs CHs CHs

| |
.c— CH—C— -CHs—C—H

| |
ch CHs , CHs

B-1i

The major products, i.e., the even- and odd-numbered carbon species of this
series, are derived respectively from radicals A-1 and B-Il which are both
tertiary radicals. Primary radical A-11 could lead to the same products as
A-1, so no conclusions can be drawn about its fate. However, products de-
rived from primary radical B-I1 which would consist of those species termi-
nated with two teri-butyl groups are present in only trace amounts. The
very minor component peak having a retention time of about 11.5 minutes
in the gas chromatogram shown in Figure 1 was isolated and identified as
the CB3species of this series, 2,2,4,4,6,6-hexamethylheptane. We conclude,
therefore, as did Tsuchiya and Sumi, that the primary radicals undergo dif-
ferent processes than do the tertiary radicals. The primary radicals are
probably the source of most of the isobutylene produced in this cracking
process. The data of Tsuchiya and Sumi suggest that ultimately these
primary radicals eliminate odd-numbered carbon radical species which
eventually are analyzed as the volatile products methane, neopentane (C5,
and 2,2,4,4-tetramethylpentane (C9. In contrast to the very low concen-
trations of the C13and above species of this series which are found in the non-
volatile fractions, these lower members are major components of the very
volatile fractions identified by Tsuchiya and Sumi.

CONCLUSIONS

NMR data combined with benzene-induced solvent shifts have been ex-
tremely useful in elucidating the structural composition of the nonvolatile
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fluids prepared by thermally cracking polyisobutylene. These fluids, which
are adequately described as a mixture of odd- and even-numbered carbon
species characterized by repeating isobutylene structures, might well have
been expected from the probable mechanism of the reaction. Both type
species in this series can arise from successive losses of isobutylene units
from the stabilized tertiary radical resulting from the initiating chain cleav-
age. The proven structure of these oligomer fractions and a knowledge of
the NMR correlation data obtained in their characterization will be helpful
in determining the composition of the commercially available polyisobutyl-
ene fluids. We have found that the oligomers in these fluids do not have
the regular repeating structure of the fluids prepared by thermal cracking.
A more detailed study of the nature of the commercial fluids is currently
in progress and should explain the differences between the physical proper-
ties of the two fluids.
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Propagation Rate Constant in Cationic Polymerization
of Cyclic Dienes. I. Polymerization of
Cyclopentadiene with Titanium
Tetrachloride-Trichloroacetic Acid

S. KOHJIYA* Y. IMANISHI, and T. HIGASHIMURA,
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

Cationic polymerization of cyclopentadiene induced by titanium tetrachloride-trichlo-
roacetic acid was investigated in a toluene solution at —69 to —77°C. All manipula-
tions were handled under vacuum conditions.  Time-conversion curves were determined
accurately by following the exothermicity of the fast reaction in an adiabatic system.
The polymerization kinetics were developed on the basis of a fast initiation reaction and a
nonstationary-state concentration (diminishing concentration) of active species, and the
propagation rate constant ki was determined by substituting either an initial rate of poly-
merization or a final conversion for the Kkinetic equations, kt for the present system was
determined to be 350 1/mole-sec, which is larger than those so far reported for some vinyl
monomers in cationic polymerization. The present method can be commonly applied to
reactive monomers for the determination of ki. The nature of termination reaction is
discussed in connection with the determination of fe.

INTRODUCTION

For the mechanistic clarification of chemical reactions kinetics is a very
useful method; this applies also to the polymerization reactions. In free-
radical polymerizations not only the overall Kinetics but also the rate con-
stant of elementary reactions have been studied in detail, and the mechan-
isms of elementary reactions have been discussed further. In the case of
anionic polymerization, kinetic studies of living polymer systems have made
much contribution to an elucidation of the polymerization mechanism. On
the other hand, such general kinetic patterns have not been established in
cationic polymerizations, one reason clearly being the paucity of data about
rate constants of elementary reactions. However much attention has re-
cently been focused on the measurement of rate constants and some useful
conclusions have been obtained.1 Cationic polymerizations with iodine by
Ivanoh et al.,2and the polymerization of styrene with sulfuric acid34and
with perchloric acid6 by Pepper et al. are typical examples. In some

*Present address: Kyoto Institute of Technology, Department of Chemistry, Mat-
sugasaki, Kyoto, Japan.
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cases, however, the detailed study presented rather complicated problems.6
At any rate, only a few rate constants have been obtained under special
conditions. In the case of cationic polymerization catalyzed by Friedel-
Crafts halide only a few rate constants have been reported.7-10

The present investigation was started to establish a general method for
obtaining the propagation rate constant kinetically under widely different
conditions.  For this purpose the cyclic dienes were found most suitable for
investigation. We have been studying cationic polymerization of cyclic
dienes.11-16 In copolymerization studies12-16 and overall kinetics of poly-
merizations,12-14 cyclic dienes were found to be very reactive in cationic
polymerization and to show complicated but interesting kinetic features.
Here we chose the system cyclopentadiene (CPD) -titanium tetrachloride
(TiCh)-trichloroacetic acid (TCA)-tolueae because this system showed a
very large rate of polymerization and, in particular, nonstationary-state
Kinetics; hence the propagation rate constant might be determined.12-14
To determine the propagation rate constant, the polymerization rate was
followed accurately under rigorous conditions by a vacuum technique, and
kinetic studies were made.

THEORETICAL

Previously we reported that the kinetic feature of the system CPD-TiCh-
TCA-toluene by the usual technique22 (not high vacuum) was explained by
nonstationary-state Kinetics analogous to that for the polymerization of
styrene reported by Pepper et al.34 In the vacuum system similar ele-
mentary reactions may be assumed, that is,

C+ M AM *(=Pi*) (1)
C + 2i\l =C' (inactive) 19
P* + v t Pml* )
P> *p + C 3)

P* + M - p, + M* (4)
P* - P, ®)

Here eg. (1) is an initiation reaction, eq. (1') represents a kind of catalyst-
consuming reaction in which biscyclopentadienyl titanium dicliloride is
formed from TiCh and CPD.2 Equation (2) represents a propagation re-
action, egs. (3) and (4) are spontaneous and monomer transfer reactions,
respectively; eg. (5) shows unimolecular termination. Since CPD is very
nucleophilic and TiCh electrophilic,Bthey react very rapidly so that the
initiation reaction is very fast; that is, kh k\ @ h, k4 kbis reasonably
assumed.2-6"2 Reactions (1) and (1") are competing and one obtains

k\

h+ h g ®

PV
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where [COQ], [Po*L and [MQ] represent the initial concentrations of catalyst,
active species, and monomer, respectively. From egs. (5) and (6)

1 « _ ki -bt
[P’ ] B [PO KW= h + /extMAl [CO]e (7)

where [P *]represents the concentration of active species at time t. There-
fore

ar% = k2[P«*][M,] = ki + « [Mo] [C,.][Mt\e~kit (8)
For the initial rate of polymerization, we have
- (. — M2
Rm = (-cl[M]/dt)t=0 h o+ LMol [Co] [Mo] ©)
[Mo]/RR = (I//c2[CQ)) + (fci'Aifc*[Co])[MO] (10

According to this equation the values k2and ki/ki can be obtained if Rm
is measured at various [CO] and [MQ]. This is one of the two methods to
determine the k2  As a second approach, integrating eg. (8) yields

Mo k2 o
"mMil Kki+ ki pvop [0 © kd)
= In([MQ}/[Moo])(l - e~kj) (1)

Here [M,] is a monomer concentration at an infinite time, when the final
conversion Y is attained. Equation (11) describes the time course of poly-
merization and gives the termination rate constant (fc by the curve-fitting
method.

The final conversion Y can be expressed as

Y =1- [M,])/[Mo]

= Lo e~ feac Mfr ©7 ()
This equation is transformed to

Kj

0 -Y)= - g @ (13)
1 h hh'-IMo (14)
In(l - Y) k2[Co]  k&i[Co]

From this equation, rate constant ratios kak2and Ax/Ai can be calculated.
Reactions (3) and (4) were not taken into account above, because k3and
are considered to be sufficiently smaller than /2when a polymer is produced.
Moreover, even if k3and fetare taken into account, the discussion is not al-
tered on a qualitative level. At present we cannot evaluate these values
quantitatively.
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Based on these theoretical considerations the following studies were
made.

EXPERIMENTAL
Apparatus

As widely known, ionic polymerization is influenced strongly by a trace of
water or other impurities. So, a handling under vacuum conditions is
needed for quantitative study. In addition, the polymerization rate of cy-
clopentadiene isvery large.12-14 Therefore we chose an adiabatic condition
and followed mechanically the temperature rise accompanying the poly-
merization.

An outline of the apparatus is shown in Figure 1L These lines are princi-
pally the same as those developed by Plesch et al. Bwith some modifications.
A denotes the solvent purification lines, B is the reaction vessel and C de-
notes the monomer purification lines. The vacuum lines for catalyst are
not shown in the figure but the catalyst vials were prepared also under
vacuum.

Fig. 1 Apparatus for polymerization (vacuum lines).

The equipment for recording the polymerization rate is as follows:
platinum wire resistance, Wheatstone bridge, direct current amplifier, os-
cillograph (photocorder). The platinum wire is submerged in the poly-
merization mixture. The change of resistance accompanying the tempera-
ture rise of the reaction solution is amplified and put into the direct-writing
oscillograph (Photocorder 2901, Yokogawa Electric Works). The poly-
merization rate was so large (half life = ca. 5-10 sec) that the platinum-re-
sistance thermometer enclosed in a thin glass sheath, which is commercially
available, was not sufficient to follow the fast reaction. This sort of ther-
mometer always involves a time lag which cannot be ignored. Also the
oscillograph must be used as a recorder instead of the self-balancing Wheat-
stone bridge to avoid a time lag.9
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Reagents

Toluene. Toluene was used as a solvent throughout this experiment.
Toluene was purified as reported previously.12-14 It was further purified on
a vacuum line with the use of calcium hydride as a drying reagent (in some
cases sodium-potassium alloy was used) and finally distilled into a solvent
ampoule D fitted with a break-seal.

Cyclopentadiene (CPD). CPD was obtained as reported previously.12-14
It was collected in a flask connected to line C containing calcium hydride.
After the similar treatment as toluene, it was distilled onto baked barium
oxide (ampoule J) and stored at low temperatures.

Catalyst. Catalyst ampoules were prepared as Plesch did for perchloric
acid.7 Titanium tetrachloride (TiCh) was distilled twice under reduced
pressure and sealed into ampoules with a break-seal. The dilution of cata-
lyst solution was performed on vacuum line and the dilute solution was di-
vided into small glass vials (ca. 2 ml). Trichloroacetic acid (TCA) sub-
jected to vacuum for about 10 hr, sublimed, and dissolved in toluene. The
solution was distributed in vials. Choosing vials so that the molar ratio of
TiCh and TCA is nearly unity, the vials for TiClr TCA solution were pre-
pared in a similar manner. One of the TiCh vials was crushed in cold water
and the quantity of TiCh was determined by volumetric analysis.8 TCA
was analyzed similarly, and for a TiCh-TCA vial only the TiCh content was
determined.

Polymerizations

The toluene ampoule D was connected to the reaction vessel as shown in
Figure 1and a catalyst vial was placed on the holder E. After evacuating
the reaction vessel for about 6 hr, the break-seal of D was broken and
toluene was introduced into the reaction vessel. The required amount of
CPD was distilled into the graduated ampoule K from ampoule J and fur-
ther distilled into the reaction vessel. On cooling the reaction vessel with
liquid nitrogen to ca. —75°C, the jacket of reaction vessel | was subjected
to vacuum and adiabatic conditions established. The polymerization was
started by crushing the catalyst ampoule by handling the breaking device H
by a magnet under vigorous stirring.  When the influence of stirring was in-
vestigated, a synchronous motor and an appropriate gear head were used for
rotating G. By changing gear head, one could obtain various rotating
speeds. The progress of the polymerization was recorded by the oscillo-
graph. After a given time interval, a small amount of methyl alcohol was
distilled into the reaction vessel and the reaction was terminated. The con-
tents of the reaction vessel were transferred to a large quantity of methyl
alcohol containing antioxidant (4,4'-thiobis-6-terf-butyl-3-methylphenol).
The recovered polymer was washed with methyl alcohol and dried under re-
duced pressure. The intrinsic viscosity was measured at 30°C in toluene.
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RESULTS
R, Y, and Effect of Stirring

In Figure 2 the conversion-time curves for various initial catalyst concen-
trations [Co] are shown. The initial rate of polymerization Rp,,is very large
and when [Co] is 2.20 mmole/l., the polymerization goes to completion
withinca. 10sec. However, the rate decreases rapidly towards the end, and
if [CO] is below a critical value the polymerization stops before all monomers
are consumed. This saturation phenomenon was found previously.12‘ ¥4
In the vacuum system, however, the catalyst concentration required to
obtain the same conversion under comparable conditions was only one
fourth as much as that with the usual technique. The saturation phe-
nomenon and the presence of the final conversion (F) clearly indicate the

Fig. 2. Conversion-time curves for the polymerization of CPF) with T.Ch-TCA in
toluene at —75°C and [Mo] = 0.45 mole/l., and various [Co]; (2) 2.20 mmole/1.;
(i) 1.53 mmole/l.; (68-2) 1.17 mmole/1.; (3) 0.940 mmole/l.; (/) 0.624 mmole/l.;
(5) 0.469 mmole/1.; (24) 0.455 mmole/1.; (0) 0.362 mmole/1.

Fig. 3. Relationship between [C]0Oand (C,m) Y or (O,*) R,,: (0,G) [M( = 0.455 mole/1. ;
(«,m) [M{ = 0.185 mole/1.
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Fig. 4. Relationship between [Mol and (O0) Y or (O) at [Co] = 0.36 mmole/l.

Fig. 5. Influence of stirring speed on polymerization at [M(] = 045 mole/1.; [C(O] =
0.44 mmole/1.: (22) 100 rpm; (23) 144 rpm; (26) 240 rpm; (24) 360 rpm.

nonstationary-state concentration of active species coupled with an ex-
tremely fast initiation reaction.

Figure 3 shows the relationship between [Co] and Y or RRr  Both Y and
RPincrease monotonously as [co] increases.

At constant [Co] the initial monomer concentration [AI0] was also
changed. In this case the conversion-time curve shown in Figure 2 was also
obtained. The influence of [M(] on Y and Rp,,is shown in Figure 4. As
was found previously,1 Y decreased as [MQ] increased but Rm increased
with increasing [MO],

As the polymerization rate is very large in the present system, the stirring
of the polymerization mixture is expected to affect the polymerization in
some way. In fact the agitation of the system influenced the conversion, as
shown in Figure 5. As the rotating speed increased, the rate and the final
conversion Y increased. In addition, at a slow stirring speed (below 300
rpm) an induction period of the polymerization exists. The induction pe-
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Fig. 6. vs. [Mo] plots according to eq. (10): (------ ), ki = 410 1/mole-sec
ki/ki = 1.431./mole; (--)fe = 3501./mole-sec, ki/ki = 1.411./mole.

Fig. 7. Plot of 1/hi @« —Y) vs. [Mo]: (------ ) kMK = 3.0 X 10 4motesn., k//ki =
1.41 I./mole.

riod is supposedly the time required for the catalyst solution to diffuse in the
polymerization mixture. However, above 300 rpm the induction period
disappeared and the curves at 360 rpm and 240 rpm are in close coincidence.
Therefore, if agitation speed exceeds 300 rpm, the influence of stirring on
polymerization rate is insignificant. The present experiments were all
conducted under these conditions.

The temperature rise in these experiments was not so large (AT = ca. 10°C
at [MO] = 0.454, 100% conversion). The influence of temperature rise at
least on the initial rate can be ignored and the effect on the final conversion
might be of minor importance.

All the polymerization data are collected in Table I.

Determination of Rate Constants

By using the kinetics developed in the theoretical section, the experi-
mental results can be analyzed, and the propagation rate constant (/@ as
well as the unimolecular termination rate constant (k@ can be derived.
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Fig. 8. Plotof In (1 —Y) vs. [Co]: (-----) calculated from kéfc2= 3.0 X 10 4mole/1.,
ki'/ki = 1.41 l./mole.

Determination of k2 There are two methods for calculating k2 i.e.,
from Rp,only and from both RRand Y.

First, according to eq. (10) we obtain k2and W/hi from the linearity of
the [MoJ/ffp, versus [MOQ] plot. In Figure 6 the plot of [I\lo]/ifl0versus
[Mo] is shown.

The RRavalues observed at various [MO] and [Co] were converted into the
values at [CO] = 0.35 mmole/1. according to eg. (9) and plotted in Figure 6.
The reproducibility of RRuis not very good, and the experimental values in
Figure 6 are somewhat scattered, but a straight line can be drawn. From
the intersection and the tangent of the line, the following values were
obtained.

k2 = 410 1/mole-sec (15)
ki/ki = 1.43 l./mole (16)

Secondly, according to eq. (14), the linearity of the 1/In (1 —Y) versus
[Mo] plot gives k$/k2and ki/ki. Plot of /In (1 —F) versus [M0] is shown
in Figure 7.

The solid line gives

h/k2= 3.0 X 10-4mole/1. (17)
Ki/ki = 141 I./mole (18)

In Figure 8 the plot according to eg. (13) is shown. The solid line in the
figure is the theoretical one calculated by using the values of egs. (17) and
(18). The rate constant ratio h'/ki was given by the usual technique as
147 I./mole.ll The ki/ki values so far obtained are all in close agree-
ment. So, the value 1.4 was chosen for ki/ki and then from eq. (9) the
propagation rate constant kz at various [M0O] and [CO] was calculated. The
rate constants obtained in this way are collected in Table . An algebraic
mean of k2 values for seventeen experiments gave k2 = 340 |./mole-sec and
standard deviation (SD) = 132. The values lying outside the SD (expt.
68-2, 2, 15, 17) were omitted and the rest averaged to give

k2 = 350 £71 l./moJe-sec (19
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Fig. 9. Polymerization-time according to eq. (11): (------) observed; (--), & = 0.156,
kt = 440; = 0.120, fe = 340; (-----)fe = 0.090, fe = 250.

The f2value determined from Figure 6, eq. (15), is within the range of
experimental error. Thus the propagation rate constants from two differ-
ent plots coincide reasonably. In Figures 3, 4, and 6 the theoretical curves
calculated by using these rate constants are shown. The agreement be-
tween the observed and the calculated points is not completely satisfactory
on a quantitative level, but the agreement is good enough for the semi-
guantitative discussion.

Determination of kQ By use of  values in Table I, the termination
rate constant f6can be calculated according to eq. (12). The kbthus ob-
tained are also tabulated in Table | and gave a mean value

h = 0.11 + 0.06 sec-1 (20)

Now the time course of the polymerization was followed by using eg. (11),
and the  value was estimated by the curve-fitting method. As for the
polymerization 6, the experimental result (the solid line) and the theoretical
lines (the dotted lines) were plotted in Figure 9. In this case the theoreti-
cal curve which agrees with the experimental value at the final conversion
should be

In([MQ/[M,]) = 0.62(1 - e~u) 1)

The dotted lines 1, 2, and 3 correspond to kb = 0.16, 0.12, and 0.09, respec-
tively. The larger the kb value, the better the coincidence at the initial
stage and the worse at the intermediate stage; if kbis small, the converse is
true. From Figure 9 the best fit of fswas 0.12, so it is safe to say that f&of
0.11 sec*1which came from other kinetics can also account for the time
course of the polymerization. But the agreement of the theoretical with
the experimental data was not sufficiently good even when the best value of
kswas used. On the other hand, by using eq. (21), kbcan be calculated from
the experimental curve of Figure 9. The fvalues thus calculated as a
function of time t are shown in Table Il. These pseudo first-order rate
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TABLE 11
Change of fa with Time
Time, sec fa, sec 1
1 0.175
2 0.150
9 0.140
5 0.131
6 0.121
S 0.114
10 0.106
15 0.103
20 0.0935
25 0.0s64
30 0.0856

constants k;, were within the limit of the value (20) but decreased monot-
onously with time and could not be regarded as a constant.

The nature of the termination rate constant kOis not clear at the present
(see, however, the Discussion). But since the Avalues were obtained with-
out the k5values, the validity of the f@2values is not influenced by the am-
biguity of the  value.

DISCUSSION

In the preceding section some rate constants and their ratio were deter-
mined.

ki/ki = 14 l./mole
f@ = 350 £ 100 1/mole-sec
A= 011 + 0.06 sec-1

For the propagation rate constant in cationic polymerization of vinyl
monomers the present data are compared with some literature values in
Table Ill. Except for the radiation-induced polymerization in which
free ions are involved, the kpvalue of CPD is comparatively large, and it is
exceded only by the A2 for the IB-A]Br3TiCk-n-heptane system investi-
gated by Chemelir and Marek.9 Thus the high polymerizability of CPD
in cationic polymerization is interpreted at least partly in terms of the large
Avalue. However the value 350 I./mole-sec is much smaller than A2 for
the radiation-induced polymerization of CPD. So it is probable that the
TiCh-TCA-induced polymerization proceeds by an ion-pair mechanism as
has been supposed from the structure of polycyclopentadiene.1119 Further-
more according to the study of the polymer structure by Aso et ah,9the r2
value obtained here is composite, i.e., f2of 1,2-addition (ca. 55%) and 1,4-
addition.  Since the effect of polymerization conditions on the propagation
mode is not significant,9the validity of f@values is not affected by the type
of propagation reaction.
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TABLE Il

Propagation Rate Constant (ko/@ in Cationic Polymerization of Vinyl Monomers

Temp,

Monomer Catalyst Solvent °C i. mole-sec  Reference
Styrene h%o04 (CHoCl), 25 7.6 3,4
@ HC104 a 30 17.0 5

SnOL u 042 7
n L L “ 0.0037 2
- BF3-0(CJP>2 e “1.0-25 20
1" CeHR " 0.15-0.20 20
" ReCL “ 20 1.59 10
" " CeH6(CH.ZC1)2 " 3.73 10
(1:1)
Isobutyl vinyl L CCh 30 0.083 2
ether
BF3-0(C,H&2 n-C.:IL4 -40 7.7 8
CEHZCH3
Isobutene AIBr3TiCl4 MCHs -14 6.3 X 103 9
«-Methyl- -/-radiation Bulk 30 3 X 1k 21
styrene
Cyelopenta- " " —78 5.8 X 10s 22
diene
it TiCL-TCA cé,ch3 —75 350 This work

The termination rate constant, 0.11 sec-1, is very large compared to that
of styrene-1pSOi-(CHZC1)2 (0.0067 sec-1), but the ratio h/k 2is ca. 10-3 in
either case. In the cationic polymerization the termination reaction can-
not be ignored, whereas the mechanism of the termination reaction has not
been made clear. In the kinetic treatment of the present system the uni-
molecular termination reaction was temporarily assumed, but as in Table II,
the termination reaction does not seem to be completely unimolecular.
As an alternative possibility for the termination reaction, the termination
by monomer [eq. (22)] can be put forward in analogy with the reaction (1),
which competes with the initiation reaction and can be regarded as a kind
of termination reaction.

Pr+ M" P (22)

If the reaction (22) alone represents the termination reaction, we obtain
-d[M]/dt = (®2P,*] - ®[MO)[M,] + h[\ItY¥ (23)
Yoo b (G (24)

h Ul+ A/[MO [Ma]

However the plots according to egs. (23) or (24) do not agree with the ex-
perimental findings, so the reaction (22) as a sole termination reaction can-
not explain the reaction kinetics. Again alternatively, the termination by
residual water in the system would be more feasible, that is
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Since some water (of the order of several millimoles per liter) is usually
present, which is much higher than Pr*, the polymerization kinetics seems
to be explained by assuming a first-order termination reaction, although the
termination reaction is actually second-order as shown by eq. (25).2 In
the present case it was difficult to measure the residual water concentration,
SO a quantitative test of eq. (25) was not done. However, in analogy with
Chemelir and Marek,8who investigated the isobutene polymerization by a
similar technique, 10_3-10_1 mmole/1. is suggested for the residual water
concentration; this is comparable to the concentration of active species or
the initiator concentration. In any event we cannot treat the termination
reaction fully quantitatively at present and therefore cannot draw any
definite conclusions about the reaction mechanism. All the reactions men-
tioned above may be involved in the termination reaction in this system,
and only apparent unimolecular termination constant (fcSap) could have
been obtained:

fesapp = + AN[M ] + ks"[H20]

so it is possible that the diminution of kj value with time as shown in Table
Il is due to the consumption of the monomer and the residual water result-
ing from the reactions (24) and (25).

The present method for obtaining the propagation rate constant has been
developed on the basis of the kinetics involving the fast initiation reaction.
Since the polymerization of cyclic dienes is, so far as has been investigated,
accompanied by a fast initiation reaction under a variety of conditions, the
present method promises the determination of the propagation rate con-
stant under various sets of combinations of cyclic diene-catalyst-solvent-
temperature. The experimental method established in this investigation
may be applied to other polymerization systems which show a nonsta-
tionary-state character resulting from a very fast initiation reaction. The
propagation rate constants in cationic polymerization will be determined in
a variety of systems according to the present method.

The authors wish to express their gratitude to Prof. S. Okamura for continuous guid-
ance and advice. Thanks are also due to Prof. S. Yamashita for encouragement and
discussions.
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Synopsis

The syntheses of five polyaromatic pyrazine polymers are described. These polymers
were synthesized by the condensation of bis-a-haloaromatic ketones with ammonia in
A ,A-dimethylacetamide (DM Ac) solvent in the presence of air or peroxides. The con-
densation of bis-j»-(a-bromoacetyl)benzene (llia), bis-p,p'-(a-chloroacetyl)biphenyl
(I11b) bis-p,p'-(ar-chloroacetyl)diphenyl ether (Illc), bis-jO,p'-(a-chloroacetyl)diphenyl-
methane (Hid), and a,a'-dibenzoyl-a,a'-dibromo-p-xylene (V) under these reaction
conditions gave poly[2,5-(I,4-phenylene)pyrazine] (IVa), poly[2,5-(4,4'-biphenylene)-
pyrazine] (IVb), poly[2,5-(4,4'-oxydiphenylene)pyrazme] (1Vc), poly[2,5-(4,4'-methyl-
enediphenylene)pyrazine] (Ivd), and poly[2,5-(l,4-phenylene)-3,6-diphenylpyrazine]
(VI), respectively. Thermogravimetric analysis (TGA) of these polymers showed
them to be thermally stable up to the temperature range of 450-550°C in air for short
periods of time. The inherent viscosities of these polymers ranged from 0.18 to 1.30.

INTRODUCTION

Previously, we reported the preparation of 2,5-diphenylpyrazine (Il) and
three new polyaromatic pyrazine polymers (IVa, IVb, IVc) by the con-
densation of a-bromoacetophenone and hfs-a-haloaromatic ketones with
ammonia in V,V-dimethylacetamide (DMAc) solvent.1 In addition, we
described a new method in which some of these completely insoluble
polymers could be dissolved by heating them in acid solutions containing a
small amount of hydrogen peroxide.

We would now like to report the detailed syntheses of two new polymers
(Ivd and VI) and of the three previously reported polymers. Also in-
cluded in this paper are the thermogravimetric analysis data for all of the
above polymers.

RESULTS AND DISCUSSION

Monomer Ilia was prepared by the bromination of p-diacetylbenzene2
and purified by recrystallization from chloroform. Monomers 1llb, lllc,
and Hid were prepared by the Friedel-Crafts acetylation reaction with a-
chloroacetyl chloride.3 Monomers Illb and Ilic were purified by re-
crystallization from V,V-dimethylformamide and chloroform, respectively.
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The purification of monomer Hid presented some problems and could be
carried out only by repeated recrystallization from carbon tetrachloride
in overall yields of about 10%. Monomer V was conveniently prepared by
the bromination of a,a'-dibenzoyl-p-xylene4in acetic acid and purified by
recrystallization from carbon tetrachloride and benzene.

In order to determine the utility of the pyrazine forming reaction using
a-haloaromatic ketones and ammonia, the study of the formation of the
model compound, 2,5-diphenylpyrazine (Il), was undertaken. The reac-
tion of a-bromoacetophenone and ammonia was carried out in refluxing
DMACc in the presence of air or peroxides. When air was used as the
aromatizing oxidant, the reaction solution had to be refluxed for two days
in order to aromatize the dihydropyrazine ring, and the yields of product
ranged from 30 to 50% after recrystallization from methanol. Since the
dihydropyrazine compound forms an orange-red solution, the change of
this color to a light yellow solution is indicative of complete aromatization.
The use of peroxide as the aromatizing oxidant proved to be far superior to
the above method. When the peroxide was used, the reactants were re-
fluxed for 1-2 hr in DMACc and then 30% hydrogen peroxide was added to
the refluxing solution. Heating was continued until the orange-red solu-
tion turned to light yellow color. This method gave essentially quantita-

I.1Va, Ar =

m.IVb.Ar—

11, 1Ve, Ar =

11, 1vd, Ar =

w >M,I‘E\(c]-NH;,
Br

VI
(@)
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tive yields of 2,5-diphenylpyrazine. The latter technique did not produce
any detectable N —»0 groups as determined by infrared techniques and by
the mixed melting point with an authentic sample of 2,5-diphenylpyrazine.6

Polymerizations were carried out in dimethylacetamide-ammonia solu-
tions by stirring the monomers for 1 hr at room temperature, 1 hr at G3
TQD, and then refluxing for 0-36 hr. The syntheses and structures of these
polymers are shown in the scheme (1). Polymers IVVa and IVb were in-
soluble in all common polymer solvents and precipitated from the DMAc
solutions during the polymerization reactions.

Polymers 1Vc and IVd were soluble in formic acid but only partially
soluble in DMACc and sulfuric acid. The phenyl-substituted polymer (VI)
was very soluble in formic, pnosphoric, and sulfuric acids. Polymer VI
was also very soluble in DMAc, DMF, and dimethyl sulfoxide (DMSO).
This result is in agreement with the increased solubilities of the phenyl-
substituted polyquinoxalines reported by Wrasidlo and Augl.4 Since
polymers IVa and Vb were completely insoluble in all common polymer
solvents, a new technique was developed in which these heteropolymers
could be dissolved for solution studies. It was found that these insoluble,
polymers were quite soluble in formic, phosphoric, and sulfuric acids when
0.25 ml of 30% H2 2was added to 15 ml of the hot solvent-polymer mix-
tures. The polymers were also partially soluble in DMAc and DMF when

TABLE |
Polymer Properties

Solubility
Polymer Solvent Solvent alone With H20 2 Inherent viscosity b

IVa 1Hcoal Insol. Sol. 0.40*
h %04 Insol. Sol. 1.30“
H.iPOi Insol. Sol.

DMAc Insol. Part. sol.

IVb HCCLH Insol. Sol. 0.43¢
H2S04 Insol. Sol. 0.35¢
113P 04 Insol. Sol.

DMAc Insol. Part. sol.

Ve HCOTI Sol. Sol. 0.40, 0.54¢
hXo04 Part. sol. Sol. 0.12%
IF,PO, Part. sol. Sol.

DMAc Part. sol. Part. sol.

1vd HCOJI Sol. Sol. 0.37
H2S04 Part. sol. Sol.

IP,PO; Part. sol. Sol.
DMAc Part. sol. Part. sol.

Vi hcoan Sol. 0.18
h2Xso04 Sol.
h3o4 Sol.

DMAc Sol.

“0.25 ml of ITD 2 15 ml of solvent.
b 0.25 g of polymer/100 ml of solvent.



766 IN1GGirsS, JCNES, THORNBURGH

Fig. 1. Thermogravimetl'ic analyses of polymers IVa-IVd and VI: (- ) in nitrogen;
(- ) in air.

heated in the presence of peroxides. The increase in solubility is probably
due to the introduction of the polar N-oxide group along the polymer chain.

Infrared spectra for these modified polymers showed a strong absorption
band in the 1220-1270 c n r 1region and the oxidized model compound (1)
gave a strong band at 1250 cnr1(N —»0).6 These absorption bands were
absent in the model compound and polymers IVVa and IVVb before the oxida-
tion reactions were carried out. Although the polymers are apparently
modified by the formation of the polar N-oxide groups, this technique
should be very valuable, not only for the modification of the many already
existing heteropolymers, but also for studying the solution properties of the
insoluble ones.

Although the polymers were exposed to the same oxidation procedures
as those for the model compound (11), there still remained a small absorp-
tion band at 1650 cm-1 in the infrared spectrum for each of the polymers.
These absorption bands are probably due to a small amount of nonaroma-
tized imine linkages, polymer endgroups, or both. The solubilities, ther-
mal stabilities, and physical properties in general of the polypyrazine poly-
mers appear to be quite similar to Stille’s7 polyquinoxalines and Marvel’s8
polybenzimidazoles. However, two attractive features of the polypy-
razines are the accessibility of the monomers and no need of monomer
stoichiometry in the polymer syntheses.

The thermal stabilities (Fig. 1) of all the polymers are very good in air
and nitrogen, as evidenced by thermal gravimetric analysis. It is inter-
esting to note that none of the polymers melted below 500°C except poly-
mer VI. Polymer VI had a softening point around 270-300°C yet was
quite soluble in all common polymer solvents and exhibited thermal sta-
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bility up to 550°C in an air atmosphere.  Of the five polymers in this series,
it appears from the evaluation of the physical properties and solubilities
(Table 1) that polymers 1VVc and VI would be more amenable to fabrica-
tion. As with the polyquinoxalines,47 the introduction of a heteroatom
or the phenyl substitution in the polymer chain gives more desirable proper-
ties without the loss of thermal stability.

EXPERIMENTAL

Instruments

Nuclear magnetic resonance (NMR) spectra were obtained with a Hi-
tachi Perkin-Elmer R20 instrument. Infrared spectra were taken on
Beckman IR-8 and Perkin-Elmer Model 700 instruments. Melting points
of all compounds are uncorrected.

Monomer Preparations

Preparation of Bis-p-(a-bromoacetyl)benzene (llia). To 15 g (0.092
mole) of p-diacety lbenzene in 200 ml of acetic acid was added dropwise
34 g (0.19 mole) of bromine. After the bromine addition was complete,
the reaction mixture was stirred for 2 hr and the product filtered. The
crude product was then dried in vacuo and recrystallized from chloroform
to a constant melting point of 172-173°C (lit,2 mp, 173°C). The yield
of product was 39 g (64%).

Preparation of Bis-p,p'-(a-chloroacetyl)biphenyl (lllb). To 31 ¢
(0.20 mole) of biphenyl in 500 ml of carbon disulfide were added 80 g
(0.60 mole) of aluminum chloride and 68 g (0.60 mole) of a-chloroacetyl
chloride. The reaction mixture was refluxed for 12 hr, cooled to room
temperature, and the carbon disulfide decanted from the thick oil. After
hydrolysis in 10% hydrochloric acid, the crude product was filtered, dried
in vacuo, and recrystallized from N,N-dimethylformamide (DMF) to a
constant melting point of 224-225°C (lit.3 mp, 224°C). The yield of
product was 30.6 g (50%).

Preparation of Bis-/j,p'-(a-chloroacetyl(diphenyl Ether (llic). To 34 g
(0.20 mole) of diphenyl ether in 500 ml of carbon disulfide were added 80 g
(0.60 mole) of aluminum chloride and 68 g (0.60 mole) of a-chloroacetyl
chloride. The reaction mixture was refluxed for 2 hr, cooled to room
temperature, and the carbon disulfide decanted from the thick oil. After
hydrolysis in 10% hydrochloric acid, the crude product was filtered, dried
in vacuo, and recrystallized from chloroform to a constant melting point
of 111-113°C (lit.3mp, 111°C). The yield of product was 31 g (38%).

Preparation of Bis-/>,p'-(ff-chloroacetyl)diphenylmethanc (IHd). To
34 g (0.20 mole) of diphenylmethane in 500 ml of carbon disulfide were
added SO g (0.60 mole) of aluminum chloride and 68 g (0.60 mole) of a-
chloroacetyl chloride. The reaction mixture was refluxed for 3 hr, cooled
to room temperature, and the carbon disulfide decanted from the thick oail.
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After hydrolysis in 10% hydrochloric acid, the crude product was filtered
and dried in vacuo. The crude product was purified by repeated recrystal-
lizations from carbon tetrachloride to a constant melting point of 124-
125°C (lit.3 mp, 124-125°C). The yield of purified product was about
69 (10%).

Preparation of a,a’-Dibenzoyl-a,a’-dibromo-p-xylene (V). To 150 ml
of acetic acid were added dropwise 11.6 g (0.037 mole) of a,a’-dibenzoyl-
p-xylenedand 12.5 g (0.078 mole) of bromine. After spontaneous refluxing
had ceased, the product precipitated from solution. The product was
filtered and washed several times with water. The vyield of crude product
was 15 g (86%). The crude product was recrystallized from carbon tetra-
chloride and benzene to a constant melting point of 179-180°C. The yield
of monomer grade product was 11 g (62%).

Anal. Calcd for C2H16BrD 22 C, 55.94%; H, 3.42%; Br, 33.85%. Found: C,
55.83%; H, 3.21%,; Br, 34.00%.

Model Compound

Preparation of 2,5-Diphenylpyrazine (II). To 100 ml of Ar,A'-dimethyl-
acetamide (DMACc) saturated with ammonia was added 2 g of a-bromo-
acetophenone. The reaction was stirred at room temperature for 1 hr,
heated at 50-60°C for 1 hr, and finally refluxed for 48 hr in the presence
of air. The solution was poured into 400 ml of cold water and filtered.
Recrystallization from methanol gave a product melting at 193-195°C
(30-50%).

Alternate Procedure for Il.  The same procedure as above was followed
except after 1-2 hr of refluxing 2 ml of 30% 1CO- was added to the refluxing
solution and the solution maintained at reflux temperature until the orange-
red color disappeared. The solution was then poured into 300 ml of water
and filtered to give a quantitative yield of cream-colored product melting
at 193-195°C (lit.5mp, 195.5°C).

Preparation of Polymers

The procedure for the preparation of poly[2,5-(4,4'-oxydiphenylene)-
pyrazine] is typical for all the polymerization reactions.

Preparation of Poly[2,5-(4,4'-oxydiphenylene)pyrazine] (IVc). To 150
ml of purified AyA%dimethylacetamide (DMAC), saturated with ammonia,
was added 2 g of bis-p,p'-(a-chloroacetyl)diphenyl ether (Ulc). The re-
action was stirred at room temperature for 1 hr, heated at 50-60° for 1
hr, and then refluxed for 20 hr in the presence of air. After refluxing for
2-4 hr the polymer began to precipitate from the hot DMAc. After the
heating period was complete, the reaction mixture was cooled, poured into
500 ml water, and filtered. The polymer was dried in vacuo at 200°C
for 18 hr to give a quantitative yield of product. The inherent viscosity
in formic acid was 0.40.1
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Poly[2,5-(1,4-phenylene)pyrazine] (IVa). This polymer proved to be
completely insoluble in all common polymer solvents tried. In order to
obtain the viscosity of the polymer solution, the polymer sample was
dissolved in 15 ml of 97% formic acid containing 0.25 ml of 30% H2 2
with heating until all the polymer had dissolved. In this solution the
inherent viscosity was 0.40. The same procedure with concentrated sul-
furic acid gave an inherent viscosity of 1.30.1

Poly[2,5-(4,4'-biphenylene)pyrazine] (IVVb). This polymer proved to be
completely insoluble in all common polymer solvents tried. In order to
obtain the viscosity, the same procedure as that for polymer IVVa was used
to dissolve this polymer in formic acid. The inherent viscosity was 0.43
in the HCOH-H202 solution and 0.35 in the HZ04-HX2 solution, re-
spectively.1

Poly[2,5-(4,4'-methylenediphenylene)pyrazine] (IVd). The inherent
viscosity of this polymer was 0.37 in formic acid.

Anal. Caled for (CI7Hi2N2),: C, 83.61%; H, 4.92%; N, 11.48%. Found: C,
81.19%; H, 4.92%; N, 10.66%.

Poly[2,5-(1,4-phenylene)-3,6-diphenylpyrazine] (YI). This polymer
was soluble in all common polymer solvents and had a softening point, of
270°C. The inherent viscosity in formic acid was 0.18.

Anal. Caled for (C2Hi,N2),: C, 84.97%; H, 527%; N, 9.75%. Found: C,
83.63%; H, 4.89%; N, 7.58%.

The authors are grateful to Drs. J. K. Stille, G. A. Loughran, and R. H. Barker for
thermogravimetric analyses of the polymers. J. H. is especially thankful to Drs. C. S.
Marvel, J. K. Stille, and R. B. Seymour for their helpful discussions during the course
of this work. This work was supported in part by Illinois State University.
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Dependence of Reactivity of Propagation Centers of
Oxide Catalysts for Ethylene Polymerization on
Catalyst Composition and Activation Conditions*
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Institute of Catalysis, Siberian Branch of the
Academy of Sciences of the USSR, Novosibirsk, USSR

Synopsis

The propagation rate constant Kpwas used as a measure of reactivity of propagation
centers in ethylene polymerization with oxide catalysts. This constant was determined
by a radiotracer quenching technique for oxide catalysts of different compositions and
activation conditions. For catalysts based on various transition metal oxides, an in-
crease of Kpwas observed in the series W < Mo < Cr and V < Cr. In the case of
chromium oxide catalyst it was shown that Kpvalue does not depend on the content of
the transition metal in a catalyst. A change of propagation center reactivity was found
when oxides of different composition (SiOj, Al203, zi()>, Ti02) were used as supports.
Allincrease of the vacuum activation temperature of a catalyst results in increasing Kp.
Pretreatment of catalyst with different reducing agents (S02 CO> NH3 HCN) results in
the change of Kpvalue in comparison with the catalyst activated by the vacuum treat-
ment only. The data obtained on the variation of the reactivity of the propagation
centers permit one to draw a conclusion about the composition of surface compounds as
acitve centers of the oxide polymerization catalysts.

INTRODUCTION

To prove a relation between catalyst composition and reactivity of
propagation centers is an important problem in investigating the mecha-
nism of the catalytic polymerization. Firstly, it is necessary to develop
methods of predicting catalytic activity in polymerization, and secondly it
gives a valuable information about the composition of propagation centers.
It is usually difficult to interprete unambiguously the dependence of poly-
merization rate on the catalyst composition, because when the catalyst
composition and preparation conditions are varied, this can change both the
number of active centers and the rates of separate elementary stages of a
process. The dependence of molecular weight on the catalyst composition
can be used to reach some conclusions as to the process mechanism. How-
ever, in general, molecular weight is a function of the number of propaga-
tion centers, rate constants of many elementary stages, and concentration
of transfer agents in a polymerization system. This is why the interpreta-

* Presented to the Symposium on Macromolecular Chemistry, Budapest, August 1969.
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tion of the molecular weight dependence on catalyst properties can not
always be unambiguous.

It is reasonable to compare polymerization catalysts on the basis of the
kinetic characteristics of separate elementary stages. In particular, the
propagation rate constant Kvthat characterizes reactivity of a single active
center in a chain propagation reaction can serve as a measure of the propa-
gation center reactivity. For catalysts of different composition and
preparation conditions a change of the propagation rate constant is strict
evidence of the change in the structure of the active center.

In the present paper the propagation rate constants for oxide catalysts of
different composition and prepared under various activation conditions
were determined. Data obtained were used to draw a conclusion as to the
composition of the propagation center and the mechanism of the initiation
and propagation steps of the polymerization process.

EXPERIMENTAL

Catalysts

The compositions of oxide catalysts used in this work are given in Table I.
The preparation technique and the conditions of the vacuum treatment
of chromium catalysts were described earlier.1

TARLE |
Compositions of Oxide Catalysts

Transition
Transition Specific metal
Catalyst metal surface content,
number oxide Support area, m2/g wt-%
| C103 Silica-alumina
(3% AhO)) 300 2.5
1 Cro3 Silica 400 0.5-5
11 C103 Alumina 170 1.4
v W 03 Alumina 170 3.5
\% MO3 Alumina 170 3.5
Vi VAK Silica-alumina
(3% AhO,) 300 3.5

Oxide catalysts containing W, Mo, and V were prepared by impregnation
of the support with solutions of ammonium molybdate, ammonium vana-
date, and heteropolyacid of the composition HP(W27)6 Drying, calcina-
tion, and vacuum activation were the same as in the case of chromium
oxide catalysts.1 After the vacuum activation, molybdenium and tung-
sten oxide catalysts were reduced with hydrogen at 400°C and 500°C, and
the vanadium oxide catalyst was reduced with carbon monoxide at 300°C.
In some cases chromium oxide catalysts were also treated with different re-
ducing agents after vacuum activation. This treatment was carried out
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under static conditions at 300°C and under an initial pressure of 100-600
torr for 2 hr. The catalysts were then subjected to vacuum for 2 hr,
usually at the temperature of the preceding reduction.

To obtain a radioactive carbon monoxide, UC02was reduced with char-
coal at 1000°C. The specific radioactivity of carbon monoxide thus ob-
tained was measured after transformation into BaC03 with a Geiger-
Miiller top-counter.

Polymerization Procedure and Determination of the Number of the
Propagation Centers

Ethylene was polymerized at 75°C and 15 kg/cmz2in a solvent (benzine)
in a stainless steel autoclave with stirring. The apparatus used, the poly-
merization technique, and the reagent characteristics were described in the
preceding report.1 The number of propagation centers was determined by
a quenching technique with radioactive methanol MCH3H. From the
obtained number n of propagation centers (in moles/g), the polymerization
rate V (in moles/g-lir) at the moment of inhibitor injection, and concentra-
tion of ethylene Cm (in moles/1.), the propagation rate constant Kv (in
I./mole-hr) was calculated according to eq. (1):

V = KwCm @)

RESULTS AND DISCUSSION

Study of Supported Catalysts Containing Different
Transition Metal Oxides

For all the studied oxide catalysts, when polymerization was stopped by
methanol YCH3OH it was found that the polymers purified from a catalyst
residue were radioactive (Table Il). Therefore in polymerization by
means of oxide catalysts containing different transition metals the active
bond has the same type of polarization:

(catalyst.)>- . . . 5+CH2—CH2----P
|

where P is a polymer chain.

This type of polarization in the case of chromium oxide catalyst was
earlier explained by us on the assumption that a propagation chain is con-
nected with a catalyst through an oxygen atom. We believe that there
may be other explanations of such an active bond polarization, but in this
paper the explanation of experimental data will be done on the basis of the
supposition formulated in the preceding paper.l However, conclusions
concerning the active center environment made from data on the change of
active center reactivity probably will be the same as if the active bond were
one of the possible types of bond between transition metal and carbon.

As will be shown below, the reduction of a transition metal in an oxide
catalyst is a necessary stage of the propagation centre formation. In the
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TABLE I
Polymer Radioactivity, the Number of Propagation Centers, and Propagation Rate
Constants for Different Oxide Catalysts*

Polymeriza-
tion rate at
the moment Polymer
of inhibitor  radio-
injection,  activity, n X 106
Additional treatment g CdE/g  counts/ mole/g  IC, X 10-

Catalyst after vacuum activation catalyst-hr sec catalyst  l./mole-hr
1 Reduced by H> at 1.22 |490 0.12 0.37
400°C
\% Reduced by IE at 0.25 1810 0.13 0.070
400°C 0.14 2810 0.14 0.036
v Reduced by H2 at 0.14 5080 0.20 0.022
500°C 0.10 3700 0.29 0.012
| Reduced bv CO at 76 403 0.51 5.0
300°C 100 537 0.90 4.0
Vi Reduced by CO at 0.21 4680 0.17 0.043
300°C 0.15 1270 0.041 0.13

“Polymerization at 75°C; ethylene pressure 15 kg/cm2

case of the chromium oxide catalyst this stage can proceed during the in-
teraction with the reaction medium. When dealing with catalysts based on
molybdenum, tungsten, and vanadium oxides a preliminary reduction is
necessary to obtain an active catalyst. This is due to the greater stability
of the highest oxidation degree of these metals in their oxides and surface
compounds as compared with chromium compounds. Table Il gives the
number of propagation centers and propagation rate constants for different
catalysts. It should be noted that the kinetic properties of propagation
centers depend on the nature of the support and on the reducing agent used
for activation (see below). Therefore when studying the role of a transition
metal the support and the activation conditions of the catalysts compared
must be the same.

These data show that the nature of a transition metal in an oxide catalyst
influences the value of Kp. The propagation rate constants decrease in the
series of Cr > Mo > W and Cr > V. For catalysts reduced by H.in the
case of Cr, Mo, and W the number of propagation centers is in the same
order. However it should be noted that the reduction of the chromium
oxide catalyst by H2results in an abrupt decrease in the concentration of
propagation centers. It can be supposed that in the case of the tungsten
and molybdenum oxide catalysts the treatment with H> also gives a low
yield of active centers during its formation from the active component of the
catalyst. But without any reduction these catalysts are not active at all.

In the vanadium oxide catalyst the number of propagation centers is low
in comparison with the chromium oxide catalyst activated by the similar
method.
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Effect of Chromium Concentration on the Number of Propagation
Centers and Propagation Rate Constant

for the catalyst on silica with different chromium content the values of
n and Kvwere determined. At chromium concentrations varying from 0.5
to 5% Kvwas practically constant (Table I11), so the dependence of the

TABLE 111
n and Kv for Catalyst Il at Various Chromium Contents0
Polymeriza-
tion rate at
the injection
of inhibitor,
Weight, of  Cr content, gchd n X 10« K, X 10-6,
Run catalyst, g wt-% g catalyst-hr mole/g 1/mole-hr
6-VI 0.20 0.5 16.0 0.24 2.37
7-VI 0.09 1.0 50.0 0.68 2.66
19-VI 0.10 2.5 145.0 2.05 2.48
8-VI 0.10 5.0 130.0 1.62 2.90

aPolymerization at 75°C ethylene pressure 15 kg/cm2

polymerization rate on the chromium concentration was determined by the
change of the number of propagation centers (Fig. 1). The steady-state
polymerization rate per gram of catalyst was maximum, when chromium
content was 2.5-5 wt-%. The highest steady-state concentration of active
centers and the maximum polymerization rate per gram of chromium was
observed for catalysts with 1-2.5 wt-% of Cr.

Increasing the number of propagation centers with the increase of the
chromium content in the catalyst may be due to gradual involvement of the
centers of the support surface in reduction with Cr03 resulting in an
active catalyst component. The possible reason for the decrease of the
propagation center concentration may be the covering effect by aggregates
of CrD 3which are formed in the reduction of Cr#>during interaction of the
catalyst with the reaction medium.

The dependence of K,, of the chromium content in the catalyst may
serve as an evidence that the propagation centers in the chromium oxide
catalyst are practically homogeneous. Tire structure of propagation
centers does not change with variation of chromium concentration in the
investigated range.

Effect of Support on Propagation Rate Constant

The nature of the support influences the number of propagation centers
and the propagation rate constant for chromium oxide catalysts. In the
preceding reportlthis influence was explained by the structure of the active
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Fig. 1. Dependence of (1) the steady-state polymerization rate, (2) the steady-state
concentration of propagation centers (in mole/g catalyst), and (3) steady-state concen-
tration of propagation centers (in mole/g-atom Cr) on the chromium content in catalyst
1. Polymerization at 75°C; ethylene pressure 15 kg/cm2

center in which a chromium atom is connected to the cation of the support
through an oxygen atom:

M—0 —Ale—O... CH—P
11

where Me denotes transition metal and M is the cation of the support.

Effect of Activation Temperature on Reactivity of the
Propagation Center

Catalyst | was activated under the usual conditions (at 400°C) and at a
higher temperature (at 710°C). After the high-temperature activation a
part of the catalyst was kept under water vapor at the room temperature
and then was activated at 430°C. In Figure 2 the experimental kinetic
curves for ethylene polymerization with catalysts activated in different
ways are presented.

Increasing the activation temperature to 710°C appreciably raises the
catalyst activity. After contact of the catalyst with water vapor and sub-
sequent activation at a lower temperature the polymerization rate de-
creases. The data on the number of active centers and the propagation
rate constants for these catalysts are given in Table IV. The porous
structure of catalyst | was not changed when the activation temperature in-
creased from 400°C to 710°C. The data obtained show it is the increase of
the propagation rate constant that causes the increase in the catalyst ac-
tivity at a higher activation temperature. So the structure of a propaga-
tion center depends on the temperature of vacuum treatment.
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TABLE IV
n and K pfor Chromium Oxide Catalysts Activated at Different Temperaturesl

Polymeriza-
tion rate at
injection of
Polymer- inhibitor, g
ization CHd4g n X 106 Kp X 10§

Catalyst- treatment time, min  catalyst-hr mole/g I./mole-hr
Activation at 400°C un-

der vacuum 37 335 1.27 0.94
Activation at 710°C un-

der vacuum 25 90 1.30 2.45

Treatment by water va-
por after activation at
710°C, then activation
at. 430°C 71 44 2.06 0.76

“ Catalyst I; polymerization at 75°C; ethylene pressure 15 kg/cm2

Fig. 2. Kinetic curves for ethylene polymerization with catalyst | activated at dif-
ferent temperatures: (1,8) 400°C; (S)710°C; (4) catalyst activated at 710° and then
treated with water vapor and evacuated at 430°C.

The molecular weight of the polymer obtained with the catalyst ac-
tivated at 710°C was lower than that obtained when the catalyst activa-
tion temperature was 400°C.  Under middle pressure the molecular weight
of polyethylene obtained with the chromium oxide catalyst is proportional
to the ratio of Kn1K p, where Kmis the rate constant of chain transfer with
monomer. Thus, increasing the catalyst activation temperature results
predominantly in an increase in Kmin comparison with Kv.

Clark2 has proposed that the effect of the activation temperature on
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molecular weight of polymer may be due to removal of surface hydroxyls.
However Clark explained the molecular weight decrease by diminution of
the absorbed monomer concentration. This conclusion does not agree
with our data on increasing the polymerization rate and the propagation
rate constant when the activation temperature increases from 400 to
710°C.

When the catalyst activated at 710°C is treated with water vapor, sur-
face hydroxyls appear again, and the propagation rate constant decreases
and becomes practically equal to Kp for the catalyst activated at 430°C.
The overall catalyst activity and the molecular weight also change to values
which are typical of the catalyst activated at 400°C. Taking into ac-
count the influence of surface hydroxyls on the active center reactivity, the
composition of the propagation center on the surface of a supported oxide
catalyst may be represented by the structure 111,

M—OH

M—O—Me—O . . . CT»—P
/
0
VI—OH
"

where M denotes the element the oxide of which was used as a support.
After high-temperature treatment it is possible to obtain a structure of
type IV:

Vi

0/1\0

VI—O—Me—O . . . Ctl2—P
v

Effect of Reduction of Catalyst by Carbon Monoxide

The treatment of chromium oxide catalysts with carbon monoxide at
200°C results in their deep reduction and an increase in the catalytic ac-
tivity in ethylene polymerization.

The average oxidation number was determined in reduced catalysts by
iodometric analysis.3 The method used permits determination of more
than 3 X 10~6g-atom of chromium of oxidation number more than 3 per
gram of a catalyst. It is important to carry out this analysis under nitro-
gen, since oxidation proceeds rapidly when the catalysts reduced with CO
come in contact with air at room temperature.

The analysis showed the absence of chromium at oxidation number
more than 3 in catalysts reduced with CO at 200°C. These catalysts had
no signal from Cr+5in the ESR spectrum (measured at '~20°C).
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The effect of CO treatment depends on the temperature of this treat-
ment. In Figure 3 the experimental kinetic curves for the polymerization
with catalysts treated with CO at different temperatures arc given. After
the reduction the catalysts were evacuated under 10 torr at the same
temperature. The catalysts reduced at 200 and 300°C were the most
active. The catalyst activity decreased when the reduction temperature
increased further up to 400°C. The catalysts treated with CO at 100°C
were not reduced and their activity was practically the same as that of the
catalysts activated under vacuum.

The results of the determination of the concentration of active centers
and the propagation rate constants for reduced catalysts on different sup-
ports are given in Table V. In all the cases the treatment of catalysts with
carbon monoxide results in an increase in the propagation rate constant.
As the number of active centers depends on the catalyst composition, the
method of its preparation, and polymerization conditions, it can either in-
crease or decrease after treatment with CO.

The reduction of catalyst | with 4CO was also performed at 300°C.
The polymer, purified from catalyst by the procedure described in the pre-
ceding paper,1had no radioactivity. This result indicates that carbon
monoxide is not involved in the formation of a catalyst-carbon active
bond.

When catalyst which had been reduced with 4CO was not removed from
the polymer, the polymer films had radioactivity. Hence this radio-
activity was due to the MCO bonded to the catalyst. This radioactivity
corresponded to the content of 6.5 X 10-6 mole of MC/g catalyst after
polymerization.

The catalyst reduced with 4CO was reoxidized and then activated in
vacuo. After such a treatment the catalyst activity decreased and became

TABLE V
Effect of Reduction with CO for Different Catalysts*

Polymerization
rate at injection

of inhibitor, g

CHd4g n X 10s, K,, X 10“6

Catalyst catalyst-hr mole/g I./mole-hr
I, unreduced 49 1.35 1.30
65 1.86 1.25
I, reduced 206 1.36 5.4
370 2.30 5.8
11, unreduced 90 1.20 2.70
95 1.37 2.48
11, reduced 260 1.86 5.00
450 3.05 5.25
111, unreduced 10.0 1.90 0.19
15.0 3.40 0.16
111, reduced 27.0 1.76 0.54
315 2.05 0.55

» Reduction at 300°C; polymerization at 75°C; ethylene pressure 15 kg/cm2
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Fig. 3. Kinetic cuives for polymerization with catalyst 11: (1) vacuum activation
only; (2) treatment with CO at 1Q()°C; (3) treatment with CO at 200°C; (4) treatment
with CO at 300°C; (5) treatment with CO at 400°C. Polymerization at 75°C; ethylene
pressure 15 kg/cm2

equal to the activity of the catalyst prepared with by the usual vacuum
activation. The polymer films containing this reoxidized catalyst had no
radioactivity. Hence, removal of carbon monoxide takes place when the
catalyst reduced with CO is oxidized and activated under vacuum. Table
VI gives values of Kp for the catalyst after different treatments. Reoxi-
dation of the catalyst results in decreasing Kpto the value typical of un-
reduced catalyst.

The results obtained permit some conclusions on the mechanism of for-
mation of the propagation centers.

The formation of propagation centers (or initiation process) in the poly-
merization with oxidate catalysts may be presented by the scheme:

J——

In this scheme n is a propagation center, that is, the surface compound with
an active bond between catalyst and polymer; A is an active component,
that is, the initial surface compound, from which as a result of a set of
consecutive reactions a propagation center arises. We regard the catalyst
state after vacuum activation as an initial one. The results of the pre-
liminary treatment of catalyst with carbon monoxide show that one of the
steps of the initiation process is the reduction of the active component.
Catalysts reduced with CO at a temperature of 200°C do not contain
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TARLE VI
Effect of Reoxidation*

Polymeriza-
tion rate at
Polymer- injection of
ization inhibitor, g

time, CJE/g n X 1« Kp X 10-«,
Catalyst treatment min catalyst-hr mole/g I./mole-hr
Vacuum activation 37 33.5 1.27 0.94
Vacuum activation +
reduction with CO 15 100.0 0.90 4.00
Oxidation of reduced
catalyst + vacuum
activation 35 33.0 0.98 121

*Polymerization at 75°C, ethylene pressure 15 kg/cm2

chromium with the oxidation number more than 3, but these catalysts have
the same number of propagation centers as the catalyst after vacuum treat-
ment only. Hence, one can conclude that a propagation center is a surface
compound of chromium having an oxidation number not more than 3.

The formation of Cr+2compounds during a high-temperature reduction is
also possible,4but we consider that the experimental data obtained to date
are insufficient for an unambiguous choice between Cr+3and Cr+2in the
propagation centers.

From our point of view the surface compounds of transition metals with
the highest oxidation number serve as the active component in oxide
catalysts.

The reduction is a necessary condition for formation of the propagation
centers. In the case of chromium oxide catalysts activated under vacuum
the reduction occurs during their interaction with the reaction medium
during the initial period of polymerization. In the case of catalysts, based
on W+6 Mo+6, and V+5 compounds, however, the reduction by ethylene
does not proceed under mild polymerization conditions, so in this case a
preliminary high-temperature reduction or the use of reducing agents
(promotors) in polymerization is necessary.

The preliminary reduction by carbon monoxide results in the change of
active center reactivity. We assume the change of reactivity to be due to
the formation of the surface compounds of chromium where CO serves as a
ligand. The data obtained when carbon monoxide labeled with 4C was
used for the catalyst reduction confirm such a mechanism. After the high-
temperature vacuum treatment of a catalyst reduced with 4CO a small
guantity (~6.5 X 10-6 mole/g) of strongly bonded 4CO remained on the
catalyst surface. Reoxidation of reduced catalysts resulted in the elimina-
tion of radioactivity in the catalyst and decreasing reactivity of a propaga-
tion center to the value typical of the initial unreduced catalyst.

The treatment of chromium oxide catalyst by different reducing agents
(S02 NH.i, HCN) can also change the propagation rate constant. We



782 ERMAKOV, ZAKHAROV, AND KUSHNAREVA

give here the results of the determination of Kv for catalyst | treated after
the vacuum activation with different compounds (Table ATI).

TABLE VII
Dependence of Kpon Reducing Agent*

Reducing Kpx 10-8
agent I./mole-hr
S02 0.75
co 5.0
N H3 9.0
IIC N 10.5

aCatalyst I, polymerization at 75°C.

As in the case of catalysts reduced with CO this change of reactivity of
the active center may be due to the formation of the surface chromium
complexes containing reducing agents or products of its partial oxidation
as ligands.  The composition of the active centers of oxide catalysts may
be represented by the structure V,

M—OH L

where L is a ligand.

CONCLUSION

The results of the influence of the catalyst composition and activation
conditions on the reactivity of the propagation centers confirm the concept
that propagation centers in the polymerization oxide catalysts are surface
complexes in which a transition metal has one of the low oxidation num-
bers (see structure V). Changing the nature of the support cation M, tran-
sition metal Me, ligand L, and removing surface hydroxyls affects the re-
activity of the propagation center. The structure V shows only the closest
environment of the transition metal and does not show the real spatial
structure of the propagation centers. In fact, all the elements composing
structure V are in the sixfold or fourfold coordinations more or less dis-
torted. However, there are as yet no exact direct data about the real
spatial structure of the propagation centers in oxide catalysts up to now.

On the basis of the results obtained it is possible to suppose the following
general scheme of formation of the propagation centers and the growth of
the polymer chain in the ethylene polymerization with oxide catalysts.

(1) The formation of an active component of a catalyst proceeds during
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the interaction of transition metal oxide with a support. The structure of
compounds thus obtained depends on the catalyst composition and its
preparation conditions. In the case of chromium oxide catalysts the ac-
tive component seems to be a surface chromate-type compound56in which
the chromium oxidation number is G

(2) When a catalyst is treated with reducing agents or interacts with the
reaction medium the active component is reduced, forming a surface co-
ordination compound with a free vacancy. Then this compound during
the interaction with monomer forms the propagation center (surface com-
pound with a carbon-catalyst active bond).

(3) The reaction of chain growth consists of two stages: (a) ir-complex
formation [eq. (2a)],

CH2—P CH2—P

- + CH4 *kX ch2="ch2 ch2 (2a)
77%7777777. -l T

(where the point symbolizes an active center on the catalyst surface) and
(b) insertion of the coordinated monomer into the active bond [eq. (2b)],

CH—P ch2 -CH2- CH—P
CH2=CH2 ch?2 0 k (2b)
TITTTTTTT<TITTTTTTT7 UHEPRTEFTTTT7177

hi, k-1, and f2are rate constants.

The mechanism of the propagation, including the monomer coordination
and insertion stages, was examined by Cossee7 and Natta8et al. for the
polymerization with Ziegler-Natta catalysts.

The meaning of the value of K vcalculated by eq. (1) depends on the rela-
tive rates of the elementary stages of the propagation process. If the first
stage (/r-complex formation) is a reversible reaction, one can obtain for the
value of Kv the general equation (3):

Kv —k\ki/ fc2+ fci + hCm (3)

We will consider three cases.
Case 1. For/@2» [ci+ I\Cm Kv = ku and the eqg. (1) is transformed into

V = hn.Cm @)

Case 2. For Ai» k>+ kiCmthen K,, = KJc2 where K:i = fci/lc_i and
Kais an equilibrium constant for the 7r-complex formation. In this case:

V = K&*iCm 5)
Case 3. For KKCm» k>+ fc-i, then Kp = ki/Cny in this case:
V = lan ©

Eciuation (G for case 3 does not correspond to the first-order propaga-
tion reaction with respect to the monomer concentration.0 Thus, assum-
ing a two-stage mechanism of the chain growth with chromium oxide
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catalyst, the propagation rate constant is either the rate constant of t-
complex formation (case 1) or the product of the equilibrium constant of
the first stage and the rate constant of the insertion act (case 2). The re-
sults obtained up to now are insufficient to permit one to distinguish be-
tween these two possibilities.

Regarding the data on the influence of the active center composition
on reactivity, it is possible to conclude that Kvincreases when one can ex-
pect an increase of the strength of the dative bond between olefin and a
transition metal. On changing the transition metal from W to Mo and
then to Cr, for example, it is reasonable to expect a decrease of the oxida-
tion number of the transition metal in the propagation center and hence
an increase of the 7r-complex stability.

An increase in electronegativity of the support cation may lead to a de-
crease in the positive charge on the chromium atom of the propagation
center. The removal of hydroxyls of the catalyst surface appears to cause
the same effect. Decreasing the positive charge on the transition metal
also may increase the stability of ir-complex.

It is known9that the stability of ir-complexes of transition metals with
such ligands as CO, phosphines, etc. is much higher than that of complexes
containing olefins as ligands only. It is likely that the introduction of CO
or NH3 into the surface complexes of chromium-oxide catalyst brings
about the same effect.

We think that the change of Kv measured in our experiments is due to
the change of the stability of the 7r-complex. If Kv = ki (case 1) the in-
crease of the strength of the bond between ethylene and the transition
metal may decrease the activation energy of the first stage. If K,, =
KJit (case 2), the propagation rate constant increases as a result of the rise
of the stability constant 7va.
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Reactivity of Ethylene in the Radically Initiated
Copolymerization of Ethylene with Vinylacetate*

M. RATZSCH, W. SCHNEIDER, and D. MUSCHE

Synopsis

The study of the literature shows that in the copolymerization of ethylene and vinyl-
acetate there is an evident dependence on the relative reactivity of ethylene. For this
change of the r-value of ethylene there are two explanations: real change of reactivity
of the ethylene, or effects of heterogeneity. The experiments were carried out under
pressures from 100 to 300 ats and at temperatures from 60 to 200°C, as -well as under
1200-2400 ats and at 160-240°C. We find that the change of the r-value of the ethylene
is caused by heterogeneity effects and the »--values obtained must be considered as ap-
parent r-values.

INTRODUCTION

In the last years the importance of ethylene copolymers has considerably
increased. The properties of these copolymers, which range from elastic
via viscous to plastic products, vary in dependence of the volume on the
VAc (vinylacetate) content. The fields of application are continuously ex-
panding.

The study of the literature (Table 1) shows that the composition of the
copolymers of ethylene vinylacetate does not only depend on the relation of
the starting monomer, but seems obviously to be dependent on the reaction
conditions (pressure and temperature).

As can be seen from Table I, the r-value of the ethylene increases with
increasing pressure and temperature, whereas the r-value of the vinyl-
acetate (with exception of the paper by Erussalimsky3 remains constant.

Since below a pressure of 300 ats and above a pressure of 1200 ats the
system ethylene vinylacetate has not yet been investigated, it is interesting
to study the dependence of the composition of the copolymers on the re-
action conditions in these pressure ranges.

With regard to the dependence of the copolymer composition on the re-
action conditions, there are two explanations:

(1) Either there is a real change of reactivity of the ethylene in de-
pendence on pressure and temperature; or

(2 The originating copolymers separate from the at first homogenous
phase of the starting monomers (Fig. 1) and form with a part of the vinyl-
acetate a solution in which the monomer vinylacetate becomes enriched, so

* This paper was presented at the IUPAC Meeting in Budapest.
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TABLE 1

Copolymerization Parameters of the System Ethylene-Vinylacetate

rEth N °o p, atm Solvent lief.
0.77 £ 0.04 1.02 = 0.02 70 400 Benzol (@h]
0.97 £ 0.03 1.02 £ 0.02 130 400 Benzol 1)
1.07 £ 0.06 1.08 £0.19 90 1050 - )
1.0 £+ 04 13 0.4 90 1000 — ©)]
1.01 1.0 150 850 — 4
0.16 1.14 60 100 — ©
0.70 3.70 60 1200 — (5)

that the subsequently resulting copolymerisates have a higher content on
vinylacetate. The ethylene concentration in this liquid phase naturally
depends on pressure and temperature, so that the dependence of the reac-
tivity of the ethylene on pressure and temperature is thus altogether simu-
lated.

Since in benzene as a solvent the heterogeneity effects mentioned under
(2) must be excluded as the cause for the dependence of the copolymer
composition on the reaction conditions, the copolymerization of ethylene
and vinylacetate was also investigated in solution.

EXPERIMENTAL

The experiments below a pressure of 300 ats were carried out in a stain-
less steel agitating autoclave with a capacity of 2 liters. We worked with
AIBN at 60, SO, and S5°C, with di-tert-butylperoxide at 166°C and with
cumenehydroperoxide at 200°C.

The experiments at pressures above 1200 ats were carried out in a con-
tinuously operating system and at a temperature range from 180 to
240°C. The plant consisted of a tubular reactor having a volume of 9.8
liters. The compression was carried out in three stages. The vinylacetate
was injected into the second stage. The initiators, being dissolved in
paraffin oil, were injected directly into the reactor. Di-lauroylperoxide was
used at 160 -180°C, tert-butylperbenzoate at 220-240°C, mixtures of the
two peroxides at 180-220°C as well as oxygen at temperatures above
220°C.

The ethylene used had a purity of 99.97% by volume, and the vinyl-
acetate a purity of 99.97% by weight.

The yield of the polymerization tests was always below 10%. The vinyl-
acetate content of the copolymers was determined by saponification (0.5 n
ethanolic KOH in xylene), elementary analysis and IR-spectroscopy.

The phase diagram for the system ethylene vinylacetate was found in a
200 ml steel autoclave with circulating pump by means of sample taking.

RESULTS

Figure 2 shows the dependence of the composition of the copolymers on
the composition of the starting mixture at 80°C and under pressures of 100,
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01 02 03 . 0.4 05 06 07 0.6 09 10
Molfraction Ethylene

Fig. 1. Liquid-vapor equilibrium, ethylene-vinylacetate. (O) liquid phase; (3) vapor
phase.

150, and 250 ats. Some values were obtained at 85°C, but the temperature
difference of 5°C between the used values has in this connection only a very
small influence, so that it is not to be seen in the diagram. A pressure de-
pendence of the composition of the copolymers can be clearly seen from
Fig. 2. On the one hand—independent on the pressure—the curves with
VAc contents exceeding 55 mole-% in the starting mixture show that the
copolymers obtained have the same composition as the starting mixture;
on the other hand, the curves with a VAc content less than 55 mole-% in
the starting mixture show a pressure dependence. The latter curves be-
come flatter with increasing pressure, i.e., they tend to ideal copolymeriza-
tion.

Almost only ideal copolymerization was observed with a VAc content
between 10 to 30% by weight in the reaction mixture and within a pres-
rure range above 1200 to 2400 ats, and at 180 to 240°C.

The fact that only at high VAc contents in the reaction mixture no pres-
sure dependence of the copolymer composition could be observed, indicates
that the dependence of the copolymer composition on pressure at a low
vinylacetate content in the starting mixture can be traced back to the
heterogeneity effects, and not to a real change of reactivity.

Figure 3 shows the dependence of the course of the copolymerization
curves on temperature at a pressure of 100 ats. The same heterogeneity
effects can be observed in this case. The copolymerization curves ap-
proximate to the ideal curve at increasing temperature and at the same
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JO 20 30 40 50 60 70 80 90

Mok-Vo VAcin the mixture of reaction
Fig. 2. Copolymerization in the bulk at 80 and 85°C of ethylene and vinylacetate.

Mole-Vo VA content in the mixture of reaction
Fig. 3. Copolymerization in the bulk at 100 atm of ethylene and vinylacetate.
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Fig. 4. Copolymerization of ethylene and vinylacetate at 85 and 166°C in benzol.

pressure; whereby also in this case the copolymer composition is inde-
pendent on the temperature at a VAc content above 55 mole-% in the start-
ing mixture.

A completely different dependence of the copolymer composition on the
relation of the monomers in the starting mixture under various pressures
and at temperatures of S5°C and 166°C is indicated in the copolymeriza-
tion in benzene as a solvent. The copolymerization diagram is shown in
Fig. 4. In the whole range of the composition, no pressure dependence of
the copolymer composition was observed at pressures of 100, 150, and 250
ats, and temperatures of 85°C and 166°C, when the copolymerization was
carried out in benzene. This result supports the assumption that the pres-
sure dependence of the copolymer composition is in fact a case of hetero-
geneity effects.

A temperature-dependent change of the copolymer composition at a
copolymerization in benzene below a pressure of 300 ats was not observed
and is thus in contradiction to the results of Terterjan, who found an in-
crease of the r-value of the ethylene under a pressure of 400 ats, and at a
temperature change from 70 to 130°C (Table II).

By evaluating the experimental results according to Fineman and Ross7
and Mayo and Lewis,8the values in Table Il were obtained. The values
obtained in this way must be considered as apparent r-values (), as they
were obtained under test conditions which, owing to the appearance of the
homogeneity effects, do not satisfy the copolymerization. As indicated in
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TABLE 11
Copolymerization Parameters of the System Ethylene-Vinylacetate

t'fak V'VAC T, °C p, atm
0.16 1.12 60 100
0.18 1.05 80 100
0.49 1.02 135 100
0.45 1.0 60 150
0.47 1.0 80 150
0.52 1.02 60 250
0.67 0.95 80 250
0.73 1.0 135 250
0.85 1.02 166 245
0.83" 0.96“ 166 245
0.89 1.0 200 250
0.84° 0.93“ 200 250
1.2 1.1 160 1200
1.2 1.1 210 1200
1.2 1.1 220-240 2000
1.2 1.1 220-240 2400

“ By evaluating according to Mayo and Lewis.

Table I1, the apparent r-value of the ethylene increases continuously with
the pressure and the rising temperature and approaches to value 1, while the
r'-value of the vinyl acetate remains almost unchanged. The same de-
pendence is also indicated in the quoted literature values, whereby the ©
value of the vinyl acetate with r = 3.70 at 60°C and a pressure of 1200 ats
quoted by Erussalimsky, is inexplicably high and should be checked once
more.
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Structure oi Chlorinated Poly (vinyl Chloride).
I. Determination of the Mechanism of Chlorination
from Infrared and NMR Spectra

M. KOLINSKY, D. DOSKOCILOVA, B. SCHEIDER, and J. STOKR,

Institute of Macromolecular Chemistry, Czechoslovak Aczdemy of Sciences,

Prague, E. DRAHORADOVA, Institute of Physical Chemistry, Czechoslovak

Academy of Sciences, Prague, and V. KUSKA, Institute of Petrochemistry,
Novdky, Czechoslovakia

Synopsis
Infrared and NM R spectra of chlorinated poly(vinyl chloride) (CPVC) and of chlo-
rinated a-deuterated poly(vinyl chloride) (a-rf-CPVC) have been measured. It was
found that the CDC1 unit of «-(/-PVC does not undergo chlorination. By assuming an
analogous mechanism of chlorination in normal PVC, the populations of all the three
possible types of two-carbon sequences (— ClL— CHC1— ,— CHC1— CHC1— ,— CHC1—
CCL— ) in CPVC could be determined. The mechanism of chlorination of PVC s

discussed from the viewpoint of the previous findings on the conformational structure
of this polymer. Differences in structure between suspension- and solution-chlorinated
PVC have been established.

Chlorinated poly(vinyl chloride) (CPVC) prepared by conventional
chlorination procedures contains a maximum of about 72.5% CI. This
chlorine content corresponds to the addition of one Cl atom per monomer
unit of PVC. The structure of CPVC has been studied by infrared and
NMR spectra by many authors.1-9 In these papers the authors tried to
decide, whether chlorination takes place on CH-2 or CHC1 groups and to
determine the distribution of Cl atoms in the chain. A consistent intro-
duction of the assumption that only one additional Cl atom can enter one
monomeric unit leads to the expectation of only three types of two-carbon
units in CPVC, namely, —CH2—CHC1—, —CHC1—CHC1—, and —CH2—
CC12—; attempts have been made to identify these three types of units in
CPVC by spectroscopic methods.29 For the determination of two-carbon
or three-carbon sequences by infrared spectra, scissoring vibrations of
CH2groups have been analyzed,2and the intensity ratio of CH2 (sciss) at
1428 cm-1 to the CHC1 (def) at 1195 cm-1 has also been used.4 NMR
studies of the structure of CPVC have been based on the determination of
the intensity ratio of the CH2and CHC1 bands,78 Dand the assumption
that not more than one CI atom can enter one monomeric unit was likewise
applied in their evaluation.7
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None of these papers has succeeded in determining unequivocally if the
above-mentioned assumption (one Cl per monomer unit) was valid, and if
chlorination took place inthe CH2or CHC1 group. Therefore we attempted
to solve these questions by the analysis of infrared and N.MR spectra of

a-d-CPVC.

EXPERIMENTAL

Commercial suspension poly (vinyl chloride) (PYC) of K value 71 was
dissolved in tetrahydrofuran and precipitated by methanol. The CI con-
tent was 56.8%. Poly(vinylidene chloride)ll was obtained by polymeriza-
tion in inert medium at 50°C to ca. 5% conversion from refined and
freshly redistilled vinylidene chloride. It was initiated by 2 X 10-3
mole/1. of azobisisobutyrate methyl ester. The Cl content was 72.68%.
The sample of vinyl chloride-vinylidene chloride copolymer was commercial
Saran B (15% VC + 85% YDC) precipitated from trichlorobenzene with
methanol. The CI content was 64.76%.

Powdered PVC was chlorinated with gaseous chlorine by two methods: 2
(@) in water-chloroform suspension (1:7) under stirring at 50°C (samples
1-9, containing 0-71.7% ClI, Table 1); (b) in carbon tetrachloride solution
(samples A-F, containing 0-69.6% CI, Table 1). Various commercial
samples of CPVC included in Table | were precipitated from tetrahydro-
furan solution by methanol.

Deuterated vinyl chloride was prepared by the method of Francis
et al.3 11-Dichloro-2-bromoethane-d-I was obtained by addition of
DBr to vinylidene chloride at —75°C under ultraviolet irradiation. This
was dehalogenated by Zn in ethanol, yielding crude a-d-vinyl chloride.
After rectification the pure product had a bp —13.1°C at atmospheric
pressure. The Purity was followed chromatographically.

a-d-PVC was prepared by two methods. Suspension-polymerized
a-d-PVC was prepared by polymerization of a-d-vinyl chloride in aqueous
medium (ratio 1:2), with an addition of methocel and with dilauroyl
peroxide as initiator at 50°C; conversion was 80%. Block-polymerized
a-d-PVC was initiated by 5 X 10-3 mole/1. of azobisisobutyrate methyl
ester and polymerized at 50°C with stirring; conversion was 55%. The
Cl content was 54.6% CI; deuteration in the a-position was 96% (by
NMR). This polymer was used in most experiments, but no appreciable
difference between the results obtained with block- and suspension-
polymerized a-d-PVC was observed.

a-Deuterated chlorinated poly(vinyl chloride) (a-d-CPVC) was pre-
pared by chlorination in water-chloroform suspension,2as described above
for PVC. Parallel chlorination series were run in HD and D2 suspension
in order to check for possible deuterium-hydrogen exchange during chlori-
nation. As no appreciable difference between the two series was observed,
such exchange is assumed to be absent.

Chlorine was determined by the standard method of Schoninger¥ as
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modified by Petranek and Ryba.5 All reagents and solvents used were
purified and redistilled.

For the determination of deuterium in a-d-PVC and a-d-CPVC, the
polymer was subjected to combustion in a stream of oxygen, and the ratio
D2D/H2D in the combustion products was determined by mass spectrom-
etry. B

For measurement of NMR spectra, 15% (w/v) solutions of the samples
in SOCI2were prepared, with hexamethyldisiloxane as internal standard.
The SOCI2was purified chemically and freshly distilled onto the degassed
sample in the measuring cell which was then sealed under nitrogen. The
sealed cell was then heated to 100°C for several hours under slow rotation,
until complete homogenization. NMR spectra were measured at 100°C
on the JEOL-3-60 spectrometer operating at 60 Mcps.

Infrared spectra of CPVVC were measured on the Zeiss UR-10 spectrom-
eter by the KBr pellet technique using the same weight concentration of
polymer (15 mg per pellet) in all samples. The spectra of the original
samples exhibited a high background which could be removed by repre-
cipitation of the samples from a cyclohexanone solution with methanol.
The chlorine content was not affected by this reprecipitation, and in all
quantitative infrared studies, these reprecipitated samples were used.

RESULTS
Deuterium Content of a-rf-CPVC

Infrared spectra of a-d-PVC chlorinated to a various degree were
measured and two typical spectra are shown in Figure 1 It was observed
that the intensity of the C-D stretching band at 2200 cm* 1does not de-
crease upon chlorination. This was surprising, because even if chlorine
did not enter the CDC1 group, the intensity of the C-D stretching band
would be expected to decrease somewhat in samples of equal weight con-
centration. Our observation could only be explained by the assumption
that the absorbance differs in samples of different chlorine content. For
this reason, infrared spectroscopy appeared unsuitable for the determination
of deuterium, and the deuterium content of a-d-PVC and various samples of
a-d-CPVC was therefore determined by mass spectrometry. By this
method, in all samples of a-d-CPVC (58.3-67.8% CI), the deuterium con-
tent was constant and equal to that of a-d-PVC within experimental error
(£2%).

Determination of the Content of CH2 CHCI, and CCI2
Groups from the Ratio CH2CH

NMR Spectra. As in NMR spectra of PVC, in CPVC the regions
of CH2and CH bands are also clearly separated (Fig. 2). The bands at
higher r values (8.88-6.53) correspond to methylene group protons, bands
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Fig. 1. Infrared spectra of a-deuterated poly(vinyl chloride): (a) a-d-PVC; (b) a-d-
CPVC (j = 0.71).

Fig. 2. NM R spectra of chlorinated poly(vinyl chloride): (a) PVC; (6) CPVC-6 (j =
0.72); (c) CPVC-D (j = 0.70); (d) CPVC-8 (j = 0.91); (e) a-d-CPVC (j = 0.71).
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at lower r values (6.53~4.S0) correspond to CHC1 groups. For the deter-
mination of the ratio CH2ZCHCL, the integrated areas of both these band
groups have been determined. The upper integration limits of both these
band groups coincide with the upper limits of the corresponding bands in
PVC. With increasing degree of chlorination, both the CH2and CHC1
bands broaden and shift to lower r values. By measurement of the spectra
of polyfvinylidene chloride) and of the vinyl chloride-vinyl jdene chloride
copolymer in SOCI2solution, the CH2band of the —CC12—CH2—CC12—
group was found to lie at 6.52 t, i.e., somewhat lower than would correspond
to the above indicated lower limit of the CH2band group. From the
fact that the spectra of all our samples of CPVC exhibit a minimum around
6.5 r it can be concluded that the content of polyvinylidene type units in
our samples is negiiglible, and that the upper limit of the CHC1 band region
in PVC can be simultaneously considered as the lower limit of the CH2band
group in CPVC.

From the ratio of the CH2and CHC-1 band areas (2R) and from the
analytical chlorine content, the populations of all the three one-carbon
groups, CH2 .,, CHC1 (y) and CC12 (z) can be determined by means of

egs. (1)—7)

R = [X]\W\ ]

j = (ucpve —ffpve)/73.2 —Uove )
[20] + [d =05 ©)

K+ b+ [=1- Id (4)

B = «@-j -2[d])/2(2R + 1) ©)
fo]l = 3 — —2[d])/2(2R + 1) (6)
RlI=1- [d- K- [4 (7)

where a is the weight content of Cl in the respective polymer, j is the molar
content of additional CI (referred to one monomeric unit) which entered
the chain upon chlorination, [20] is the molar content of CHC1 groups in
unchlorinated PVC and [d] is the molar content of CDC1 groups in a-d-
PVC. The obtained values of [*], [y], and [2] for suspension- and solution-
chlorinated PVC are shown in Table | and for suspension-chlorinated
a-d-PVC in Table II.  All these results are summarized in Figure 3.

Infrared Spectra. As in the work of Fredericsson and Crowo,4the ratio
R of CH2and CH groups was obtained from the bands at 1430 (CH2sciss.)
and 1200 cm-1 (CHC1 def.) (Fig. 4). Maximum absorbances were used,
and the ratio of extinction coefficients was determined from NMR spectra.
The determination of R by NMR and infrared spectra is compared in
Figure 5. The results agree well for both the suspension- and solution-
chlorinated PVC.
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TABLE |
Structure of Various Samples of Chlorinated Polyfvinyl Chloride)”

Sample i R X y z Xy vy yz
PVC 0.00 1.00 0.50 0.50 0.00 1.00 0.00 0.00
cCpPvC-1 0.11 0.98 0.48 0.51 0.03 0.96 (-0.02) 0.06
CPVC-2 0.23 0.86 0.44 0.51 0.05 0.88 0.02 0,10
cCpPvC-3 0.41 0.72 0.38 0.53 0.09 0.76 0.06 0.18
cCPVvC-4 0.57 0.62 0.34 0.54 0.12 0.68 0.08 0.24
CPVC-5 0.65 0.57 0.31 0.55 0.14 0.62 0.10 0.28
CPVC-6 0.72 0.49 0.28 0.58 0.14 0.56 0.16 0.28
CPVC-7 0.84 0.44 0.25 0.58 0.17 0.50 0.16 0.34
CPVC-8 0.91 0.38 0.23 0.59 0.18 0.46 0.18 0.36
CPVC-A 0.46 0.54 0.33 0.62 0.05 0.66 0.24 0.10
CPVC-B 0.58 0.33 0.24 0.73 0.03 0.48 0.46 0.06
CPVC-C 0.64 0.37 0.25 0.68 0.07 0.50 0.36 0.14
CPVC-D 0.70 0.29 0.21 0.73 0.06 0.42 0.46 0.12
CPVC-E 0.79 0.25 0.18 0.74 0.08 0.36 0.48 0.16
CPVC-F 0.79 0.25 0.18 0.74 0.08 0.36 0.48 0.16
Rhenoflex
(FRG) 0.25 0.75 0.41 0.55 0.04 0.82 0.10 0.08
Trovidur
HT (FRG) 0.50 0.58 0.34 0.58 0.08 0.68 0.16 0.16
PC-Smola
(USSR) 0.29 0.72 0.40 0.56 0.04 0.80 0.12 0.08
PC-Pulver
(GDR) 0.29 0.76 0.41 0.54 0.05 0.82 0.08 0.10

“Samples CPVC 1-8 chlorinated in suspension, samples CPVC A -F chlorinated in

solution.

TABLE Il
Structure of Various Samples of Chlorinated a-d-Poly(vinyl Chloride)

3 R X ya 2 xyb yyb yzb
0.20 4.04 0.41 0.10 0.01 0.82 0.16 0.02
0.32 2.90 0.37 0.13 0.02 0.74 0.22 0.04
0.38 2.70 0.35 0.13 0.04 0.70 0.22 0.08
0.44 2.28 0.33 0.14 0.05 0.66 0.24 0.10
0.50 2.11 0.31 0.15 0.06 0.62 0.26 0.12
0.51 1.72 0.30 0.17 0.05 0.60 0.30 0.10
0.53 1.62 0.28 0.17 0.07 0.56 0.30 0.14
0.60 1.44 0.27 0.19 0.06 0.54 0.34 0.12
0.65 1.17 0.24 0.21 0.07 0.48 0.38 0.14
0.71 1.06 0.23 0.22 0.07 0.46 0.40 0.14

ay = contentof CHC1 groups only.
by = sum of CHC1 -f CDC1 groups, with contentof CDC1 constant and equal to 0.48
in the whole series.

DISCUSSION

The content of the one-carbon units CH2 CHC1, and CC12in normal
CPVC ([d] = 0) can be obtained from the analytical Cl content and ex-
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Fig. 3. Content of (0) CH2 (C) CHC1, and (+) CC12groups in chlorinated polv-
(vinyl chloride): (a) suspension-chlorinated CPVC; (b) solution-chlorinated CPVC;
(c) suspension-chlorinated a-d-CPVC. Here y is defined as the sum of CHC1 + CDC1
groups, with the content of CDC1 groups being constant and equal to 0.48 in the whole
series. Both block polymerized and suspension polymerized samples are included.

perimental NMR or infrared CH2CH values, without any additional data
or assumptions about the chlorination mechanism, and may be used for the
basic characterization of the various chlorinated samples. From Table |
it is seen that the structure of suspension- and solution-chlorinated CPVC
of equal chlorine content differs considerably. Suspension-chlorinated
CPVC contains more CC12groups than the solution-chlorinated samples.
The differences in the range of C-Cl stretching frequencies in infrared
spectra of suspension- and solution-chlorinated PVC with comparable
chlorine content also confirm a difference in distribution of ClI atoms in
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Fig. 4. Infrared spectra of chlorinated polyfvinyl chloride): (a) PVC; (fc)CPVC-6
0" = 0.72); (c) CPVC-D (j = 0.70); (d) CPVC-8 (j = 0.91).

Fig. 5. Comparison of values of R (CH2CH) as determined by NMR and infrared
spectra: (O) suspension-chlorinated; (¢) solution-chlorinated.

both cases. Surprisingly enough, the structure of our a-d-CPVC, which
was chlorinated in suspension, resembles more closely that of solution-
chlorinated CPVC (Table Il). We assume that this might be caused by
differences in polymer structure prior to chlorination.

Determination of the relative amounts of CH2 CHC1, and CCb groups
makes possible the differentiation of various types of CPVC, but does not
yield any information about the mechanism of chlorination.  All previous
considerations of the mechanism of chlorination were based on the well
established experimental finding that CPVC with more than 72.5% ClI
cannot be prepared. This was usually explained by one of two assump-
tions: either that one C atom can carry only one ClI atom, or that one
monomeric unit can add only one Cl atom.

Because of the experimentally determined presence of the CC12 group,
the first, assumption cannot be valid. Our present experimental finding
that the deuterium content of a-d-PVC does not change upon chlorination
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indicates that chlorine cannot enter the CDC1 group and therefore probably
also not the CHC1 group of original PVC. Together with the proved
existence of CC12groups in CPVC, this rules out the second assumption,
and permits the appearance of the —CHC1—CC12— group, with two
additional chlorine atoms in one monomeric unit. Independent evidence
for the appearance of this group has also been obtained by pyrolysis and gas
chromatography.7 Constancy of deuterium content upon chlorination
also rules out the presence of the polyvinylidene type unit, —CH2—CC12—,
which is moreover excluded by NMR evidence. Only the following
three types of two-carbon sequences can therefore appear in CPVC:
—CH2—CHC1—, —CHC1—CHC1—, and —CHC1—CC12—.

From a purely chemical point of view, there seems to be no reason why
the CHC1 group could not be chlorinated.88 The impossibility of the
chlorination of the CHC1 group can only be given by steric reasons. In
our studies of PVC model compounds19-2L it has been established that in
the major conformers staggered bond angles are preserved, and forms
carrying two large substituents (Cl—, —CH2—) in y position with parallel
C—Cl or C—C bonds (Fig. 6) do not appear. Chlorination of the CHC1
group would always lead to the formation of at least two C—CI or C—C
bonds in such a forbidden orientation. The experimental finding that
chlorine does not enter the CHC1 group of PVC is therefore in full agree-
ment with the known conformational structure of PVVC model compounds.

On the other hand, one Cl atom can enter the CH2group of both syn-
diotactic and isotactic PVC without any steric hindrance at all. Two
atoms of Cl can enter CH2groups which are part of syndiotactic (ss) or
heterotactic (si) triads. Of course, even in the chlorination of the CH2
group, the above steric rule must be maintained. Because of this, if two
atoms of Cl have entered one CH2group, the neighboring group cannot be
chlorinated at all. If only one Cl atom has entered the CH2group, the
neighboring group can be chlorinated, but only by one CI atom.

Fig. G. Forbidden .structure of a CPVC wunit.: (+) C atom; (0) Clor C atom.
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The proposed mechanism of chlorination of PVC can most simply be
defined so that only two atoms of Cl can enter into two neighboring mono-
meric units of the original PYC (sequence xyxy), and always only into CH2
groups. Of the various possible four-carbon sequences, only the types
yyxy, yyyy and zyxy can therefore appear. In the chain, these can com-
bine in different ways, but always observing the above steric rule. Based
on this mechanism, from the experimentally determined values of x, y, and
z, the populations of all permitted two-carbon sequences xy, yy, and yz can
be calculated from the relations

M = 172 [x] ®
b = 172 [xy] + [wl + 1/2 [y ©
2] = 1/2 [yz] (10)

and are given in the last three columns of Table | for CPYC and of Table
Il for o-d-CPVC. from Table I, suspension-chlorinated CPVC is seen to
contain more —CHC1—CHC12— groups than the solution-chlorinated
samples which must therefore contain longer sequences of —CHCl1—
groups. Determination of longer than two-carbon sequences will be the
subject of a subsequent communication.

References

1. H. Fuchs and D. Louis, Makromol. Chem., 22, 1 (1957).

2. H. Germar, Makromol. Chem., 86, 89 (1965).

3. Y. Fukawa, S. Takatono, M. Matsui, and H. Okado, Kogyo Kagaku Zasshi, 65,
284 (1962).

4. O.Frederiksen and J. A. Crowo, Makromol. Chem., 100, 231 (1967).

5. IL Kaltwasser and W . Klose, Plaste Kautschuk, 13, 515 (1966).

6. H. Kaltwasser and W . Klose, Plaste Kautschuk, 13, 583 (1966).

7. J. Petersen and B. Ranby, Makromol. Chem., 102, 83 (1967).

8. S.Sobajima, N. Takagi, and IL Watase, J. Polym. Sei. A-2, 6 223 (1968).

9. G di Svegliado and F. Z. Grandi, J. Appl. Polym. Sei., 13, 1113 (1969).

10. P. Q. Tho and P. Berticat, Europ. Polym. J., 4, 265 (1968).

11. Z. Machacek, Chem. Listy, 49, 1448 (1955).

12. V. Heidingsfeld, V. Kuéka, and J. Zelinger, Angew. Makromol. Chem., 3, 141
(1968).

13. J. E. Francis and L. C. Leitch, Can. J. Chem., 35,500 (1957).

14. W . Schéninger, Microchim. Acta, 1, 123 (1955).

15. J. Petranek and O. Ryba, Coll. Czech. Chem. Commun., 29, 2847 (1964).

16. J. Petranek and M. Ryska, Special Volume Tech. Unis. of Pardubice, 1970.

17. S. Tsuge, T. Okumoto, and T. Takeuchi, Macromolecules, 2, 277 (1969).

18. G. Natta and E. Mantica, J.Amer. Chem. Soc., 74, 3152 (1952).

19. D. Doskocilova, J. Stokr, B. Schneider, H. Piveova, M. Kolinsky, J. Petranek,
and D. Lim, in Macromolecular Chemistry, Prague 1965 (J. Polym. Sei. C, 16), I). Wich-
terle and B. Sedlacek, Eds., Interscience, New York, 1967, p. 215.

20. B. Schneider, J. Stokr, U. Doskocilova, S. Sykora, J. Jakes, and M. Kolinsky, in
Macromolecular Chemistry, Brussels-Louvain 1967 (J. Polym. Sei. C, 22) G. Smets, Ed.,
Interscience, New York, 1969, p. 1073.

21. J. Stokr, S. Dirlikov, B. Obereigner, and B. Schneider, J. Mol. Structure, in press.

Received August 10, 1970
Revised October 7, 1970



JOURNAL OF POLYMER SCIENCE: PART A-I VOL. 9 (1971)

NOTES

Polycondensation of Resin-Acid Dimers with Diamines

It has been previously reportedl that abietic acid () can be dimerized in good yields
when acid-catalyzed dimerization is closely controlled. Of further interest is the
purification and the use of these diabietic acids in preparing polyamides with multi-
functional amines. Floyd2 has reported the polycondensation of multifunctional
amines with combinations of dimerized rosin and polymeric fatty acids. The resulting
polyamides were tailored to be low DP polyamides suitable as epoxy curing agents.

Purification of Diabietic Acid

The crude diabietic acids from the dimerization reactionlhave the following typical
properties: dimeric species by GC, 81.0%; acid, as abietic acid, 83.3% ; Fisher-Johns
softening, 140-150°C; ring and ball softening, 154.5°C. The properties, while sufficient
for certain commercial applications, are inadequate for polycondensation to high poly-
mer. Insofar asis known, no report has been made of truly high-purity, monomer-free
diabietic acids. The approximately 20% monomeric species as measured by gas chro-
matography mustnecessarily be eliminated if polymer of high DP was to be obtained. A
good method for purification of the crude diabietic acids was provided by heating in
vacuo at 260°C three times for approximately 1 hr in a sublimator having a 2-cm dis-
tillation path. The volatile portions were rejected, and the nonvolatile residue was
collected for use in the subsequent polycondensations. At a pressure of 0.05-0.2 torr,
the purification is slow at 250°C, and at 270°C the formation of anhydride linkages
became detectable in the infrared spectra. The distillation yielded anonvolatile fraction
of the following properties: dimeric speciesby GC, 98.3% ; acid, as abietic acid, 90.6% ;
Fisher-Johns softening, 198-203°C; the infrared showed detectable anhydride moieties.

This purified material was then examined in more detail for its suitability for use in
polycondensation processes. The following characterizations were obtained on the
purified dicarboxylic products.

pAaobserved in 50:50 tetrahydrofuran-methanol was 9.20. By comparison pA',’s
of acetic acid and abietic acid under the same conditions were 7.85 and 8.91, respec-
tively. Correction to a value in aqueous media (by using the known pKa of acetic
acid of 4.75) yields pAa’sof 5.81 and 6.10 for abietic and resin-acid dimers, respectively.
Only one inflection point was observed for the resin-acid dimers from pH’'s 4 to 11.
Hence, all carboxyl groups of the resin-acid dimers must be equivalent,

The infrared spectra of typical, crude reaction products from a dimerization were
compared to those of the resin-acid dimers. A typical reaction product before purifica-
tion shows: moderate absorption at 5.63 /x (probably lactone), weak absorption at
5.77 m (possibly anhydride), weak absorption at 6.69 // (aromatic), strong absorption at
13.2 (possibly aromatic absorption by dehydroabietic acid). The assignments are
generally in agreement with those of Hummel and Pohl.3 By contrast the purified dimer
fraction exhibits only detectable anhydride absorption at the above wavelengths. Its
infrared spectrum is typical of an aliphatic, carboxylic acid with hydroxyl absorption
and hydrogen bonding from 2.6 to 4.2 /x, strong carboxyl absorption at 5.90 jx, and a
shoulder at 6.2 ;x (possibly conjugated diene absorption).

The ultraviolet spectrum has a maximum at 251 m/x with a molar extinction coefficient
of 1.09 X 104in methanol solvent. A molecular weight of 605 was used for calculation
of the extinction coefficient. A small portion, approximately 10% of the dimer fraction
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was found to be insoluble in methanol. The ultraviolet spectrum of this material
was obtained in tetrahydrofuran solution, and the extinction coefficient and shape of
the spectrum was the same, within experimental error, as that obtained w'ith the meth-
anol-soluble material.

The nuclear magnetic resonance spectrum of the dimer fraction suggested a mixture
of compounds.

Thin layer chromatography revealed the dimer was composed of at least three struc-
tures which were not monomer.

The dimer region of the gas chromatogramsl of crude diabietic acid products was
analyzed by mass spectrometry after méthylation by diazomethane. The dimer region
has at least 12 components. Samples at three points in the dimer portion of the chro-
matogram revealed the expected value of 632 for the mass-to-charge ratio.

Thus, the resin-acid dimers appear to be a mixture of related compounds possessing
conjugated diene structures. Bardyshev reports a similar conclusion and finds a
molar extinction coefficient at 251 m/i equal to 19840.4 Brus and co-workers5 have

postulated that abietic acid (I) dimerized to structure Il. Morillon6postulated either
Il or Ill. Bardyshev and Strizhakovlconcluded that diabietic acid is more probably
IV orV, more likely V. It seems probable that the purified materials we have obtained

by somewhat different means are actually a number of structural isomers. The anhy-
dride absorption may be attributable to abietic anhydride or, alternatively, to the
internal anhydride V| reported by Bardyshev and Strizhakov.4 It would be expected

that VI could continue the polycondensation with diamines easily, whereas abietic
anhydride would act as an end-capper.

Polymerizations

The purified diabietic acids (DAB) were reacted with an approximately equimolar
amount of hexamethylenediamine (assuming the molecular weight of DAB is 605, or
twice that of abietic acid) in a sealed tube at. 220°C for 2 hr, then 2 hr at 270°C while
connected to a vacuum pump at 0.1 torr.

‘file polyamide product was characterized as follows.

The infrared spectrum was similar to that of nylon 66 and typical of an aliphatic
amide. Free amine (butno carboxyl) groups were detectable.

A dilute alcoholic solution is basic, and on titration with HC1 an equivalent weight
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of 1050 was found. Titration with HC1 and with NaOH in the presence of a large
excess of formalin showed no inflection points in the curves. The assumption is thus
made that the polymer chain has amino end groups and the equivalent weight thus
corresponds to a molecular weight of 2100. The calculated molecular weight for a
degree of polymerization of 6 is 2171.

The polyamide issolublein CHCh and THF and insoluble in acetone and benzene.

The softening temperature found was 210-230°C on the Fisher-Johns melting point
apparatus.

The dilute solution viscosity (ijip/c)i%was 0.076 dl/g (CHCh, 25°C).

A total monomer charge of 3.307 g yielded 2.60 g of polymer.

In a separate polymerization DAB was reacted with 2 moles of diethylenetriamine
(DET) per mole of diabietic acid. It was hoped to prepare an amino-terminated poly-
amide of low molecular weight. This would be an analog of the commercially available
Versamides in which the diabietic acid is replaced by dimeric fatty acids. The con-
densation was conducted as before in a sealed vial at elevated temperatures followed
by vacuum heating. The product obtained had the following characteristics:

Amine number by HC1 titration, 82 mg KOH/g of polyamide; equivalent weight
by end group titration, 688 g/eq; infrared spectrum, small free (secondary) amine,
amide bands, no detectable zwitterion absorption; Fisher-Johns softening, 220-225°C;
dilution solution viscosity (ysp/c)i% 0.050 dl/g (CHCh, 25°C).

The desired amino-terminated polymer of composition (DET)2(DAB)i was, there-
fore, not obtained. The yield was 79% based on this composition, or 96% based on
(DET)i-(DAB)i. The most likely structure is a 1:1 adduct, possibly a cyclic struc-
ture such as V Il which would be consistent with the above data:

O O
l 1
= C—Ri—C—NH—(CHZ)Z—NH—(CHj)iNII-il
r
VIl
where Ri = hydrocarbon portion of DAB, calculated: 671 g/eq. Evidently the second

amine molecule could not enter the polymerization since the first amine molecule had
consumed both carboxyl groups.

The above polyamides were employed as curing agents for Dow Epoxy Resin 331
(diglycidyl ether of bisphenol A). After 7 hr at room temperature and 7 hr at 110°C,
the resin was only partly cured. The resin swelled substantially in chloroform at this
point and partially dissolved.

Discussion

The experimental conditions for polymerization are very similar to those used in
nylon 66 formation.7 The latter leads to higher molecular weight polymers. The
lower molecular weight polyamides derived here may be the result of the steric hindrance
at the carboxyls in DAB, requiring more forcing conditions than with nylon 66. The
lower yields indicate that some lower molecular weight species were probably lost during
the vacuum heating. This is consistent with the idea that the polyamidization is slowr
at the hindered carboxyl.

Alternatively, the failure to form high polymer may be attributable to anhydride
impurities which limited the polymer DP. A further possibility is that cyclic struc-
tures have formed. Certainly such large rings are not appealing as a likely event but
the facile loss of the amine components and the small amine endgroup concentrations
observed must be reconciled with sizable equivalent weights. The unexpectedly high
molecular weights also might be partially due to imidazoline formation. The sluggish
behavior as an epoxy curing agent also suggests a low free amino concentration. Since
the polymerisofalow DP, acyclic structure is indicated.
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Microbead Polymerization of Styrene-divinylbenzene with
Sulfated Poly(vinyl Alcohol) Suspending Agent

In our previous studies,1 carboxymethyl cellulose was employed as a suspending
agent for styrene-divinylbenzene mixtures in water to obtain copolymer beads of 20-30
mesh size. It is of interest to have available beads of much smaller size for detailed
studies of the sulfonation rates and the ion-exchange characteristics of the sulfonated
polymers2and for use in various separation applications.

Recent experiments carried out by us have shown that poly(vinyl alcohol) with a low
degree of sulfonation (1-2% of sulfate groups) yielded stable suspensions of fine droplets
of styrene-divinylbenzene mixtures in water. Transparent and spherical polystyrene
beads crosslinked with 2, 4, and 8 mole-% of commercial-, pure m-, and pure j»-divinyl-
benzene with a narrow particle size distribution were obtained by using poly(vinyl
sulfate) suspending agent. The yields of 125-250 in sieve cut were 70-90% (Table 1),

TABLE |
Experimental Data for Typical Runs of Styrene-DVB Bead Polymerization*

S . Weightofbeads,,g
Crosslinking Mole- Weight of Weight of

monomers (A) % of A A g styrene, g <125 n 125200 /. 250--500 m
Commercial 2 0.648 11.388 0.9 10.0
DVB (c-DVB )b 4 1.280 10.780 0.2 9.2 1.1
8 2.543 9.603 1.5 10.0
m-DVB 2 0.300 11.700 0.8 9.1
4 0.595 11.405 0.4 9.4 1.3
8 1.176 10.823 2.2 9.2
p-DVB 2 0.300 11.700 0.2 9.3 1.8
4 0.595 11.405 0.6 10.1
8 1.176 10.823 1.3 9.6 1.0

“Conditions: 0.75 g of poly(vinyl sulfate) dissolved in 200-250 m| of water was the
suspending medium; benzoyl peroxide initiator, 2 wt-% based on monomers; reaction
temperature 80°C.

bCommercial DVB was found to contain 46.27% of DVB (31.25% of rn-DVB and
15.02% ofp-DVB, Dow Chemical).

while the use of carboxymethyl cellulose dispersion agent under similar conditions
yielded 500-800 m size beads in 40-50% vyield. The difficulty encountered previously in
the preparation of bead copolymers of the st.yrene-8 mole-% /n-divinylbenzene system
was eliminated by using poly(vinyl sulfate) suspending agent. Typical bead size
distribution curves of 125-250 ¢isieve cut are in Figure 1.

Preparaton of Poly(vinyl Sulfate) Suspending Agent

Poly(vinyl alcohol) (DuPont, Grade 52-22), 20 g, was suspended uniformly in a
sulfating mixture prepared from 15 m| of sulfuric acid (96% ACS grade) and 100 m| of
pure ethyl alcohol at room temperature (20-25°C). The mixture was allowed to stand
for 24 hr at room temperature. The paste was then diluted with 100-125 m| of water
and poured slowly into 750 ml| of methanol under fast stirring. The fine, granular
precipitate was then collected on a filter and washed several times with methanol until
the washings were acid free. The material was allowed to dry under vacuum at room
temperature and powdered. The vyield of poly(vinyl sulfate) was 17-18 g and was
found to contain ~0.5 wt-% ofsulfur by acid titration.

Styrene was purified by distillation under reduced nitrogen pressure, after removal
of the inhibitor. ro-Divinylbenzene and j»-divinylbenzene of >99.8-% purity were
prepared by gas chromatography.3

© 1971 by John Wiley & Sons, Inc.
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Bead diameter

Fig. 1. Size distribution curve of crosslinked bead copolymers of styrene with 4 mole-%
of (X) ¢c-DVB, (A) ot-DVB, and (O) p-DVB.’

Polymerization Procedure

Styrene-divinylbenzene mixture (12 g) of appropriate composition, containing 2
wt-% of benzoyl peroxide, was added to a solution of 0.75 of poly(vinyl sulfate) in 200-
250 m| of water at 80°C. The solution was kept stirred uniformly under an atmosphere
of nitrogen. The speed of stirring was adjusted so that a stable vortex persisted in the
swirling motion of the liguid and no air bubbles or foam developed. After 20 hr of
polymerization, the copolymer beads were collected and separated into different size
fractions by sieving through 500, 250, and 125 m standard screens with stirring under a
constant flow of tap water. The bead size distribution curves of 125-250 n sieve cut
were determined by diameter measurements of about 600 individual beads from each
sieve size cut by using a microscope micrometer.
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Photo-Graft Polymerization of Methyl Methacrylate
onto Styrene-Vinylbenzophenone Copolymer

Some studies of polymerization or graft copolymerization initialed by the alkali meta
complexes of aromatic ketone or of polyvinylbenzophenone have been extensively
developed.1-7 Benzophenone is known to be a sensitizer in photopolymerization.
Photochemical reduction of benzophenone in the presence of methanol8or isopropanol9
has also been investigated and thought to proceed through the n —»x™* triplet state of
benzophenone. The investigation of photolysis of polyvinylbenzophenone has been
recently reported.10

An attemptis made in the presentnote to induce photo-graft polymerization of methyl
methacrylate (MM A) onto styrene-vinylbenzophenone (St-VBzph) copolymer and to
study the effects of temperature, solvent, and other additives like methanol on the graft
copolymeryield.

St-VBzph copolymer was prepared by Friedel-Crafts reaction of polystyrene (ob-
tained by the living polymerization method; M,, = 25.8 X 10J) with benzoyl chloride
in the presence of aluminum chloride.4-6 The copolymer was purified by the reprecipita-
tion in a dioxane-water system and then in a benzene-methanol system. The content
of vinyl benzophenone unit was determined from the extent of benzoylation and the
elemental analytical data to be approximately 4% . The stretching vibration of the
carbonyl group in St-VBzph copolymer appears at 1655 cm-1 in the infrared spectrum
(see Fig. 2). It is also observed that the absorption in the ultraviolet spectrum based
on the n —mx* transition of the carbonyl group of St-VBzph copolymer is present at
344 min

St-VBzph copolymer, MM A, solvent, and additive were placed in a glass tube which

Fr. 2 Fr. 3

Fig. 1. Elution fractionation of photo-grafted product: (—* ) solid layer; (- ) liquid
layer; (Fr. 1) PMMA; (Fr. 2) St-VBzph copolymer; (Fr. 3) graft copolymer.

© 1971 by John Wiley & Sons, Inc.
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3600 2000 2000 1800 1600 1400 1200 1000000 600
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Fig. 2. Infrared spectra of styrene-vinyl benzophenone copolymer, poly(methyl metha-
crylate), and photo-graft polymerization products.

transmits light of wavelength longer than 300 m/z. After repeating thawing and evacua-
tion, the tube was sealed under vacuum and then irradiated at a distance of 10 cm from
the source ofa Toshiba SHL-100UV-2 mercury lamp.

Polymerization was terminated by pouring the slightly viscous solution into a larger
amount of methanol. The gross polymer film cast from its benzene solution was re-
peatedly elution-fractionated by using acetonitrile and carbon disulfide as solvents into
three fractions as shown in Figure 1.

Infrared spectra of fractions 1, 2, and 3 together with those of polyfmethyl meth-
acrylate) and St-VBzph copolymer are given in Figure 2. From these spectra frac-
tions 1, 2, and 3 were found to be poly(methyl methacrylate), unreacted St-VBzph co-
polymer, and St-VBzph-M M A graft copolymer, respectively.

The results of the photo-graft polymerization of M M A onto St-VBzph copolymer are
listed in Table I.

The grafting at lower temperatures (at 20-24°C) led to recovery of unreacted St-
VBzph stock copolymer and a graft copolymer which was soluble in benzene. On the
other hand the grafting at higher temperature (at 56-58°C) yielded almost no re-
covery of stock copolymer and form ation of a graft copolymerwhich swelled in benzene.

The decrease of the absorption at 1655 cm-1 due to the carbonyl group is found to be
much larger in the graft copolymer obtained at higher temperature than that at lower
temperature. Both the St-VBzph copolymer and the graft copolymer obtained here
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become insoluble on prolonged standing at room temperature. It can be seen from these
facts that crosslinking, as well as grafting, through the carbonyl groups easily takes
place by heatand/or ultravioletirradiation.

It must be noted in Table | that the reaction was considerably enhanced when toluene
was used instead of benzene or a small amount of methanol was added to the benzene
solution, leading to high values of both the yield of graft copolymer and the grafting
efficiency. It is considered that the formation of benzophenone ketyl radicals on St-
VBzph stock copolymer may be facilitated by the action of methanol or toluene. It
should be mentioned, in fact, that with the St-VBzph copolymer irradiated in methanol
the absorption band at 1655 cm-1 characteristic of the carbonyl group disappeared,
while a band due to OH group at 3500 cm-1 appeared. It is suggested (hat grafting of
MIMA onto St-VBzph copolymer may be induced by its ketyl radical. In view of the
fact that the infrared spectrum of the graft, copolymer shows the presence of residual
benzophenone unit, however, a small fraction of the stock copolymer ketyl radical
is thought to take part in the initiation.
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Synthesis and Polymerization of 5-Vinyl-2,2'-Bithiophene

Conjugated heterocycles are very reactive compounds which can be used to synthesize
useful intermediates including polymers. Although the chemistry of bithiophenes has
been investigated,1-10 vinyl bithiophene monomers and polymers have not been re-
ported. In our investigation of 2,2-bithiophene, 5-vinyl-2,2"'-bithiophene monomer was
successfully synthesized and polymerized.

u\n %’Wﬁcﬂfm m cho e m m

S r - S

2,2'-Bithiophene was mono- and diformylated with relative ease in the 5 and 5,5'
positions both products having been isolated from the reaction between 2,2'-bithiophene,
phosphorus oxychloride and dimethylformamide in toluene solvent at 100°C.11,12 The
5-formylderivative was converted in good yield to 5-vinyl-2,2'-bithiophene via the W ittig
reaction. The new 5-vinyl-2,2'-bithiophene derivative is a light yellow oil with a
naphthalene-like odor boiling at 82-84°C and 0.02 mm pressure. The infrared spectrum
has typical vinyl absorption bands at 1430, 1410, 985, and 905 cm-1. The NMR spec-
trum in CHC13shows a typical pattern for vinyl protons at 5.12, 5.50, and 6.755. The
UV absorption spectrum in EtO Il has three major absorption bands at 340m,u, and I0Sm~*
characteristic of 5-substituted 2,2'-bithiophene derivatives.12

The 5-vinyl-2,2'-bithiophene monomer was polymerized thermally without catalyst
and with free radical, cationic, anionic and Ziegler-Natta catalysts. Copolymers of
5-vinyl-2,2'-bithiophene with iV-vinylindole and 4-vinyldibenzofuran were also pre-
pared by free radical initiation. All the polymers were obtained as light yellow powders
soluble in benzene, toluene, THF, DMF, and DM,S0O and insoluble in water, alcohols
and the common hydrocarbons. Small quantities of insoluble polymer were also iso-
lated from the cationic and Ziegler-Natta initiated polymerizations. Transparent films
were cast from THF solutions of the polymers. Gel permeation chromatographic
analysis indicated that the number average and weight average molecular weight of
the homopolymers were greater than 20,000. The molecular weight of the copolymers
were greater than 10,000. The elemental analyses of the homopolymers agreed with
the theory. The elemental analysis of the copolymers which had been prepared from
equimolar quantities of the monomers, indicated that 50/50 and 80/20 copolymers were
formed with vinyldibenzofuran and vinylindole respectively. The composition of the
copolymers were unchanged after extraction with boiling methanol for 72 hr. Also, the
single glpc distribution peaks were unchanged and showed no bimodality by computer
programmed analysis. The polymerization data are summarized in Table I.

EXPERIMENTAL

Melting points are uncorrected and were taken on a Hoover Unimelt apparatus.
Polymer softening temperatures were recorded as the range in which the polymers
turned to a clear melt. N MR spectra were taken with a Varian AR-100 spectrometer
using tetramethylsilane as an internal standard. Infrared spectra were obtained with a
Perkin-Elmer 521 grating spectrophotometer. The UV absorption spectra were
measured in EtOH solution with a Cary 14 recording spectrophotometer. Glpc analyses
were carried outin THF atambienttemperature with 104, 10s, 250, and 60-A polystyrene
columns and with 1500, 1000, 500, and 200-A Bioglass packed columns. Aw and An
values corresponding to chain extended molecular sizes were determined by a computer-
programmed analysis of the chromatograms. Elemental analyses were determined
by the Berkeley Analytical Laboratory of Berkeley, California.

Synthesis of 5-Vinyl-2,2"-bithiophene
5-Formy1-2,2'-bithiophene. The procedure of Curtis and Phillips12 was repeated.
POCh, 1135 g (0.74 mole) was added in small portions to 2,2'-bithiophene (Eastman

© 1971 by John Wiley & Sons, Inc.
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Organic Chemicals) 80 g (0.48 mole) and 64 g (0.87 mole) DM F in 650 ml toluene.
After the exothermic reaction had subsided, the mixture was heated on a steam bath for
2.5 hr, cooled, and a warm saturared solution of 600 ml of sodium acetate was added.
The organic layer was separated and then evaporated to give a yellow residue which was
recrystallized from benzene/pet ether (30-60°) (1/5) to give 1.5 g 5,5'-diformyl-2,2'-
bithiophene as yellow plates, m.p. 217-8°C (lit.122217-8°). The filtrate was evaporated
and the residue obtained was recrystallized from benzene/pet ether (60-90°) (1/10) to
give 39 g (0.21 mole) (42%) pure 5-formyl-2,2'-bithiophene, m.p. 58-9° (lit.1258-9°).
Calcd. for C,H60S2: C, 55.67; I, 3.09; S, 32.99. Found: C, 55.48; H, 3.09; S,
32.99.

5-Viny1-2,2"-bithiophene. 5-Formyl-2,2"-bithiophene, 19.4 g (0.10 mole) was added
to a small excess of methylenetriphenylphosphine (0.12 mole) (W ittig Reagent) pre-
pared from triphenylmethylphosphonium bromide and n-butyllithium in 300 ml an-
hydrous ether in a dry nitrogen atmosphere. The mixture was stirred 3 h at 25°C
and then refluxed 21 h under a nitrogen atmosphere. The mixture was cooled and then
passed through a 300 X 50 mm chromatographic column containing Alcoa Chromato-
graphic alumina Grade F-20 to separate the products. The crude vinyl compound,
which was eluted first, was passed through a second chromatographic column to remove
trace impurities using benzene as the eluent. The eluent was evaporated to give 17 g
(88% ) of an orange oil. The oil was purified further by distillation at 82-84°C and 0.02
mm vacuum to give 6.2 g of a light yellow oil and 10.8 g of polymer. Other preparations
of the monomer avoided the distillation step and the monomer was obtained pure by
passage through a third chromatographic column. The vinyl monomer was identified
and characterized by IR, NMR, and UV spectroscopy. Extinction coefficients were
calculated from the UV absorption spectrum: 340mn(2m, 18,200), 242m/z (2max 8160)
and 198mju (Smax 15,456). Calcd. for CiOH 82: C, 62.50; H, 4.17; S, 33.33. Found:
C,62.42; 11, 4.24; S, 33.12.

Polymerization

Bulk polymerizations were carried out in heavy-walled Pyrex glass polymerization
tubes. Monomer samples were degassed through three freeze-thaw cycles after addition
of the initiator in the free radical polymerizations and the tubes were sealed at 10-5 to
10-6 mm pressure. Solution polymerizations were carried out in 100 and 200 m| three
necked flasks equipped with stirrer, x'eflux condenser, thermometer and gas-inlet. Mois-
ture was rigorously excluded by flaming the entire apparatus prior to introduction of
solvent and monomer. Oxygen was excluded by maintaining a blanket of purified argon
over the solution. The catalyst was then added to the stirred mixture. At the ter-
mination of the polymerization the entire reaction mixture was added to a large excess of
methanol. The polymer was filtered, washed with methanol and purified by repeated
precipitation from benzene or THF with methanol. After repeated washing with fresh
methanol the polymer was vacuum dried at40-50° for 24 to 48 hours.

Catalysts

Benzoyl peroxide, boron trifluoride etherate (Eastman), azobisisobutyronitrile (K & K
Chemicals), titanium trichloride (Stauffer Chemical), and n-butyllithium, 1.6 M in
hexane (Foote Mineral) were used as received. Aluminum alkyls (Texas Alkyls, Inc.)
were used without purification as25% solutions in benzene or toluene.

Solvents

Solvents used were of spectrograde purity. Benzene was dried over sodium wire;
TIIF was dried over calcium hydride and distilled from potassium metal.

The analytical data are presented for those polymers prepared in Table |I. Anal.
Calcd. for -(-CioH 882)-,, poly-5-vinyl-2,2'-bithiophene: C, 62.50%; H, 4.17%; S, 33.33%.
Found: C, 62.51%; H,4.34%; S,33.22%. Anal. Calcd. for-fCooH”ANSj-~,,, 80/20
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poly-5-vinyl-2,2'-bithiophene-A’-vinylindole: C, 66.78%; H, 4.60%; N, 1.96%; S,
26.66%. Found: C, 66.52%; H, 4.53%; N, 2.24%; S, 26.27%. Anal. Calcd. for
-(-C'ijHisOSo”-n, 50/50 poly-5-vinyl-2,2'-bithiophene-4-vinyldibenzofuran: C, 74.54%;
H,4.68%; S,16.9%. Found: C,73.95%; H,4.74%; S, 16.01%.

The infrared spectra of the vinyl polymers (film) showed the disappearance of the
vinyl bands at 985 and 905 cm -1 and the appearance of aliphatic C-H stretching bands at
2920 and 2825 cm “".
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Novel Polyamidesfrom Macrocyclic Ethers

Recent reports by C. J. Pedersenl described a family of macrocyclic ethers
which complex the cations of alkali metals and alkaline earth metals. Among these
compounds, 2,3,11,12-dibenzo-1,4,7,10,13,16-hexaoxacyclooctadeca-2,11-diene (), here-
after referred to as dibenzo-18-crown-6, is particularly suited for the preparation of
intermediates which can be used to incorporate the complexing properties into the
backbone ofapolymer.

We have converted compound | to two isomeric diamines via the dinitro derivatives
and have prepared polyamides by condensation of the diamines with aromatic diacid
chlorides. These polymers complex some alkali metal cations but not alkaline earths.

DISCUSSION

Dibenzo-18-crown-6 (l) was prepared according to Pedersenl and nitrated with a
mixture of nitric acid and acetic acid in a chloroform-acetic acid solution.

O,N.
HNO3 +

o .

Product Il is thereby obtained as a mixture of two geometric isomers, A and B, which
are readily separated by fractional crystallization. We cannot be absolutely certain
of their respective structures. One compound was much more insoluble than the other
and melted considerably higher (245-251°C vs. 208-213°C). The former was assigned
the trans structure by arguments of symmetry. As expected, the infrared spectra of
IlA and |IB are very similar in the functional group region above 1100 cm-1, but show
differences in the “fingerprint region” below this frequency. Ultraviolet spectra of the
two isomers are virtually identical. The nuclear magnetic resonance spectrum of |IB
(NMR of IlA could notbe obtained due to its insolubility) in DM AC at 140°C is some-
what surprising. The spectrum shows an unusual AB pattern of a small doublet at

2.0ut

© 1971 by John Wiley ifc Sons, Inc.
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and a large singlet at 2.20r for Hi, and Hc. The two peaks have practically merged at
this temperature. Hais a normal doublet (split only by Hi,) centered at 2.79t. The
known model compound, 4-nitroveratrole (in DM AC at 140°C) shows an almost iden-
tical spectrum— asmall doublet centered at2.04r, a large peak (with ashoulder) centered
at 2.17r, and a doublet for Ha centered at 2.76t. Interestingly, the model gives a
“normal” spectrum at room temperature, Ha coupling with ITi, but not IIC Here, Hi
isaquartet centered at 2.27r, Haa doublet centered at 2,45r, and HOa doublet centered
at 2.99r. Thus, the 1,2,4-trisubstituted structure for the dinitration product of crown
is confirmed.

The diamines were prepared by catalytic hydrogenation of II.

Polyamides were synthesized by solvent polymerization of the diamines with both
iso- and terephthaloyl chloride in hexamethylphosphoramide (HM P) or dimethylacet-
amide (DMAC). The consistently best results were obtained with the trans-diamine
and isophthaloyl chloride in HM P. This polyamide had an intrinsic viscosity of 0.9-1.1
(HMP at30°C). It fused above 220°C, with decomposition.

Because the polyamide was insoluble in normally good polyamide solvents such as
DMAC, it was necessary to cast from hexafluoroisopropanol (HFIP). Fairly tough film
was obtained. Table | presents characteristic properties for such film.

TABLE |
Properties of Polyamide Films*
from iraras-Diamine and Isophthaloyl Chloride

Dielec-
tric Dissipa-
con- tion
Tensile Tenac- Elonga- stant factor
modulus ity tion (103 (103 Resistivity
(Kpsi) (Kpsi) (%) Hz) Hz) (ohin-cm)
As-cast 286 9.9 12 3.86 0.013 2.3 X 10M4
Complexed with 52
mole %, K + 346 11.2 12 3.82 0.013 2.8 X 1014

* Film thickness 1-2 mils, all properties measured at 23°C.

Cationic complexing of the film was achieved in a heated 20% aqueous solution of the
metal chloride. The ability of several cations to form complexes with polyamide film
is shown in Table Il. Like Pedersen, we found maximum complexing with K +. How-
ever, we observed much greater selectivity. While Pedersen found that dibenzo-18-
crown-6 (I) itself forms strong complexes with Ca++, Ba++,and Cs +ions, we found that
the polyamide film does not. Table Il shows that the film complexes most of the alkali
metal cations. Complexing increases with increasing size (i.e., Li+ < Na+ < K +) as the
ions fit more and more snugly into the central cavity and favorable charge interactions
become greater. The Cs+ cation is apparently too large and cannot form a stable com-
plex.

TABLE I
Complexing Ability of Polyamide Film

Cation lonic diameter Mole %, complexed
Li+ 1.20 24
Na+ 1.90 54
Ca++ 1.98 0
K + 2. (i6 04
Ba++ 2.70 0

Cs+ 3.34 0
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Table | also shows that the complexed potassium ion has little effect on the mechani-
cal and electrical properties of the film. The constancy of the electrical resistivity is
particularly good evidence for the complexed nature of the ionic component.

EXPERIMENTAL
Preparation of Dinitro and Diaminodibenzo-18-Crown-6

Dibenzo-18-crown-6 (I) rvas obtained by the method of Pedersen.

Into a 3-liter flask equipped with a mechanical stirrer, water condenser, and drop-
ping funnel was placed 50 g (0.130 mole) compound | and 1.0 1. chloroform. After dis-
solution of the polyether by stirring, 750 m| glacial acetic acid was added, followed
by a nitrating solution of 35 m| (0.057 mole) concentrated nitric acid (d = 1.42) in 100
m| acetic acid. The latter was added dropwise over 30 minutes. The reaction was
stirred without heating for an hour, during which it successively turned green, blue, and
yellow. After refluxing on a heating mantle for 3 hours, the reaction was filtered, giving
25.0 g of tannish ¢raras-dinitro derivative, m.p. 237-246°C. Recrystallization from di-
methylformamide (DM F) gave 21.7 g of yellow crystals, m.p. 247-252°C. Yield of
crude was 40.0%, pure— 34.7%. On sitting, the mother liguor deposited 16.0 g of yel-
low crystalline cis-dinitro derivative, m.p. 206-232°C. Totalrecovery of dinitro deriva-
tive was 85% .

Trans Isomer. Anal. Calcd. for C20H 22N 206: C, 53.28; H, 4.90; N, 6.27. Found:
C,53.75; H, 5.02; N, 6.05.

UV Spectrum (95% ethanol).

kmax log e
338 4.193
298 4.093
Cis Isomer. Anal. Calcd. for C20H 22N 206: C, 53.28; II, 4.90; N, 8.27. Found:

C,53.29; H, 5.16, N, 6.32.
UV Spectrum (95% ethanol).

kmax log e
338 4.170
298 4.086

The diamino derivatives were prepared by the catalytic hydrogenation of the dinitro
compounds. This was done in a Parr Series 3910 medium pressure hydrogenator. Into
a 500 ml shaker bottle was placed 2.00 g (4.40 mmole) iraras-dinitro derivative. This
was suspended in 220 ml dimethylformamide (DM F), and two teaspoons of Grace No.
28 aqueous based llaney nickel catalyst were added. Hydrogenation was rapid, being
essentially complete in 40 minutes. Total pressure drop was 47 Ibs. Filtration gave a
nearly colorless solution, which was evaporated to 1.44 g of solid, yield 83% . The trans-
diamine was purified by sublimation at 220-240°C, 0.05 mm Hg. The product was a
white solid, m.p. 199-203°C. CYs-diamine was sublimed at 210-220°C, 0.05 mm Hg
to a white solid, m.p. 180-184°C.

Preparation of Polyamides

Into a 250 ml 3-necked flask equipped with a mechanical stirrer and a nitrogen inlet
was placed 17.00 g (0.0436 mole) frans-diamino derivative. This was readily dissolved
on addition of 125 mII11MP. Slow addition of 8.77 g (0.0432 mole) isophthaloyl chloride
started polymerization, which was quite exothermic. The reaction was cooled to room
temperature in a water bath, then continued overnight under nitrogen. Polymeriza-
tion was accompanied by a darkening of the solution and a visible increase in viscosity.
The reaction solution was poured into a blender containing water and crushed ice. Vigor-
ous stirring produced a white, fibrous solid that was filtered, washed with water, and
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dried at room temperature in a vacuum oven over phosphorus pentoxide. Recovery of
polyamide was 97% based on amine. The intrinsic viscosity was 1.04 (HM P at 30°C).

Results obtained with other combinations of intermediates under similar condensa-
tion conditions are given in Table III.

TABLE 111
Intrinsic Viscosity
Diamino derivative Acid chloride (HMP 30°C.)
1:1 mixture of Terephthaloyl 0.71
trans and cis
Isophthaloyl 0.69
* 1:1 mixture of terephthaloyl 0.72

and isophthaloyl
cis Isophthaloyl 1.01

The films were prepared by casting, on stainless steel plates from solutions containing
approximately 10% polymer in hexafluoroisopropanol (HFIP). The solution was left
to dry in the air for one minute, then placed in an oven at 50°C overnight, followed by a
final drying at 120°C for another 1G hours. The film was then extracted in a steam-
heated bath of de-ionized water for three days. This treatment assured a maximum of
0.5% residual solvent. Complexing of the film was achieved by heating in a 20% solu-
tion of the metal chloride in water. The amount of saltin the films was calculated from
chloride determinations.

Reference
1. C.J.Pedersen,J. Amer. Chem. Soc., 89, 7017, (1967).
W. M. Feigenbaum
R. H. Michel™*

Film Research Laboratory
Experimental Station

E. I. du Pont de Nemours and Co., Inc.
Wilmington, Delaware 19898

Received July 13, 1970
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Grafting of Chlorinated Polyindene with Methyl Methacrylate*

Introduction

Grafting of polymers by radiation techniques is well known in the literature. Among
the methods for direct photoinitiation to attach graft chains onto the polymeric back-
bone, the introduction of carbon-chlorine bonds as labile sites is reported.1 Methyl
methacrylate is one of the comonomers most employed for grafting according to this
method.

One of the major difficulties in this class of polymers is the complete removal of the
homopolymer eventually formed during the process. It is sometimes possible to use a
convenient solvent system to overcome this problem, although a universal procedure for
isolating sequence copolymers from their associated polymeric environment does not
exist.2

This work deals with the grafting of chlorinated polyindene under photochemical
conditions using methyl methacrylate asthe comonomer.

Experimental

Chlorinated polyindene was prepared as reported in a previous paper.3 Methyl
methacrylate (Rohm and Haas, bp 100°C/760 mm) was distilled over hydroquinone.
Acetone (Merck, p.a.) was used as received. Freshly distilled water was used. Nitro-
gen (Oxigenio do Brasil) was employed to remove oxygen from the initial reaction sys-
tem.

Grafting Technique. Chlorinated polyindene film (6 g), methyl methacrylate (20 g),
acetone (150 ml), and water (26 ml) were irradiated in a quartz flask using as UV source
a Hanovia, 200 watts, 654A36 mercury lamp, with a Vycor filter, for 18 hours, at room
temperature (25-30°C), under magnetic stirring. The fragmented graft film was sepa-
rated by filtration, dried and weighed. Yield: 9.2 g. The homopolymer was re-
covered by the addition of ethyl alcohol, filtered, dried and weighed as before. Yield:
3.6 g. The graft polymer was dissolved in benzene and precipitated in about 3 volumes
of methanol. This treatment was repeated 3 times and the product was filtered, dried,
and weighed as before. Yield: 8.5g¢.

The whole polymer was extracted with acetone, as a whitish colloidal dispersion.
The product was finally precipitated in methanol, filtered, dried and weighed. Yield:
8.3 g.

Blank reactions were run with lion-chlorinated polyindene, as well as with methyl
methacrylate without any indene polymer. The procedure was identical. No modifi-
cation was observed with the non-chlorinated polyindene blank. Poly(methyl meth-
acrylate) gave ayield of 5.0 g, and was completely soluble in the reaction medium.

All experimental data including IR and combustion analysis, are summarized in
Table I.

Results and Discussion

The UV irradiation of the chlorinated polyindene is considered to involve abstraction
of abenzylie chlorine atom, according to the reaction :

(*) Presented in part before the Sociedade Brasileira para o Progresso da Ciencia,
Annual Meeting, Bahia, July, 1970.

© 1971 by John Wiley & Sons, Inc.
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The formation of a free radical in the benzylic position Is expected, as discussed in a
previous paper,3 since molecular models indicate that position is sterically favored for a
subsequent attack.

In order to eliminate the contamination of the graft copolymer with methyl meth-
acrylate homopolymer, during the reaction, several solvent systems were tried. We
found acetone-water 6:1 v/v to be the most convenient. This solvent pair permits total
solubility of the methyl methacrylate homopolymer, as proved by the blank experi-
ment, while the indene-contaming polymer remains insoluble. This technique permits
the statement, that no poly(methyl methacrylate) is present in the graft copolymer.

To be sure that no residual chlorinated polyindene was still present in the graft co-
polymer, several solvents were tested. We found dry acetone to be the best one, being
a non-solvent for the initial polymer and a colloidal dispersion medium for the graft co-
polymer. The characteristic of some graft copolymers of forming colloidal dispersions
in good solvents for one of the components is reported in the literature.4

The solubility of the physical mixture of the homopolymers in acetone was tested.

The complete dispersion of the graft product in acetone indicates a yield of 100%,
regarding the initial chlorinated polyindene.

The IR spectrum of the graft copolymer presents peaks corresponding to chlorinated
polyindene and to polyfmethyl methacrylate),s as shown in Table I.

Elemental analysis for chlorinated polyindene and for the graft copolymer suggested
loss of about seven chlorine atoms on average.* Assuming that for each broken carbon-
chlorine bond a branch of polyfmethyl methacrylate) started, and since an increase of
about 4500 in the molecular weight occurred, it might be concluded that each branch
contains on average about seven units of methyl methacrylates,

This research was supported by funds provided by Banco Nacional do Desenvolvi-
mento Economico (BNDE), Coordenagao do Aperfeigpamento do Pessoal de Nivel
Superior (CAPES) and Conselho Nacional de Pesquisas (CNPQ).
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Copolymerization Studies on Alkenylcarboranes*

Vinyl-, isopropenyl-, and allylcarborane:-3 do not polymerize well by free radical
initiation. Under selected conditions, they were noted to polymerize when treated with
ionic initiators such as aluminum chloride or phenyl lithium. Free radical initiated
copolymerization of certain alkenylcarboranes with methyl acrylate2 and butadienes
have been successful; however, little is known concerning the nature of the copoly-
merization reactions. A study of the copolymerization behavior of vinylcarborane (VC)
and isopropenylcarborane (IPC) with methyl methacrylate (MMA) and styrene was
carried out to determine the copolymerization characteristics of monomeric carboranes
with other typical vinyl compounds. In the copolymerization studies, emphasis was
placed on the effects of small concentrations of VC or IPC on the rate of polymerization
of MMA and styrene and on the intrinsic viscosity of the resulting copolymers.

Copolymerizations were carried out in toluene with 2,2'-azobisisobutyronitrile as the
initiator. Polymerization rate measurements were followed by a dilatometric tech-
niques and solution viscosity measurements were made in toluene solution at 30°C
using Cannon dilution viscometers. Copolymerizations were carried to 10-12% con-
version and the copolymers isolated and purified by reprecipitation from toluene solution
on the addition of methanol followed by drying under vacuum for a period of 24 hours.

Copolymerization reactions were carried out at three different concentrations of the
carborane compounds with both MMA and styréne. Molar ratios of MMA or styrene
to VC and IPC were varied from approximately 30:1 to 5:1. Results of the rate deter-
minations are shown in Table I (VC) and Table Il (IPC). Rp, refers to the rate of
polymerization of MMA or styrene in the absence of comonomer, otherwise the same
conditions applied as were employed in the copolymerization. In a like manner the
[7lovalues apply to the intrinsic viscosities of the homopolymers of AIMA and styrene.

TABLE |
Copolymerization Data for Vinyl Carborane (VC) with MMA and Styrene
Molar
[Sty-  Ratio
[VC] [MMA] rene] AIMA RV,
No. moles/I moles/I moles/l (S)/vc % min Rp/Rpo M M/Mo
VC
1 5.0 0.21 1.0 0.49 1.0
2 0.15 4.46 29.7 0.211 1.0 0.625 1.27
8 0.44 3.97 9.02 0.207 1.0 0.43 0.87
4 0.77 3.52 457 0.22 1.05 0.36 0.73
5 4.8 0.063 1.0 0.35 1.0
6 0.15 4.13 27.5 0.075 1.2 0.25 0.71
7 0.44 3.70 8.4 0.044 0.7 0.20 0.57
8 0.77 3.27 4.25 0.038 0.6 0.17 0.48

It may be noted that neither carborane derivative appeared to affect the polymeriza-
tion rate of MMA at any of the three concentrations as evidenced by the constant Rv/
RPoratio of near 1.0. The intrinsic viscosity of the copolymers showed a tendency to
decrease slightly with increasing carborane concentration. At the lower concentrations
the [ijl/[j)]o ratios were greater than 1.0 indicating a higher molecular weight material
than for polymethyl methacrylate. The low boron content (Table I11) of the AIMA
copolymers indicates that VC and IPC do not copolymerize with MA'IA to any sig-
nificant extent. These results are in sharp contrast to the reported methyl acrylate-

* This work was performed under the sponsorship of the U. S. Army Missile Command,
Redstone Arsenal, Alabama, under Contract DAAH01-69-C-0772.

© 1971 by John Wiley & Sons, Inc.
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TABLE 11
Copolymerization Data for Isopropenyl Carborane (IPC)
with MMA and Styrene

Molar
[Sty- Ratio
[IPC] [MMA] rene] MMA lip,

No. moles/1 moles/ss molesit (S)/IPC % min  lisp/11po M M/Mo
IPC

1 5.0 0.21 1.0 0.49 1.0
2 0.13 4.46 34.3 0.23 1.1 0.610 1.24
3 0.41 3.97 9.68 0.24 1.14 0.585 1.18
4 0.68 3.52 5.18 0.22 1.05 0.455 0.93
5 4.8 0.063 1.0 0.35 1.0
6 0.13 4.13 31.8 0.093 15 0.284 0.81
7 0.41 3.70 9.02 0.045 0.7 0.256 0.78
8 0.68 3.27 4.8 0.039 0.6 0.198 0.56
TABLE 111
Elemental Analysis Data for Copolymers
Calculated Found

No. % C % H % B % c % H % B
VC-2 58.30 8.01 3.38 59.40 7.79 0.1
VC-3 54.98 8.04 10.06 59.15 7.70 0.64
VC-4 51.69 8.06 16.62 58.81 7.60 0.76
IPC-2 58.56 8.04 3.09 59.33 7.85 0.25
IPC-3 55.65 8.11 9.32 59.90 7.97 0.14
IPC-4 52.84 8.18 15.34 59.45 7.99 0.30
VC-s 88.75 7.72 3.50 90.9 7.50 1.50
VC-7 81.86 7.78 10.33 88.8 7.92 3.20
VC-s 75.11 7.84 17.03 87.9 7.70 4.20
IPC-6 89.07 7.75 3.21 89.60 7.98 1.3
IPC-7 82.65 7.86 9.56 88.66 7.81 3.0
IPC-s 76.38 7.96 15.74 88.27 7.87 3.8

isopropenylcarborane copolymerization2 which gave products containing up to 22%
boron. In addition, the generally low boron content of the MMA copolymers shows
that the copolymer composition is relatively independent of the ratio of comonomers in
the charge, at least over the range studied.

Several obvious differences were noted in the styrene copolymerizations. First,
the rate of polymerization was noted to decrease markedly with an increase in the car-
borane concentration. A similar tendency was observed in the intrinsic viscosity of the
copolymers. In these instances, the [i;]/Mo ratio decreased to near 0.5 at the higher
concentrations of the carborane derivatives. These results indicated that, the carborane
derivatives were influencing the polymerization, likely through their active participation
in the reactions. This point was confirmed from the elemental analysis data. The
boron content of the copolymers displayed a tendency to increase as the VC or IPC
concentration increased. The percent of boron found ranged from 1.3% at the lowest
concentration to approximately 4.0% at the highest. The values were slightly higher
for the styrene-VC copolymers than for styrene-IPC. Although the carborane deriva-
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tives did copolymerize with styrene, they entered into the copolymerization somewhat
reluctantly as evidenced by the low boron content of the copolymers relative to that
present in the comonomer charge.

The failure of alkenylcarboranes to polymerize has been attributed to the steric in-
hibition imposed by the bulky carborane nucleus, lienee, it was expected that the
alkenylcarboranes would display a tendency to inhibit the rate of polymerization of
vinyl monomers, and also, caused a pronounced lowering of the copolymers molecular
weight. The expected behavior was observed in the styrene copolymerizations, where
limited quantities of the carborane derivatives were introduced into the copolymers
with noted lowering of both polymerization rate and the intrinsic viscosity of the Co-
polymers. In contrast, the carborane derivatives did not copolymerize with MMA to
any appreciable extent as evidenced by the constancy in rate and intrinsic viscosity,
and low boron content of the copolymers.  These results are indicative of the poor poly-
merizatility of alkenylcarboranes in copolymerization reactions with other common vinyl
monomers.

The difference between the styrene and MMA copolymerizations may be attributed
to differences in polarity of the two monomers and their intermediate radicals relative
to that of the alkenylcarboranes. Both styrene and MMA are highly reactive mono-
mers which give chain-end radicals of low reactivity because of resonance stabilization
effects. Through similar considerations, VC and IPC would likely show a high reac-
tivity as a monomer and low reactivity as a radical (resonance stabilization) since the
electron withdrawing character of the carborane nucleus is well known and has been
compared with that of the cyano group.4 Since the polar nature of the intermediate
radicals of MMA, VC, and IPC are similar in character, it is doubtful that they would
prefer to interact with the VC or IPC monomers to any significant extent because of the
overriding steric effects. In contrast, the intermediate radical from styrene, although
of low reactivity, is apparently polarized in the opposite way to VC and IPC, and this
difference in polarity serves as the driving force to partially overcome the steric effects
and produce the limited extent of copolymerization observed. It is evident that these
factors are only of secondary importance relative to the inhibition of copolymerization
of the comonomer pairs bjrthe steric hinderance associated with the carborane nucleus.
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Preparation of Indole-3-Acrylic Acid Vinylurea Copolymer

Under conditions of free radical polymerization, indole-3-acrylic acid (IAcA) (1) and
vinylurea (VU) (I1) form a copolymer of sufficient MW to be impermeable to a viscose
membrane. Neither monomer will homopolymerize to such an extent under the same

/ H
h2c= c
NH

COOH 1
-C=Cn c=o0

1 1

N H NH2
| n

conditions.1  The copolymer is a white microcrystalline solid with a solubility in water
of 18.11 g/1 at 25°C. The saturated aqueous solution has a pH of 3.5 and behaves as a
buffer. The UV absorption maximum occurs at 258 nm, suggesting that the ring of
copolymerized IAcA is more nearly like indoline than indole and that the 2,3 ring double
bond has been involved in the polymerization. The carbon-hydrogen analysis (Table I)
and the UV extinction coefficient (E %0 = 37 £ 4) are but little affected by varying the
monomer ratios in the copolymerization. Prominent Ill peaks are found at 1390, 1443,
1485, 1708, 1722 (sh.), and 2900-3400 cnrl None of these peaks can readily be as-
cribed to a vinyl group, and the compound does not react with KMnCh. The NMR
spectrum exhibits two broad signals: one between 0.905 and 3.405 with a maximum at
1.985, and one between 6.35 and 7.45, maximum at 6.975. The two peaks integrate at a
ratioof 1:6.

TABLE |
Effect of Varying the Starting Ratios of Indole-3-acrylic Acid (1AcA) and Vinylurea (VU)
on the Carbon-Hydrogen Content of the Copolymer

Monomer Ratio

IAcA: VU c% H%
1 1 65.8 5.4
9 1 66.3 5.0
1 9 65.4 5.6
Calc. 2 1 (in the copolymer) 65.22 5.22

The copolymer is quite toxic having an LDa in mice of 34 mg/Kg.2 When treated
with aqueous solutions of ethanol, urea or guanidine hydrochloride at reflux tempera-
tures, it undergoes a change which results in a marked increase in water solubility with a
corresponding decrease in solubility in organic solvents. The appearance of an IR band
at 1558 cm-1 in each of the treated products suggests that this is the result of internal
amide formation. This is further supported by the fact that the treated copolymers are
essentially neutral in agueous solution.

Experimental

For the 1:1 ratio, VU (0.1 mole) was dissolved in 50 ml H20. IAcA (0.1 mole) was
suspended in the same solution to which 2.5 M NaOH was added dropwise to effect
solution. K2S208 (50 mg) and NaHSOi (50 mg) were added. All procedures were
carried out under an N2 blanket. The mixture was sealed under N2 and allowed to
stand at 20-23° for ten days. Every second day, an additional 10 mg each of K2520s
and NaHSO0s were added. The solution was dialyzed for seven days against tap water

© 1971 by John Wiley & Sons, Inc.
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and for two days against distilled water, concentrated through the membrane, and
freeze-dried. Yield: 62%of theoretical (assumingz:1 IAcA:VU).

Instruments used in analysis of the products were the Beckman model DK-2 Spec-
trophotometer, Perkin-Elmer model 620 lit Spectrophotometer and Varian model HA-
100 Spectrometer.
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