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ABSTRACT

The polymerization of acrylonitrile by‘anionic initiation
with n-butyllithium was investigated. The polymer yield and the
molecular weights of the polymer samples obtained by varying the
reaction time, acrylonitriie concentration, n-butyllithium
concentration and polymerization temperature were determined and

related to the polymerization conditions.

Both the polymer yield and molecular weight increased
with time. Variation.in the temperature of polymerizatior affected
polymer yield, molecular weight, molecular weilght distribution,
structure and coloration in polyacrylonitriles. The kinetic ﬁolecular
-weight of a polymer was much lower than the viscosity average

molecular weight.

An attempt was made to determine the order of ths reaction
with respect to monomer and‘to calculate the difference between
the activation energy for propagation and termination. The observed ..
low efficiency of n-butyllithium in chain initiation, the
possibility of side reactions and the stability of the propagating

centers during polymerization of acrylonitrile are discussed.
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GENERAL INTRODUCTION

With the realization that anionic polymerization involving
stable propagation centers could be used to prepare polymers having
very narrow molecular weight distributions and stereoregular structures,
much research has been conducted in this branch of polymer chemistry.
The polymerization data collected to date indicate that a good number
of unsaturated monomers (e.g. containing vinyl, diene or carbonyl
type unsaturation) and cyclic ethers could be polymerized by the
anionic mechanism, but it is not always easy to obtaln polymers with a

low heterogeneity index.

There are other types of mechanisms, namely radical, cationic
and coordinate, by which a vinyl type monomer mey be polymerized. Often
a given monomer may be polymerized by more than one of these mechanisms.
Styrene for example has been shown %o polymerize by all the four
mechanisms (1-4). A common feature of all these polymerization mechanisms
is that a propagating center of a kinetic chain is retained by a single
polymer molecule throughout the ccurse of its growth (5). & complete
description of such an addition system consists of four steps: initiation, .
propagation, termination and chain transfer. In some.systems depropagation

also plays an important role (6).

Before discussing the anionic polymerization at length, it would
be desirable to discuss briefly other mechanisms which operate in the

polymerization of vinyl monomers.



RADICAL POLYMERTZATTON

The radical polymerization is characterized by the fact that
the propagating center is a radical introduced in a variety of ways.
An organic peroxide (e.g. benzoyl peroxide), an aliphatic azobisnitrile
(e.g. azo-bis-isobutyronitrile) etec. which preduce radicals upon
decomposition may be ﬁsed as initiators (7). The radicals interact with
the monomer to produce propagating radical centers. Radicals produced by
light, X-rays (5) or other high energy radiation (8) have also been found

to initiate polymerization of some monomers.

Propagation occurs by the successive addition of a menomer to
a growing radical center while the activity of the propagating center is
preserved. At any stage during polymerization, the reaction mixture
contains unreacted monomer, inactive high polymer and a very low
concentration of the propagating radicals (often of the order of fvio—e
mole). The propagating centers are very short-lived and may be destroyed
by transferring their reactivity to a solvent, monomer, polymer or an
impurity. If a newly produced‘radical center initiates a polymeric chain,
then the transfer process is known as a chain transfer. Thus compounds
known as 'chain transfer agents! may be added to control the molecular
weight of polymers. If two growing polymeric radicals interact to
terminate polymer chains, the interaction may be by a combination of the

two radicals to give one polymeric melecule or by a disproportionation

mechanism to give two polymer molecules, one with an unsaturated end group.

At any stage during reaction a polymerization mixture contains
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a polymer the molecular weight of ‘which depends upon the initial experi-
mental conditions and does not vafy appreciably with conversion. An
exception to this may be found if polymerization is allowed to reach a
high conversion. Under these conditions the active radicals may become
trapped, reducing the rate of termination, while still possessing an
apprecieble propagation rate. As an example of this, North et al. (9)
observed that the propagation rate constant, kp, was independent of the
viscosity of the reaction medium but the termination rate constant, kt’

decreased with increase in viscosity.

The polymerization involving a radical mechanism has been
studied in greater detail than the other mechanisms of vinyl polymeriz-
ation. 'Flory (5) has reviewed the methods of determining the various rate
constants in radical polymerization and the interpretation of these

measurements.

Polymers obtained by the radical mechanism are usually

characterizad Yy a most probatle molecular weight disbribubion (i.e.

ﬁw/ﬁn = 2), but polymers having both a broad and & narrow molecular weight
distribution have been produced (10,11} by this mechanism. In 1944,
Huggins (12) predicted on theoretical gfounds that at lower temperatures
radical polymerization shculd favor stereospecific placements. This

was supported by the experimental findings of Fox and coworkers (13,14).
That the radical polymerization at lower temperatures, favors syndiotactic

placements has been realized both theoretically and practically (15).



COORDINATE POLYMERIZATION

The reaction product of a metal (group I to III) alkyl or
aryl and a transition metal (groﬁp IV to VI) halide or ester, acts as
an initiator for coordinate polymerization (16). The reaction product
of triethyl aluminum with titanium tetrachloride is an example of an
initiator which promotes this type of polymerization. The various
initiators used for coordinate polymerization have been discussed by

Stille (17).

In the coordinate polymerization, initiation and propagation
mechaniéms may be of the radical, cationic or anionic natﬁre depending
upon the ability of the propagating end to stabilize a radical, a cation
or an anion (18). A common feature of all the coordinate propagation
mechanisms is the ability of the initiator to ccordinate with the monemer
and present it to the growing center to obtain a specific type of
addition. The decrease in the number of ways of approach of a monomer
to the propagating center increases the isotacticity of the resulting
polymer (18). As a result of investigations with several coordinate type
initiapqrs, it has been realized that stereoregular polymers could be
prepared with both homogeneous and heterogeneous initiators. The
influence of neterogeneity on steric control can only be rationalized if
a detailed characterization of the configuration of the active sites and
the structures of the surface were possible. Surface chemistry has not
yet advanced sufficiently to make the requisite information available (18).
The influence of ionic factors on the steric control during polymerization

has been discussed by Roha (19).



Termination may occur by the abstraction of a hydride ion
from the last ligand of the propagating chain. Howevef in a particular
case of ethylene polymerization with bis-cyclopentadienyl titanium di-
chloride~-dimethyl aluminum chloride complex (20), termination involved
the reduction of ﬁwo Ti+h te 'I'i+3 proceeding simultaneously with the

disproportion of two propagating chains.

There is little information in the literature on the molecular
weights and the molecular weight distributions of polymers obtained by
the coordinafe mechanism., Using Gralen's method of analysis (21), Dawes
(22) found that the heterogeneity index of prolybutadienes obtained by the
coordinate mechanism was between 1.03 and 1,16, Sakurada (23) studied
the polymerization ofoc-methyl styrene with triethyl aluminum-titanium
tetrachloride complex and found that the heterogeneity index of the polymer
ébtained was affected by-ths initlator aging temperature. When the
initiator was aged at -78°C., the polymer obtained had a leow hetero-
geneity index, but the use of the initiator aged at OGC., gafc a polymer

having a broad molecular weight distribution.

CATIONIC POLYMERIZATION

Cationic polymerization may be propagated Ly a cérbonium ion,
an oxonium ion or any other lon carrying a positive charge. Isobutylene,
vinyl ethers and other mcnomers which are basic in nature have been found
to polymerize by this mechanism. The cationic polymerization may te

 affected by either of the following two types.of the initiators:
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| (i) sulfur dioxide and highly polaf organic compounds, e.g. triphenyl
methyl chloride (2h> which dissociate easily in ions, or

(ii) aluminum trichloride, boron trifluoride (25) etc., which are acids
in the Lewis definition.

An appropriate coinitiator is always required with an initiator of tne
second typé.< Traces of water, alcohol, acetic acid etc. have been found
'to act as coinitiators. The exact role of a coinitiator in cationic
polymerization is still unexplained. It might be to enhance the avail-
ability of a proton for initiation. This may be achieved by complexing

with a gegenion, by self ionization or by solvation (18).

The addition of a proton or other cation to the monomer to
convert it to an active propagation site characterizes a cationic
initiation process. The ease with which a proten can be made available
ﬁill determine the relative effectiveness of an initiator. The anion
acts as the gegenion and remains in the vicinity of the propagating
center. The repetitive addition of the monomer to the active center
characterizes propagation. As in radical polymerization, chain termin-
ation does not occur when two propagating centers approach each other,
since both have a similar positive charge. However a chain transfer
to monomer, solvent or impurity4might terminate a growing polymeric chain.
The gegenion might abstract a proton from the prepagating chain end to
give an inactive polymer molecule with an unsaturated end group. The
presence of terminal unsaturation has been confirmed by infrared
measurements on polyisobutylenes obtained with boron trifluoride mono-

" hydrate (25).
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In cationic polyuerization, a low polymerization temperature
and a reaction medium with high dielectric constant increase both the
propagation rate and thé polymer yield. Because of the dominant chain
transfer mechanism, monomers polymerized by a cationic mechanism, usually
give polydispersed polymers. Both the optically active polymers (26) and
stereoregular polymers (27) have been prepared by using cationic initiators.
In 1947~-48 Schildknecht and coworkeré (27) were the first to prepare _

stereospecific polyvinyl ethers with cationic initiators.

ANTONIC POLYMERIZATION

I. General

In studies on anionic polymerization, Zisgler (28) noted that
it was necessary to consider only a two-step mechanism: initiation and
propagation, to explain the polymerization of dienes initiated by alkali
metals and alkyls of sodium and lithium. Farther, in metal alkyl
initiated polymerization, the propagation occurred at one end of a
polymeric chain, whereas in alkali metal initiation, propagation occurred
on both ends of the polymeric chains. It has been recognized that the
.initiation of anionic polymerization is accompanied by a color character-
istic of the growing anion. Further the colér would persist as long as
the anion is not destroyed. In 1948, Robertson and Marion (29) were the
first workers to report a characteristic red color iﬁ the sodium metal
initiated polymerization of styrene. ‘Upon addition of carbon dioxide to
the reaction mixture, the polystyryl anions were destroyed and the color

disappeared.



Evans, H:ngn.nson and Wooding (30) reported the first quantitative
kinetic study on anionic polymerization of styrene initiated at -33 °c. , by
potassium amide in liquid ammonia. They proposed a termination by chain
transfer to ammonia in agreement with their data on the molecular weight -
and nitrogen content of the polymer. I;h‘.gginson and Wooding (31) studied
the polymerization of methyl methacrylate, acrylonitrile and styrene
~by a variety of basic initiators and correlated the pK val_ue of the base

with its ability to initiate the polymerization of vinyl monomers.

If the polymerization is initiated by alkali metals or organo-
metallics of alkali and alkaline earth metals in an ether (at low
temperature) or in a hydrocarbon solvent, the termination step may be
eliminated and the propagating centers would continue to add all the
available moncmer. If more monocmer is added to a reaction mixture
éontaining the active anionic centers, the polymerization would be
resumed again. Szwarc (32) labelled this type of polymer as 'living
Polymert. Since the propagation is by the addition of monomer molecules
to the ionic centers carrying a negative charge, the polymerization is

also known as an 'Anionic Polymerization!.

Vinyl monomers having: electrophilic substituent groups, e.g.
ester (methacrylate), phenyl (styrene) nitrile (acrylonitrile), vinyl
(butadiene), ketone (acetone), etc., and cyclic ethers have been poly-
merized by the anionic mechanism. The propagating center carrying a neg-

ative charge may be a carbanion, an alkoxide ion, an imine ion or other

. anion.



II. Initiation by Electron Transfer Mechanism

Alkali metals and alkali metal complexes with aromatic
hydrocarbons initiate aﬁionic polymerization by either a- homogeneous or
a heterogeneous electron transfer mechanism. Aromatic. hydrocarbon-metal
complexes in ether and alkali metals dissolved in liquid anmonié have
been reported to initiail;e polymerization by. a hqmogenecus electron
transfer mechanism. Chain transfer to solvent (30) invariably occurs

jn alkali metal initiated polymerization in ammonia.

+ -
k_b_r’_s..MCHz—(.JH + K NH

- + :
-WCHZ—('JH K + NH 2 5

The amide ion produced may or may not initiate the polmnerization. The
polymerization by alkali metal dispersion in hydrocarbon solvent is by a

heterogeneous electron transfer mechanism.

The electron transfer mechanism which explains the sodium
naphthalene initiated polymerization of styrene in tetrahydrofuran, and
which has been generalized to explain the initiation by alkall metals

(33,34), was proposed by Szwarc, Levy and Milkovitch (32).
. ~N- Na+
- e —= Q0O
A + - e o -
SO CH2=§=H — QO +[Cuy-Gu =~ CHy-CH Jna®
2 @

« -+ = -+
2CH,-CH Na ——» Na GH-CHy-CH,-CH Na
$ P $
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CH, =CH
+ 21

+ - - e + - ‘ : - +
$ $ -3 3 % ¢

where i and j are variables.

The radical end of a radical-ion usually disappears by dimerization
(35), producing a diapion, which then propégates at both the ends by an
anionic mechanism. However, from the analysis of styrene-methyl methacrylate
copolymer obtained using lithium as an initiator, Tobolsky et al. (33)
showed that propagation occurred at both anionic as well as radical ends.
Sgwarc et al. (36) have discussed in detail the problem of the formation

and stability of radical-ions.

III. Initiation by Nucleophilic Attack of the Anion

Various covalent or ionic {alkali or alkaline earth) organo-
metallic compounds {e.g. metal alkyl, alkoxide, amide, ketyl etc.) have
been reported to initiate polymerization by nucleophilic attack of thé
anion on one end of the double bond. As a result of this attack, an
anionic propagation center is formed which adds further moncmer to give
a high polymer. In the sodiamalonié ester initiated polymerization of
acrylonitrile (37), the experimental findings could be explained by the
following anionic mechanism:

(i) initiation:
/cooczﬂ5 N CoHs

HGC  Na + CH=CH ——e CH-CH,~CH Na

\ 2 / 2
CO0C,Hs oN 0,H5000 oy

00C
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(ii) propagation:
CoH500C CoH500C
\ -+ P - 4+
CH-CHp-CH Na + CHy=(H —— CH-CHo~CH~CHo—~CH Na
/ | | / | |
CZHSOOC CN CN 02H5OOC CN CN
021-15000 | .\ . 02H5000\ .
- o -
CH( —CH2-(|)H) j—CHZ—CI:H Na + CH2=(|)H — CH(-CHQ-(l)H)jl_l—CHz—(‘:H, Na
02H5OOC CN CN CN 02H5OOC CN CN
(iii) termination:
- T K M o
WCHz—C‘}H Na -+ CH2=CH —_— MCH=(|3H + CHB—CH Na
|
CN CN CN CN
CH2=(l)H
o
Polymer
| o et . er,P
o~~~ CHo~CH Na +  —~~CH,~CH-CH,~CH~CHy~CH~~ —— -
2 | 2 l 2 | 2 |
CN CN CcN CN
Na+
CN CN CN CN
\ ; H.-CH Na
WCHZ—(I)=CH2 - WC‘}H—C o~ a
CN CN CN




In the above scheme, k and k, _ ., are rate constants for chain transfer
tr,M tr,P

to monomer and polymer respectively.

The degree of polymerization calculated from this kinetic

—~

scheme would be given as,
k (1]
DP = P
kr M + ki p(F]

If x is the fraction of monomer converted to polymer, one obtainsg

P = kp/{ktr,M-i-k p(x/l-x)}

tr,tk
The degree of polymerization so obtained was observed to be independent of

monomexr concentration but decreased with increasing polymer conversion.

IV. The Relative Reactivity of Monomers, Initiators, and Polymeric

Anions in Polvmerization

From a comparison of the reactivity ratios of different mono-
mers in ionic copolymerization, Mayo and Walling (38) observed that the

reactivity of monomers in anionic polymerization decreasediin the

following order:

vinylidene cyanide > acrylonitrile > methacrylonitrile > methyl meth-
acrylate > styrene > butadiene.

Since these monomers have different substituent groups,

they ' possess different polarities. If the same monomers are arranged

according to increasing polarity (38,39) then,
' ‘;rinjrlidene cyanide > acrylonitrile >methacrylonitrile > methyl meth-
acrylate > styrene ==butadiene.
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The similarity between the order of variation of reactivity and polarity
of the monomer leads one to conclude that the polarity and reactivity of
a monomer are closely related in ionic poiymerization. However other
factors (e.g. dielectric constant of the reaction medium, solvation,

side reactions, temperature etc.) affect the polymerization rate. There-
fore it may not be always experimentally possible to find a variation in

reactivity clearly related to polarity.

There seems to be a reciprocal relation between the reactivity
of a monomer in initiation and the reactivity of the anion produced. A
monomer which is more reactive in the initiation reaction produces a less
reactive anioh. Methyl methacrylate is found to be more reactive than
etyrene but less reactive than acrylonitrile (38). The relation between
the reactivity of a monomer and an anion leads one to conclude that the
etyryl anion should be more reactive than an acrylonitrile or a methyl
methacrylate anion. When 9-fluorenyllithium, which does not initiate the
' polymerlzatlon of styrene, was used to polymerize a mixture of styrene
and methyl methacrylate, only the homopolymer of methyl methacrylate was
obtained (40). The absence of styrene-methyl methacrylate copolymer
proves that the polymerlzatlon of styrene cannot be initiated by methyl
methacrylate anion. It has been reported (41,42) that styryl anion is
sufficiently basic to initiate the polymerization of methyl methacrylate
and acrylonitrile. When a mixture of styrene and acrylonitrile is
polymerized with monofunctional anionic initiators, only homopolymer of
acrylonitrile is obtained (43). However, if electron transfer anionic
" initiators are used, a small amount of copolymer is formed, probably by

styrene addition on the radical end (44). Graham et al. (45) studied the
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polymerization of polar moncmers initiated by polymeric carbanions in
tetrahydrofuran and observed a qualitative relation between the
initiation by a polymeric anion and the tet value (Alfrey-Price Q-e scheme)

of a monomer.

The problem of the reactivity of the growing ion in ionic
polymerization has been considered by Okamura and coworkers (46). Using
the molecular orbital approach, the results of measurements of the
propagation rate constant and a comparison of the ratlos of chain
transfer constants in polymerization, it was shown that the ion

produced from the more reactive monomer was stable, but less reactive.

In a review article, comparing the reactivity of acrylonitrile,
methyl methacrylate and styrene in initiation, Szwarc (47) concluded that
acrylonitrile required a less basic and styrene a more basic initiator

than that required for methyl methacrylate.

When different alkoxides with the same counterion were used
as initiators in the polymerization of acrylonitrile, the reactivity of
the alkoxide was found fo increase with a decrease in the acidity of
parent alcohol (48). The basic strength of anionic initiators derived
from hydrocarbons has been shown to vary in the order (49): |
butyllithium > phenyllithium > 9-fluorenyllithium > cyclopentadienyl-
Iithium.

During the polymerization of dienes, Hsieh (50) found that the rate of
initiation of polymerization with different butyllithiums varied with

the structure of the butylanion in the order:

sec-butyllithium > tert-butyllithium > i-butyllithium > n-butyllithium.
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Goode, Snyder and Fettes'(5l) studied the polymerization of methyl
methacrylate in liquid ammonia. The rate of polymerization and percent
conversion were found to decrease, with change in the counterion of the
amide initiator in the order: | .

KNHy > NalH, > LiNHz > Si(NH,),.

V. Effect of Solvent on Polymerizatibn

In the polymerization of butadiene and isoprene by butyllithium
the rate of initiation was higher in toluene and followed the order (50):

toluene » n-hexane > cyclohexane.

From the experimental data, on n-butyllithium initiated polymer-
ization of styrene in benzene at 0°C., Worsfold and Bywater (52) showed
that the rate of initiation was low. At high initiator concentration,
the polymerization was complete and the initiator was not completely

consumed.

The absorption spectra of polystyryl ion with different
counterions (e.g. Na+, K+, Lf+) were measured in tenzene, n-hexane and
tetrahydrofuran. From the close similarities in the spectra obtained,
Bywater, Johnson and Worsfold (53) concluded that the alkali metal-carbon
bond had the same structure, and appeared to‘be independent of counterion
or solvent. Similar results were obtained from spectroscopic measure-

ments on polybutadienyl and polyisoprenyl anions (53).
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VI. Propagation -

A propagation step is characterized by the repeated addition
of the monomer while the reactivity of the growing center is maintained.
The counterion remains in the vieinity of the anion and may be very
cloéely associated with it. The extent to which association affects the
rate of propagation is governed by the degree of association which in
turn is determined by the counterion, solvent, temperature and the
presence of other electrolytes. Solvents influence the propagation
through their different dielectric constants and their tendencies to

solvate an ion to varying degrees.

Data on the propagation rate constant, kp’ at 25°C.,for styrene
addition to styryl anions with different counterions in different reaction
media (54-56) have been collected in Table G-I. From these data it is
seen that kp varies with both the solvent and the countérion. The
difference in dielectric constants and the capacity of solvents to solvate
different ions to different extent cou’d lead to these results (Table G—I);
The Iit might be highly solvated in THF while poorly solvated in dioxane.
The charge separation would obviousiy be influenced by the different

degrees of solvation.

. For a given counterion and solvent, styrene was found to be
approximately 100-fold more reactive thane<-methyl styrene. The combined
electronic and steric effects of the methyl group (55) seem to cause o<X-

methyl styrene to be less reactive.
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TABLE G-I

Rate Propagatioh Constant, kp

 Solvent: THF THP ! Dioxane Dioxane Benzene
' (56)* (55)% (55)% (56 )% (54)%
Counter k (1. mole ™ sec?l)
Ton p
. .+ .
i 160.0 - - 0.9 23.0
+

Na 80.0 13.0 6.5 3.5 -
K 50.0 68.0 28.0 19.8 47.0
Rb' 50.0 | 76.0 34.0 21.5 204.0
cs' 25.0 '149.0 15.0 2.5 18.0

% Reference numbers
THF - Tetrahydrofuran

THP - Tetrahydropyran
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VII.. Chain Propagation and Ton-pair Formation

Medvedev et al. (57) have shown from conductometric studies that

the ion pair dissociation constant, K_, for the reaction,

d,

- K -
—n et 4+

where'Mf represents a polystyryl or polybutadienyl ion was highest when

the gegenion (C+) was Ii+, and decreased in the crder:
14t > Na+ > K+
The value of Kd was higher in dimethoxy ethane than in tetrahydrofuran.

This was probably a reflection of the increased dissociation of the ion

pair with solvation of the cation.

Geacintov, Smid and Szwarc using a flow technique (58), which
allowed the study over a short reaction interval (€ 1 sec), observed
that the polymerization reaction was first order iﬂvstyrene in THF at
25°C., but the value of the rate constant, kp, decreased with increasing
.the concentration of the living ends. This was later found to reflect

" the existence of different types of propagation centers on which the rate
of addition of monomer could vary by a factor of 103 (56,59). Typically,
polystyryl sodium has been shown to exist as ~~MNat (closely associated
ion pair) and ~Afo//Na+ (solvent separated ion pair) or ~M + Na+,

(free ions), all of which propagate at different rates. The rate propagation
constants for ~~VM Na™ and ~WM" + Na' in THF at-25°C. were 0.15 l.mole—l
sec-.'1 and 250 1.mole TsecTT respectively (60) (where VM~ represents vinyl
mesitylenyl anion). The different forms of a propagating center satisfy

the equilibrium:
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K
~,~ﬂmfN5+ 4 M+ Ng*

—_———

K
a

where Kd and Ka are the dissociation and association constants respectively.
On the addition 6f an electrolyte (e.g. sodium tetraphenyl boron, NaBPhh)
which does not react with the cation or polymeric anion and for which the
dissociation constant, Kd’ is high, the equilibrium éhould shift to

the left, decreasing the conceptration of ~~M + Néﬁ by the common ion
effect. The rate constant Ka and Kd can be determined (61) from the over-

all propagation rate-constants and the molecular weight distribution of

polymers obtained at different electrolyte concentrations.

The overall propagation rate constant, kp,'for the addition of
styrene to polystyryllithium in benzene was measured by Bywater et al. ( 52)
and found to be first order in monomer and half order in living ends. This
indicates that the polystyryl ions were associated as dimers. Viscosity
(3) and light scattering measurements (62) on living and dead polymer
obtained in hydrocarbon solvents led to the 'same conclusion. On the
other hand, with THF as a solvent for this reaction, association in the

living polymers was negligible or absent (63).

The propagation rate constant of styrene in benzene increases
with increase in temperature (52). In the alkyllithium initiated polymer-
izations, Lewis acids or bases probably form complexes with the growing
ends. In hydrocarbon solvents, the addition of a Lewlis acid decreases
the rate of polymerization whereas the addition of a Lewis base increases

the rate (64-68).
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Zilkha et al. (69-71) have investigated the effect of solvents
on +he lithium-organyl initiated polymerization of styrene, acrylonitrile
and methyl methacrylate and observed the marked influence of solvents on

the molecular weights of the polymers obtained. '

VIII. Chain Termination in Anionic Polymerization

The propagation process ceases if the supply of monomer is
exhausted or if an event occurs in which the growing center loses its
activity. The anionic center may lose its activity with or without
genefation of a new active center. If a new active center is generated
with the los§ of activity of an existing propagation center, then the
process is known as a chain transfer. In anionic pclymerization termination
may be by a chain transfer to moncmer, polymer, or solvent. Termination
is also possible by isomerization of the growing anionic end or a reaction
of the active center with an impurity present in the reaction mixture.

In anionic polymerization termination by compination or disproportionation
does not occur. The collision between two anionic ends does not lead to
terminaﬁion because of repulsion. Overberger et al. {72) and Szwarc (47)

have discussed in detail the different modes of termination.

Oxyger,, carbon dioxide, or any proton-donating impurity, if
present in the system, can terminate the polymerization. For example, if
water is added to the reaction mixture, it will react with a carbanion
as follows:

S

-+ - :
~—~—CH ~CH Na' + HO —= ~~CH ~CH_ + OH + X
2 i M T Oy =

® $
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If the polymerizatiqn is conducted in such solvents as ammonia,
proton transfer from ammonia to carbanion terminates the growing chain.
A new carbanion may be generated by the amide ion (31).

-+ o - +
MCHz-éH K+ NHy —= ~~CHy-CH, + NH, + K

+ - ' — + Styrene
K + NH, + CH2=QH ~—= NHy-CHo-CH K —* Polymer

In polymerization of vinyl mesitylene in tetrahydrofuran (THF)
proton transfer from the monomer with the generation of an inert ion (1)
was shown to terminate polymerization (60) through the following proposed

mechanism:

*fVCH -CH Wa CH CH

+ H C@CH=CH — CHg

CcH
3 (1)
Spectroscopic measurements on the reaction mixture supported this node of

termination.

A.chain transfer to solvent was shown to occur in the polymer-
ization of butadiene énd isoprene in tetrahydrofuran (73). In the biphenyl
sodium initiated polymerization of acrylonitrile in a mixture of (1:1) DMF
and THF at -78°C., it has been suggested (74) that a chain transfer to
polymer occurs by abstraction of a proton. The experimental evidence for

this chain transfer mechanism can be found in a comparison of the number
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and viscosity average molecular weights and an examination of IR spectra

of the polyacrylonitriles obtained.

+
Na

*ﬁvCHz—?H-N5+ + -CH2-?H-CH2—?H--—---CH2-?H2 + -CH2—?H-CH2-?:LA—
CN CN CN CN CN  CN

(1I1)
The anion I1 woﬁld add more moncmer to give a branched polymer. Since
the polymer was soluble in DMF, the possibility of a three~dimensional net-
work is eliminated. Polystyryl anions, on standing, show changes in the
UV spectra and become incapable of adding furthe:r monomer (75). This was
explained by the following reactions of polystyryl anions (76):

-+
~~CH,~GH—CH,~GH Na. o= ~~CH,—GH-CH=CH + Nai
¢ 4 ? ¢

- 4 Né+
~~CH.~CH~CH.-CH Na. + ~~CH,~CH-CH=CH —e ~~CH —d:CH=CH + ~~CH,.~CH~-CH,~-CH
2 ¥ 2 . 2 i 21 2 ¥ 21312
S $ & b & ¢ 3

(II1)

The carbanion (III) produced is incapable of adding styrene. A hydride
transfer has been proposed as a mode of termination in the formation of
polyacrylonitrile by sodiomalonic ester (37) and sodium triethyl thioiso-

propoxy aluminate (77) in DMF.

In the methyl methacrylate polymerization, a carbanion may be

terminated if a carbonyl addition occurs instead of vinyl addition (51):
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Me Me Me OMe Me Me

~~CH.-C XK + (=0 —s ~CH.-C-C~-0K —» ~~(H.~-C-C~C=CH, + CH,O K
2 | 20 20 R Y
COQMe I(.'i—Me MeO0C C-Me MeOOC O
I | I
CH2 | . CH2

Pseudo-termination of the growing carbanion to form a cyclic cdnplex (Iv)

has been proposed to explain data obtained from the 9~fluorenyllithium

initiated polymerization of methylmethacrylate (78): OMe ‘ o)
- .|
: M ] +
COOMe COOMe COOMe e\ N Li"  C-OMe
' | o+ ~~CH_~C O ¢
~~CH,-C-CH 5 —C-CH 2—C Ii - et 2 N
l | I : I (1v)
Me Me Me H.C CH
: 2 >

: Me~ "~COOMe
Szwarc (47) has proposed the following isomerization mechanism in acrylo-

nitrile polymerization:

- - CH.
~——CH_~ CH~CH_~-CH~CH_—CH Na — 2 | 2
20 T2 Ty _ | _ (v)
GN CN  CN ~~CH_~CH CH.CN
| | R
b
N Na

The weak imine ion (V) is considered to be incapable of adding monomer.

STEREQSCOPIC POLYMERIZATION BY ANIONIC INTTTATORS

When alkyllithiums or aryllithiums were used as initiators in
toluene, acrylic esters were polymerized to give isotactic polymers. The

addition of THF to the reaction mixture was found to decrease the iso-
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tactic placements in polyacrylates. Polymers prepared in 1,2-dimethoxy

ethane or THF were characterized by a highly syndiotactic structure (79-81).

To relate the stereoregularity of the polymers with the different
experimental conditions Tsuruta and Furukawa (82) have polymerized acrylic

esters by a variety of organo—metéllic initiators in different solvents.

ILithium or organolithium initiatore in hydrocarbon media have
been shown to produce highly c¢is-1,4-polyisoprene with some 3,4-addition but
no trans~l,4~ or 1,2~addition (83,84). The use of sodium or potassium as
the counterion in hjdrocarbon solvents gives 45-60% trans-l,h-polyisoprene,
37-49% cis-l,h-polymer and the remainder 3,4~ and 1,2-~polyisoprene. If
ethers or amines are used as the solvents, 1,4~isoprene addition decreases to
zero; while the proportion of 3,4-addition increases with all the counter-
ions noted above. Stearns and Forman (83) in a study of the lithium
catalyzed polymerization of isoprene, noted that a specific solid surface
was not necessary to produce a stereoregular polymer structure. Rather
the electronic structure of the 1ithium atom, the molecular structure of

isoprene and their proper interaction would lead to stereoregular placements.

From a study of butadiene polymerization Hsich (84) showed that
1,4-addition decreased with a rise in the polymerization temperature. In
hydrocarbon solvents butadiene polymerized to give 50% cis-1,4-addition,

9 ~10% 1,2-addition and the remainder trans-1,4-addition polymer (84).

During studies on polymerization of 4-methyl-l,3-pentadiene with
radical and anionic initiators, Iivshits and Stepanova (85) observgd that

about 88% polymer had 1,h-placement with n-butyllithium.
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Each of these examples leads to the conclusion that under the
-proper experimental conditions, the propagation step in anionic. polymer-

jzation can be controlled tc produce a specific type of monomer addition.

. EQUILIBRIUM THERMODYNAMICS OF POLYMERTZATION

In the absence of chain termination, a growing active center may

bring about the depropagation reaction:

K
P
Pt +M S—= P (1)
J ky jHL

where M and P¥% are the monomer and the living J mer, and k and kd are
J ‘ - p
the rate'constants for propagation and depropagation respectively.

From (1.) the equilibrium constant, Ke’ is given as,

K, = kp/k 4 ' (2)

In relation (1) for large 3y Ke and the monomer concentration
‘at equilibrium, ﬁ@]e can be expressed as (86):
kK = 1/[u (3)
e e

At equilibrium, the rate of propagétion and.depropaggtion would
be equal and the free energy cﬁange for the polymeriiation reaction would
be zero. The equilibrium constant Ke and the standard free energy change,
AOF 0, are related in,

p

OF° = _RT InX (&)
P e

By determining Ke at different temperatures the enthalpy change,

ZSHP, and entropy change,élsp, for the polymerization could be calculated
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from
dInk
e 2
& OH/RE

A basic approach to the thermbdyna.mics of addition polymer-
ization was presented by Dainton and Ivin (6). A method of determining
the ceiling temperature, a temperature above which polymerization does not

occur, was described by these authors.

.For a propagaﬁion to occur, the free energy change, AFp, ,
must be negative. As discussed by Szwarc (87), depending upon the sign
of Aﬁp and ASp in a pélymerization reaction, the following four possibilities
could be encountered.
(i) In most polymerization systems, L\Hp and ASP have been found té be
negative. Under these conditions when ‘the polymerization temperature

reaches a cei]iﬁg temperature, Tc’ given by

= OH_/OS

T, WZSH | (6)

the value of AFp' would be zero. No polymerization would occur above the
ceiling temperature since AFP becomes pos:'g.t;‘.ve.

(ii) When AHP and Asp are both positive, polymerization would be possible
only above ﬁhe floor temperature, Tf , defined by

T, = AHp/ASp | (7.
(iii) If AHp( 0, ASp >0 then AFp would be negative at all reaction
temperatures. The polymerization reaction would thus be favored at all
temperatures. |

(iv) If OH, >0 and ASp <0, OF would be positive at all temperatures
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and depropagation would become the spontaneous process.

In a study of the polymerization of o¢-methyl styrene initiated
by sodium naphthalene, Worsfold and Bywater (86) established that only a
small amount of monomer could be converted to polymer even though the
polymeric chains were active and still capable of adding further monomer.
When polymerization experiments were. made at 0°C., equilibrium was
reéched within 16 hours and no further increase in polymer yield was
possible even after a reaction time of 124 hours. The equilibrium constants,
obtained in three different laboratories (86,88,89) for sodium naphthalene
initiated polymerizatioﬁ of «¢-methyl styrene, were plotted against 1/T
by Szwarc (87 ) From the mean plot thé values of AH_p and ASp were

calculated as ~7.5 K.cal/mole and -26.5 e.u. respectively.

Eisenbérg et al. (90,91) showed that the experimental data from
the equilibrium polymerization of o¢-methyl styrene, could be treated by
a more general theory of equilibrium polymerization. Good agreement was
obtained between the theoretical calculatioris and the experimental resulté

when both the initiation and the propagation equilibria were considered.

A spectroscopic method has been used to determine the concentration
of monomer at equilibrium, if it is too low to be estimated accurately by
other analytical methods. The concentration of styrene in equilibrium
with living polymer at room temperature is too low to be estimated even

by spectroscopy. Therefore to study the equilibrium,

X
- p. -
R-(CH,-CH-)CH,~CH + CH,H == R-(CH,-CH-) CH,-GH
¢ J "¢ 2 d ¢ Jt1 "¢
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in styrene polymerization spectroscopically, Bywater et al. (92)
conducted experiments in the temperature range ~100 to 115°C. with
benzene and cyclohexane as solvents. The restrictions in the use of
solvents and possible side reactions e.g. isomerization, have also been

discussed in this paper.

The existence of a floor temperature has been suggested in the
polymerization of t-butyl vinyl ketone (93) since both £>Hp and ZlSp
were found to be positive. Further, a floor temperature has been

reported for the equilibrium polymerization of sulfur (94).

An increase iﬂ the pressure of a reaction system has been
reported to elevate the ceiling temperature for polymerization (95). This
may prove useful in the study of anionically polymerizable monomers (e.gz.
1,1-diphenyl ethylene) which are difficult to polymerize because of steric

hindrance (87).

KINETICS OF POLYMERIZATION AND THE MOIECULAR WEIGHT DISTRIBUTION

When there is no termination mechanism in polymerization, the
propagation would cease if the supply of monomer was exhausted. Under
these circumstances, only two steps, initiation and propagation need to

be considered. The initiation step may be represented by

k
-+ i -
A B o+ M —- AM1B+ (8)

and the propagation step by
-+ . kp -+
AM; ? + M —= AM,B

+ - k - -+
MM B+ M P, AM s B (9)
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where AB and M are the initiator and monomer respectively, and where ki

and kp are the rate constants for initiation and propagation.

The absence of termination in a polymerization system, leads

giveﬁ by (32).

to a number average degree of polymerization, (DP, )
n’cale,

(DR )opre = N figm (20)

where N is the total number of.monomer molecules, n is the number of
propagating centers and k3 is a p?oportionality constant with a value of
unity or one half depending upon whether the propagating centers are
located on one or both ends of the polymeric chains. An intermediate
value of k3 would indicate the presence of polymeric anions in the
reaction mixture with propagation center at one and both ends of the

polymeric chain.

In the absence of termination the degree of polymerization

nd -

determined experimentally, <DPn)expt would be equal to (DPn cale &

should be independent of polymerization tempeiature, rate of initiation

and of propagation.

Over a temperature range O to -78°C., Szwarc et al. (96)

observed (DP,) == (DPn)expt for the sodium naphthalene initiated

calc
polymeriiation of styrene in THF. Morton et al. (3) determined the

viscosity average molecular weights of polystyrene prepared using ethyl-
lithium and butyllithium and found them to be approximately equal to the

number average molecular weights calculated from the initiator concentrations

and polymer yield. Worsfold and Bywater (52,66) have reported similar
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results in studies of the anionic polymerization of styrene.

Tsukamoto (74) polymerized acrylonitrile with biphenylsodium
in a mixture of DMF and THF at -78°C. The (DPn)expt determined from
osmotic measurements on the polyacrylonitriles obtained were shown to be

equal to the value of (DPn)calcﬂ

If all the initiator participates in the initiation reaction,
the number of propagating centers, n, would bé equal to the number of
'initiétor molecules. In aétuél.pfacticg the residﬁal impurities ﬁould
destroy an equivalent amount of the initiator, and prevent production of
an equivalent number of active centers. This would lead to an increase

in (DPn) In a similar way if an initiator is not consumed completely

expt”
in the initiation reaction, a higher (DPn)expt would be obtained than that
calculated fram the initial initiator concentration and the polymer yield.

The incomplete consumptiocn of the initiator may be due to a slow initiation
rate compared to the propagation reaction or a side reaction of the init-
 iator with monomer or with polymer. Molecular weights and therefore (DPn)expt
determined for polymers.prepared with anionic initiators have been found,

in the polymerization of sﬁyrene (97), methylmethacrylate (78), acrylo-
nitrile (43), and isoprene (65), to be' higher than the (DP,) ca1c Obtained from
equation (10). The deviation in (DPn)expt could be either the result of

incomplete participation or the occurrence of side reactions, or both.

From equations (8) and (9) the rate of disappearance of initiator

and monamer can be given as:

-aff)/ae = % [u){z] (11)
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I

~a[M]/at = ki[MJ (1] + kp[M]([IJO. k)

(k, - kp)[M][I] + kp[M][I]o (12)

In these equations [i] and Eﬁ] are the initiator and monomer concentrations

at time, t, and ti]o is the initial initiator concentration.

Bauer and Magat (98) have numerically integrated equations (11)

and (12) to give

@E_Ij';@ = %{M(‘l—f)—l—f}ﬁ'f (13)

where £ is the fraction of the initiator consumed in the initiation

reactior and [ﬁjo is the initial monomer concentration.

—

kp/ki and (Eﬁ]o - [MJ)/[;JO and showed that for kp §>'ki some of the.

initiator would remain unreacted after all the monomer has been polymer-

Szwarc (47) calculated values of £ for different values of

ized. This could be related to competition between the initiator and the

living J mer, for the monomer. The 3 ﬁers would compete more efficientlf.
with the pfogress of the polymerization reaction. This has been confirmed'
experimentally in studies of sodium naphthalene (99) and butyllithium (97)

initiated polymerization of styrene.

For a polymerization system, in which all the growing chains
have an equal opporturity to add monomer and in wnich initiation is only

slightly slower than propagation, Flory (100) has derived the relation,



-32 -

™ _ v
Mw/ﬁn = 1 4+ Tiv)? (14)

where Y is the number of monomer molecules reacting with each molecule

of initiator.

This relation assumes termination to be absent. For larger values of V

in equation (14), the heterogeneity index would be very close to unity.

In actual investigations, low valuqs (close to unity) of the heterogeneity

index have been obtained. These will be discussed shortly.

Gold (101) has derived reiatibns to calculate molecular weight
distributions from kinetic data and showed the nature of the molecular
weight distribution to be dependent on Ei]o’ G@]o and kp/ki. Further
fo? kp/ki j>il, the heterogeneity index was shown to approach a value
1.4. For kp = ki’ the derivation by Gold (101) was identical with equation
(14) above. Glusker et al. (78) have showed that in a non-terminating
polymerization, when kp > ki’ the value of ﬁw/ﬁn was equal to or less

than 4/3.

Cowie, Worsfold and Bywater (102) énalyzed polystyrenes

obtained by butyllithium initiation and found the osmotically determined
number average mqlecular welght, ﬁ;, to be approximately equal to the
weight average molecular weight, ﬁw’ determined by light scattering. The
value of the heterogeneity index was found to be bétween 1.02 and 1.06 for
different samples of anionic polystyrenes. McCormick (103) estimated the
heterogeneity for polystyrene from sedimentation velocity data and found
the value to be in the range 1.02 to 1.09. Morton and coworkers (104)

also reported the preparation of polystyrenes with a narrow molecular weight

distribution, in THF at —78°C., and in benzene at 0°C. By fractionation
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of polyacrylonitriles obtained with n-Buli, at -78°C., Miller (105) showed
that the heterogeneity index was 1.2 to 1.3. No heterogeneity indices have
been reported in the literature for polyacrylonitriles obtained with

anionic initiators at other temperatures.

If ki<: kp, the ﬁolecular weight distribution would be broad.
However if a seeding technique is used, a narrow molecular weight
distribution may bz obtained. In the seeding technique, a small portion of
the monomer is added to the initiator solution at higher temperatures. The
reaction is allowed to proceed until all the initiator is consumed. The
reaction mixture is then cooled to a desired temperature, more moncmer is
added and the.polymerization is allowed to go to completion. By employing
this. technique Morton et al. (3,67) obtained, in hexane with alkyllithium
initiators, polyisoprene having a heterogeneity index of 1.20. The polyiso-.
brene prepared without the use of the seeding technique had a heterogeneity
index of 1.70 to 2.10. The seeding technique cannot be used if the initiator
reacts with the functional group of the monomer to give byfproducts or if a
carbanion produced is unstable. For example, in potassium amide initiated
polymerization of methacrylonitrile, the anion has been shown to reactvwith
the nitrile group of the polymer or moncmer (34). In a similar way phenyl-
lithium has been found to react with the ester group of the methyl methacrylate
(106). |

Hsieh and McKinney (107) have determined the molecular weight
distribution in polymers of styrene, isoprene and butadiene prepared with
butyllithium (108). The heterogeneity indices calculated from analysis of
these polymers were found to be less than 1.12 for ki/kp > 1. For ki/kp<: l,.

the polymers were more heterogeneous.
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A similar finding has been reported by Brower and McCormick
(109), who observed that polystyrenes obtained from different solvents
with different anionic initiators had different values of the hetero-
geneity indices. When.toluene was used as a solvent, the anionically
prepared polmmeﬁhyl mefhacrylate had a heterogeneity index of about 55
(78). The addition of THF (20%) to toluene reduced the heterogeneity
index of the polymér to 27. It is evident that in actual practice the
experimental values of the heterogeneity index for ki/ki)<: 1 areAin

poor agreement with the theoretical relations (78,101,107,109).

EFFECT OF IMPURITIES ON MOIECUIAR WEIGHT DISTRIBUTION IN POLYMERS

When a solvent and an initiator are mixed, the impurities
present in the solvent might react with the initiator to destroy an
equivalent amount of the initiator. If a monomer free from impurities
is added to the reaction mixture and if the solvent-initiator inter-
action products do not interfere with.the polymerization, a polymer

having a low heterogeneity index but (DPn)expt:>'(DPn) ~would be

calc
obtained. If a monomer containing impurities is added to the reaction
mixture,; a small portion of the impurities ‘would react with initiator
and the remaining portion of the impurities would react with the growing
bolymerié chains to produce a polymer having a broader molecular weight
distribution. If the solvent and monomer are first mixed and the init-
iator is subsequently added, impurities from both the solvent and the
monomer would contribute to the termination of the growing chains and

consequently the molecular weight distribution in the resulting preparation

would be broader.
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The effect of impuritiés on the molecular weight distribution
in anionié polymerization has been considered by Szwarc and ILitt (110)
and in greater detail by Wenger et al. (111). By considéring the
probability of the reaction of an impurity witﬁ the growing anion at a
particular impurity level, Wenger et ai. (lll) showed that tne hetero-
geneity index deviated from unity to a greater extent for anionic chains
propagating at one end than for those propagating at both ends, 'By
carefully removing impurities from the reactants Wenger (112) prepared
polystyrene having a heterogeneity index of 1.02 and poly o¢~methyl

styrene having a heterogeneity index of 1.05-1.06.

When.propagation océurs at both ends of polymeric chains, the
impurities present may terminate some of the chains at one end only,
without affecting the propagation reactivity of the other end. The
molecular weight of polymeric chains propagating at one end would be
one half the value of those propagating at both ends. Polymers prepared
with bifunctional initiators (e.g. electron-transfer type initiators)

" have been found to have this bimodal molecular weight distribution (112).

From a study on the polymerization of styrene in different
solveﬁts'Brower‘and McCormick (109) concluded that solvents promoting
rapid initiation and ralativexy slow propagatioﬁ gave a polymzr having
a low héterogeneity index. The solvents arranged in the order of pro-
motion of rapid initiation and slow propagation would form the series:
dioxane > THF > ethylene glycol dimethyl ether >diethylene g'lycofl.

dimethyl ether.

Iitt and Szwarc (113) have considered the effect of chain
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transfer to monomer on the molecular weight distributions in polymers
prepared by the anionic mechanism. From probability considerations,
the degree of polymerization, (-ﬁlgn), and weight average degree of

polymerization, (ﬁw)’ were given as

DP = [p/m + (1 - p)] -1 | (15)
5 = [(1+p)/2-p] - [p(1-8/Q-p%0 (1)

In these equations m is the number of moles of monomer that would ‘react
with each mole of monofunctional initiator. p and l-p represent the
probability that the monomer undergoes polymerization and chain transfer

with the carbanion. When p = 1, equations (15) and (16) would give

and a monodisperse polymer would be obtained. For values of

m(1-p) > 0.1, equation (16) has been approximated (112) as
DP, = 2/(1-p) -an.

A chain transfer to monomer has been reported for the anionic

polymerization of acrylonitrile (42).

Various authors have given theoretical treatments to
different aspects of anionic polymerization. Figini and Schulz (114)
have reported that improper mixing could contribute to the inhomo-
geneity in the molecular weight distribution of polymers obtained by
anionic initiators. An expanding drop model of mixing was used as a
basis for deriving the mathematical relations. Litt (115) has used
 a laminar flow model to explain the effect of improper mixing on

the molecular weight distributions in the polymers. Zilkha and co-
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workers (42) have shown that the yield and molecular weight of the
polyﬁer depended upon the rate of monomer addition to the initiator

solution.

By assuming initiation to be instantaneous and the initiator
to be monofunctional, Coleman (116) has mathematically correlated
jrreversible termination with the chain length distribution. Stockmayer
'(117) has considered the polymerization systém where the contribution
from the depropagation reaction is too large to be neglected in the
derivation of the kinetic relations. The effect of delayed addition of
the initiator has been discussed by Eisenberg and McQuarrie (118) and
"relations have been derived for the calculaﬁion of the heterogeneity index

and molecular weight distribution in the polymer.

In summary, one can conclude that the probability of obtaining
polymers having a low heterogeneity index depends directly upon the
attainmént of the following experimental conditions:

(i) absence of chain termination - 'incidental or otherwise,

(ii) absence of chain transfer reactions,

(iii) rate of propagation to be slower than the rate of initiation,
(iv) negligible depropagation under'expériméntal conditions,

(v) uniform mixing of the reactants, and

(vi)Auniform conditions with regard to polymerization temperature.

CHAIN INITTATION BY n-BUTYLIITHIUM

In 1917, Schlenk and Holtz (119) prepared simple alkyls of
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1ithium from the reaction of the organomercury campounds with lithium
metal. Theée alkyllithiums have been known to initiate the polymer-
ization of dienes since 1928 (28). However it.was not realized until
1956-57 (120;121) that.dienes polymerized by lithium and its alkyl
compounds give highly'ordered structures. Since then the detailed
polymerization of alkyl vinyl ketones, écrylic esters, dienes, vinyl
pitriles, styrenes, etc., have been studied using these organometallics

as initiators.

In a kinetic study on the polymerization of non-polar monomers
with n—BuLl in hydrocarbon media, a plot of the overall rate of monomer
‘consumption was found to have the S-shape, characterlstlc of slow
initiation (122,68). O!Driscoll and Tobolsky (68) suggested that a
small fraction of monomeric n—BuLi; in equilibrium with the associated
form of n-Buli, was an active initiator. The degree of polymerization
calculated from the known concentrations of the moncmer and the initiator
was lower than that of the polystyrene actually obtained (97).‘ This .
was taken to indicate that even at the conclusion of polymerization, some

of the initiator remained unreacted.

Worsfold and Bywater (52), in a study of the polymerization of
styrene, followed spectroscopically the rate of initiation and the rate
éf disapﬁearance of monomer and interpreted the results in terms of the
following scheme:

Initiation:

~d EBU.LILJ Jdt = ki[BuLﬂ 0.15 E%tyrene]
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Propagation:

_d[styrene:l /dt = kpE’)olyst;)rr';)rlil.:i.th:i.umlo'5 ]Cstyreng_l
. ota

This scheme would suggest a mechanism of the type:
Initiation:

Xy
(}3uLi)6 == 6 Buli

. 5 Lt
Buli + M — BuM Ii

Propagation:
- 4+ .~ 4+ K -+ -+
(Bu(M); 14 ) , (Bu(M);1d) == Bu(M)li + Bu(M);Li
-+ k - +
Bu(M) I + . Bu(M) ,, 14
That the n-Buli is associated as a hexamer has been shown from measure-
inehts , in hydrocarbon solvents, of molecular_ weights by osmotic
techniques (122). The viscosity and light scattering measurements
before and after the temlination of polymerization showed the polystyryl—
lithium to be associéted in dimers (3,62). Morton et ai. (3,63) noted
that polyisoprenyllithium and polybutadienyllithium were also associated
as dimers. Worsfold et al. (62,65) and Spirin et al. (123) found that
polyisoprenyllithium was associéted as a tetramer and polybutadienyl-

lithium was associated as a hexamer.

O'Driscoll et al. (124) studied the polymerization of styrene
at 25°C. in benzene and showed the initiation to be one-third order in
. [_Eul.ﬂ and first order in [styrene], This indicates that n-Buli exists as

a trimeric isomer. By gas chromatographic measurements Hsieh (50)
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estimated unreacted butyllithium for different reaction times and showed

that in hydrocarbon solvents the rate of initiation was first order in

Einitiatof]for styrene, isoprene and butadiene. At 5Q°C., the raﬁe of
propagation of styrene was one-half order.in[@olystyryllithiudgand

first order inEstyrene](125). For the dienes the rate of propagation was
one-half order at high concentration of active ends (:>10"2 mole/liter) -
and one~third order at low concentraﬁion (125). Thus, in diene polymer-
ization, the value of the association number reported from different
laboratories lacks agreement. Further clarification of this point should
prove useful. In alkyllithium initiated polymerizations conducted in
_hydrocarbon media, the addition of a catalytic amount of a basic compound
(ether, amine, etc.) to the reaction mixture increased the rate of
initiation, while the addition of a Lewis acid (BuZZn) retarded the rate
of initiation (64). The variation of the rate of polymerization of
‘'styrene in the presence of varying amounts of THF, has been shown to

be due to the formation of mono- and dietherate complexes'of variable

reactivity (66,67).

When polar monomers (e.g. methyl methacrylate, acryl amides)
are polymerized with organometallics, polymerization is often accompanied
by side reactions, which complicate the interpretation of the polymeriz-

stion data and the postulation of a reaction mechanism.

7ilkha et al. (126) have studied the heterogeneous polymeriz-
ation of methacrylonitrile in petroleum ether. At 0°C. the degree of
polymerization inereased with increase in the monomer to initiator ratio

without regard to the order of the addition of monomer or n-Buli to the
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solvent. If initiator association is assumed, at a fixed initiator
concentration, the initiator efficiency should increase slightly or
remain constant with an increase in the monomer concentration and hence
in the dielectric constant of the medium. From the data reported in
this paper (126) the initiator efficiency appeared to decrease to 25%
when the monomer concentration was increased from 0.24 mole/liter to 1.9
_mole/liter. The overall efficiency of.the initiator was fbund to be
less than 7%. The molecular weight and conversion were found to be
independent of temperature between lOO'and -30°C. A low initiator
efficiency was explained by assuming association of nJBuii and by
~assuming the monomer to add‘to the growing chains rather than to the

unreacted initiator.

Buli initiated polymerization of vinyl chloride (127) was
found essentially to be unaffected by air and (DPn)expt was found to be

much higher than (DPn) Some polar moncmers, (e.g. vinyl acetate,

cale’
methyl acrylate, dimethyl maleate, allyl acetate) have been reported
to give a low polymer yield with n-BuLi (42). n-Buli adds to the
carbonyl group of a ketone, which by repeated carbonyl additions yields

a polymer. For example, infrared méasurements on polyacetone suggest the

following structure (128).

5 o

C,H.~(-C~0)~C~CH

YT
3 3

The chlorine content of polyvinylidine chloride (129) was found to be
independent of the temperature of polymerization but did decrease with

an increase in the butyllithium concentration in the reaction mixture.
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This is probably due to side reactions between initiator and moncmer or
lpolymer. In fact n-Buli. has been found to reaqt with polymers. In THF,
polyvinyl chloride (PVC) reacts with n-Buli to give a gradual color
change from deep purple to blue,Agreen and pale yellow. Butylation,
dehydrochlorinationcu'partial.lithiation werevcénsidered among the
pcssible reactions (130) between PVC and n-Buli. Polyisoprene reacﬁed'
with n-Buli 1owering'both the molecular weight and unsaturation (131).
By employing labelled terminators in 9-fluorenyllithium initiated polymer-
jzation of methyl methacrylate (MMA), Glusker ét al. (78) showed 98% of
the initiator to be consumed in reactions with MMA in five seconds and
about 80% of the total propagating centers to be still capable of adding
monomer at the end of polymerization. .Cottam, Wiles and Bywater (132)
also showed that n-Buli was consumed rapidly in the initiation reaction
with MMA. Korotkov et al. (133) further studied the kinetics of the n-Buli
initiated polymerization of MMA in toluene between -50° and -80°C., and
pointed out that three modes of n-Buli addition to MMA (1,2; 3,4 and ;,h)
were possibie. The usuai polymerization proceeds by 1,2 addition. The
carbanioﬁs obtained by 1,2 addition may however feact with the monomer

to give the 1,4 or 3,4 adducts. B -

Wiles and Bywater (134) investigated the polymerization of MMA
with n-Buli in toluene at -5° and -30°C. The polymer contained a low
molecular weight component, the proportion of which increased with an
increase in the initiator concentration, and with thé temperature. The
first order reaction plots for this polymerization were not linear. The
initiator could not be completely accounted for in the initiation reaction.

Some of the initiator was seemingly consumed in a side reaction with the
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ester group as:

CH CH. CH CH CH
s 13, %9 | 3 b9
CH2=C-(l3=0 + CAH9L:'_ — CH2=C-C§OL:L e CH2=C‘-C=O + CH30L3'.
OCHB OGH3

A similar reaction may also occur between the gréwing carbanion and an
ester group of monamer or polymer. The 1ithium methoxide would react

with acetic acid to‘give methanol.

CHBOLl + CHBCOOH —_— CHBOH + CH3C00L1

After the reaction was terminated, methanol was detected by gas chromato-

graphic analysis of the reaction mixture (135).

The effect of Lewis bases on the molecular weight of methyl
methacrylate polymerized in toluene by n-Buli was investigated by Zilkha
and coworkers (70). The value of ﬁw reached a minimum when the
concentratipn of Lewis base was twice the n-Buli concentration. A
further increase in the Lewis base concentration did not affect the

- molecular weight.

Kawabata and Tsuruta (136) have studied the reaction mode of
n-Buli in the initiation step of the polymerization of methyl acrylate,
(MA), methyl methacrylate (MMA), acrylonitrile, (AN), and methacrylonitrile,
(MAN), in both n-hexane at 30°C., and THF at -78°C. Butane formation
represented the major side reaction. Nitrile or carbonyl addition also
occurred to varying degrees. The relative reactivities of monomers were
in the order:

MMA D MA > AN > MAN in hexane and

MA D> AN D> MMA D> MAN in THF.



The n-Buld initiated polymerization of acrylonitrile has been
investigated in petroleum ether (42), dimethyl formamide (69), toluene
(105), tetrahydrofuran (69), etc., and will be discussed in detail in the

following section.

POLYMERIZATION OF ACRYIONITRILE

Although Moureu (137) first prepared acrylonitrile by the
dehydration of ethylene cyanohydrin and acrylamide with phosphorus
pentoxide in 1893, acrylonitrile is manufactured today from propylene,
~ethylene oxide, acetylene, acetaldehyde, etc. (138). Chemically,
acrylonitrile is a very reactive compound capable of undergoing many
reactions involving either the vinyl double bond or the nitrile triple '
bond (138). Although the polymerization does not occur in the absence
of radiation or initiators, radiation and initiators seem to polymerize
acrylonitrile by a radical or anionic mechanism (139,1&0). The radical
mechanism of acrylonitrile polymerization is' probably better understood
than the anlonic mechanism and the kinetics of the radical polymerization

seems to have been studied in greater detail.

I. Radical Polymerization of Acrylonitrile

The polymerization of acrylonitrile by radical initiators has
been studied under both homogeneous and heterogeneous conditions. With
ethylene carbonate as solvent, ﬂhe initial rate of polymerization (at
50-60°C.) was found to be proportional to the monomer concentration and

was approximately 0.6 order in initiator (azo-tis-iscbutyronitrile)
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concentration (141). The sblvent acted as a diluent and a transfer
agent. A first order dependence of the polymerization rate on the mono-
mer concentration was satisfied to a reasonably high conversion; implying
“the viscosity of the medium to have no effect on the polymerization rate.
Further, the mechanism‘of the chain transfer to monomer or polymer under
conditions of homogeneous polymerization seemed to be negligible.
Polymeric radicals have been found to undergo chain termination by both
recombination (142) and a chain transfer (143) in homogeneous polymerié—

ation.

The bulk polymerization of acrylonitrile is autocatalytic and
" can be explosive (144). During bulk or susbension polymerization, poly-
acrylonitrile precipitates together with some active radicals. The
burying of radicals reduces the apparent polymerization rate, but the
-intrinsic reactivity of the trapped radicals seem$ to be unchanged.
Peelbes (145) ﬁas discussed the heterogeneous polymerization of acrylo-
nitrile and noted that under these conditions polymerization occurs at
three different sites: (i) in solution, (ii) at the surface of the
precipitated polymer, and (iii) in the interior of the polymer. ZEach

site had its own characteristic rate of polymerization.

JI. Radiation Induced Polymerization

Polymerization by radiation seems to occur by both a radical
and an anionic mechanism. Copolymers of styrene and acrylonitrile
obtained at -78°C. by Y-radiation contained only a small fraction of

styrene, but those obtained at 0°C. contained more styrene than acrylo-

nitrile. Since the radical mechanism leads to a copolymer rich in
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styrene, it can be concluded that polymerization obcurs by anionic
mechanism at low temperature and by radical mechanism at high temperature
(146,147). On irradiating acrylonitrile at -78°C. in ethylene, Sobue et
“al. (146) observed that polymerization occurred by a vinyl and a nitrile
addition. This indicated that the polymerization proceeded by the
radical and anionic mechanism concomitantly. Chapiro et al. (148) have
found polymerization in solid acrylonitrile to proceed by a different

mechanism than in liquid acrylonitrile.

In DMF, Y-ray initiated polymerization of acrylonitrile gave
a colored, DMF-soluble polymer but in water, the monomer was converted

"to a white, crosslinked product only partially soluble in DMF (149).

III. The Anionic Polymerization of Acrylenitrile

Acrylonitrile is an acidic monomer, which can be polymerized
anionically by basic initiators. Beaman (150) reported the anionic
polymerization of acrylonitrile initiated by butyl magnesium bromide in
‘ether to give a low molecular weight polymer. In the polymerization
initiated with potassium metal in liquid ammonia, the molecular weight
~of the polymer 6btained varied inversely with temperature (30).
Termination was by chain transfer to the solvent. The polyacrylonitrile
was yeliow and soluble in acetone and ammonia. The color formation in
the polymer was related to a conjugated structure resulting from the

polymerization of the nitrile group (30).

In the sodium or potassium alkoxide initiated polymerization

in DMF or petroleum ether, a reproducible induction period was observed
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(48). The induction period increased with the free alcohol concentration
in the reacti'qn mixture and was shown to be related to a cyanbethylation
reaction (48). In petroleum ether the mblecular weight of the polymer
increased' with monomer concentration but decreased with alcohol concenﬁrat-
jon indicating that termination was by chain transi'ér to the alcéhol.

The molecuiar weight varied with the nature of the counterion and with

the temperature (48). In DMF the molecular weight of polyacrylonitrile
was sh§wn to be independent of monomer concentration, reaction temperature,

the counterion (Na+, K+, Li+) and the conversion.

Zilkha and coWorl.cers (43) found metal ketyls of the sodium

' benzophenone. type to initiate the polymerization of acrylonitrile and
other inonamers in THF. The molecular weight of the polyacrylonitriles
was found to be independent of monomer and initiator concentration while
that of polystyrene and polymethyl methacrylate was found to vary
inversely with the initiator concentration and directly with the monomer
concentration. Neither a homopolymer nor a copolymer of styrepe was
obtained vhen styrene was added to a reaction mixture of acrylonitrile,
monosodium benzophenone and THF (43). Apparentiy all the initiator>was
consumed in chain initiation and side reactions with acrylonitrile over
a very short reaction interval.. .The termination process was explained by
a chain transfer to acrylonitrile'.. This agrees with the observation that
the polymer molecular weight was independent of the monomer concentration.
Further evidence of a chain transfer mechanism in termination was found

in the infra-red absorption at 5.9~6.14 (assigned to =CH2) (43).
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”"CHZ—?H—CHZ—?H + CH§=?H -———'-*'CH2—9H—CH2—?H2 + CH2=q
' CN CN N CN CN CN

CH2=?H

CN .
polymer
Furukawa et al. (151) ébserved that lithium benzophenone does not
initiate polymerization of acnylonitrile but sodium and potassium

benzophenone does.

"In the presence of water acrylonitrile ﬁas polymerized with
quaternary ammonium hydroxides in dimethyl formamide to give a low
molecular weight product, where termination was shown to be by a chain
transfer to monomer (152). The molecular weight of the polyacrylonitriie
obtained varied with different quaternary ammonium hydroxides in the
following order:

(CH3) , NOH > (CZHS) L NOH > (CH3)306H5CH2NOH
No explanation for chain transfef to monomer in the.presence of water
has been offered but a cyanoethylation reaction b-etween water and acrylo-

nitrile (138) in the presence of base might explain this chain transfer.

Cundall et al. (37) followed dilatometrically the kinetics of
acrylonitrile polymerization initiated by disodiomaleonic ester in IMF.
At -40°C., the rate of disappearance of monomer was found to be
proportional to [ﬁ]z[i]. The molecular weight was independent of the
_monomer or the initiator concentration, but decreased with an increase

in the conversion. The extent of unsaturation in the polymer was found

to be one double bond per polymer molecule. Termination by chain trans-
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fer to monomer and random splitting of the polymer chains by the growing

carbanions were proposed to explain these findings (37).

In another investigation (77), acrylonitrile was polymerized
in DMF with sodium triethylthioisopropoxyaluminate, The molecular
weights calculated from light scattering measurements and from the sulfur
content of the polymers (assuming one sulfur atom per polymer molecule)
were approximately equal for polymers obtained at -78°C. For polymer-
ization at -BOOC., the molecular weight based on sulfur content was
higher than the experimentally determined value. This was taken to
imply that more than one polymeric chain was produced per initiator
molecule. Since the sulfur content of the polymer was less than that
of the initiator some of the initiator was consumed in reactions other
than the chain initiation. The polymerization never went to completion
at -30°C. because of the short life time of the carbanions at this
temperature. At —78°C., the carbanions were found to be stable for
days, suggesting a negligible participation of carbanions_in chain

transfer or chain termination reactions.

In THF, the molecular weight of polyacrylonitrile obtained

. with sodium and lithium aryl type initiators was independent of initiator
concentration at higher initiator concentrations, but varied inversely
with the initiator concentration at low initiator concentration (hh,h9).
The conversion was found to increase with initiator concentration. The
polymerization with lithium as the counterion gave a polymer with higher
molecular weight than that obtained with sodium as the counterion. A
decrease in the reaction temperature (O to —50°C.) increased both the

polymer yield and the molecular weight, implying that the carbaniocn
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stability varied inversely with temperature. Further, the polymers
prepared at 0. contained less nitrogen than the theorstical nitrogen

content of the polyacrylonitrile.

Since the viscosity average molecular weight of polyacrylo-
nitrile obtained with biphenyl sédium, at ~78°C., in DMF, THF or in a
mixture (1:1) of both, was lower than both the kinetic and the number
average molecular weight, the polymer was assumed to be branched (74).
The polymer obtained from a DMF, THF-mixture was whité and gave an
IR-spectrum similar to that obtained from a polymer prepared by a
radical mechanism. The polymer obtained in DMF alcne was colored
probably because of participation of the nitrile group in the reaction.
Acr&lonitrile, when polymerized with aryl and alkyl compounds of
lithium and sodium in THF, THF + DMF, toluene (at -78°C.) and IMF (at
-50°C.), gave a branched polymer (153). The degree of branching was

found to be affected by both the solvents and the initiators.

That the cyclopentadienyl sodium and lithium act as a poly-
functional initiator was shown by the ozonolysis of the polyacrylo-
nitriles produced by these initiators in THF (49). Isolation and
‘characterization of the éyanoethylaiioﬁ products frcm.ﬁhe reaction mixture

supported further the polyfunctionality of the cyclopentadienyl anion (154).

IV. Polymerization of Acrylonitrile with n-Butyllithium

When acrylonitrile was polymerized with n-Buli in different

éolvents, the molecular weight of the polymer increased as the dielectric
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constant of the solvent decreased (69). This has beeﬂ related to an
increased initiator efficiency with dielectric constant. An increased
rate of chain transfer or chain termination with dielectric constant

- could also explain this behavior.

In the heterogeﬁeous n-Buli initiated polymerizaiion of achlo—
nitrile in petroleum‘eﬁher at O°C., the molecular weight of polymer “
depended upon the momentary concentration of the monomer in the reaction
mixture and the relative order of addition of monomer and initiator (42).
A two stage propagation mechaﬁism, in which the growing carbanion of AN,
«~CH2-QH-LiT was solvafed by the monomer, was proposed to explain these
findingg. Under identical experimentai conditions, the molecular weight'
was higher, the lower the monomer concentration at a given [ﬁ]/[i] ratio.
The molecular weight of the polymer increased with a decrease in initiator
concentration or reaction temperature (0°C to —50°C.), indicating an
increase in carbanion stability at lower temperatures. The moiecular
weight of polymer obtained under homogeneous conditions (in DMF)‘was-
independent of the monomer and initiator concentration at high initiator
concentration, but increased With decrease in.temperature of polymerization
(155)...Although the degree of polymerization calculated from viscosity

measurements was found to be higher than (DPn) o 2 chain transfer to

cal
monomer was considered to be the termination mechanism. The chain
transfer mechanism was supported by the infrared measurements on poly-
acrylonitriles where the absorption at 6.03 4 was related to terminal

unsaturation. To account for all the initiator it was necessary to assume

that the initiator was highly associated and that only dissociated n-Buli

participated in chain initiation while the associated form remained



- 52 -

unreacted (42 ,155). At low initiator concentrations the molecular weight
increased directly with monomer concentration and inversely with the

: initiator concentration (155). The variation of temperature (0° to -50°C.)
had essentially no effect on the molécular weight of polyacrylonitrile
(155). For polmeﬁzation at low initiator concentrations a monomolecular
chain termination mechanism was proposed in which the carbanion was shown
to cyclize to an imine ion incapablé of adding a monomer molecule. The
lowering of the reaction temperature should increase the stability of

the anion which in turn should give a higher polymer yield. However at
low initiator concentrations a decrease in the reaction temperature

lowered the polymer yield (155).

Miller (105) fdund, at initiator concentrations in excess of
2.k meq./liter at -78°C. in toluene, the percent polymerization to be
independent of initiator concentration and to vary inversely with the
monomer concentration. The molecular weights of polyacrylenitriles,
formed over a three-day reaction period at -77800. , as veported by Miller -
((105) are given in Table G-II. This table demonstrates that there is
actualiy little experirﬁental evidence of any relation existing between
molecular weight and monomer or initiator concentration. In polymeriz-
ation experiments of short reaction times, the percent conversion was
independent of moncmer concentration uﬁ to iB% acrylonitrile. A polymer
obtained after 2 hours had a low heterogeneity index. However the
molecular weight distribution plot of the polymer sa;mple indicated the
presence of a small amount of low and a high molecular weight fraction.
The polymer cbteined by reaction termiration irmediately after the mono-

mer addition showed a bimodal molecular weight distribution. These
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TABIE G-II

Viscosity Average Molecular'Weights of Polymers Formed
in the Three Day Polymerization Experimentgi

Molecular Weight x 103

Initiator concentration : Monomer, volume - %
(mole/liter) x 100 27 13 : 5.7
0.24 125 1150 1350
0.49 - 1300 940
1.01 | 725 720 : -
1.48 : 780 564 -

% Reference 105.
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molecular weight distribution data suggested a slow initiation of new
- polymeric chains and a slow chain growth. Gradual chain termination
by impurities present in the monomer may be an alternate explanation

for the observed molecular weight distributions.

In all the work reported on n-Buli initiated acrylonitrile
polymerization, the observed low initiator efficiency has been explained
by assuming n~Buli to be associated and by assuming monomer addition to

the active carbanions in preference to the n-Buli molecules.

The polymerization of acrylonitrile, at different temperatures
(0 to -78°C.) in toluene, with n-Buli as the initiator, is reported in
the present thesis. The objsct was to study the effect of time,
temperature, monomer concentration, and initiator concentration on
polymerization and mclecular #eights of polyacrylonitriles. An attempt
has also been made to trace the initiator unaccounted for in initiation.
The effect of temperature on polymer structure end molecular weight

~

distribution is investigated.

THE MOILECULAR WEIGHT AVERAGES

Since the polymer molecules in a given preparation cover a
large range of molecular weights, the entire distribution of molecular
weights would be required for the complete description or the polymer
sample. This is usually not done. In practice molecular weight

averages are employed.

If £(M)dM represents the fraction of the material having a
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molecular weight between M and M + dM, some of the molecular weight

averages are given as,

M, = J() dM/f(f(M)/M) M

-— o oL
M= J(nu a/ {f(M) dM
ﬁz = of‘ f(M)Msz/ fxf(M)M aM

M= [57‘ £ e/ ff(M)M dlal/a

where ﬁn, ﬁw, ﬁz , and ﬁv are the number average, weight average, z-
average and the viscosity average molecular weights respectively; a

is a constant.

A most convenient method of measuring an average molecular
weight of a polymer is based on viscosity. For this purpose the Mark-
Houwink (156) relation is used.

[=x¥ (181)
In this relation Xk is a constant for a given solvent-polymer system at
a given temperature. The coefficient a is conveniently taken as a
constant in the range of molecular weights usually studied, although
the value of a for a given system varles from 0. 5 to 1. 0 as the
molecular welght increases from zero to infinity (157). The above relation
was derived theoretically by Kirkwood and Riseman (158), Buche et al.
(159) and Brinkman (160) from models of polymeric chains in solntion.
In actual practice k and a are evaluated from intrinsic viscosity
measurements on a series of monodisperse fractions of known molecular

weights.
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The experimental values of k and a for ?olyacrylonitriles
are collected in Table G-III. Since the polyacrylonitrile obtained by
radical initiators may differ in structure and molecular weigh{;
distribution and since the fractionation of polyacrylonitrile is often
poor (11,161) the values of k and a show poor correlation. The values
of the constants détermined by 'Stoc}anéyer et al. (‘161) appear to .be the
most reliable (140). A relation equivalent to that of Stockmayer et al.
(161) was derived by Miller et al. (162) from light-scattering and
viscosity measurements on high molecular weight polyacrylonitriles at
29.9°C. This relation has the form

M)= 2.27x W07*H2T°  (18)
This relation would not hold if the polymer stfucture is branched as is

sometimes the case for polyacrylonitriles prepared anionically (71;,153').

'A relation between the sedimentation coefficient and molecular
‘welght (163) can be derived in a manner analogous to the relation
between intrinsic viscosity and molecular weight. For a given ppl;ymer—
solvent system at a given temperature the relation has the form,
o =b

S, = kM (19)

.whei'e'Sg is the sedimentation coefficient corrected for pressure and
concentration effects. The constants ky and b can be evaluated from the
known values of k and a. Elimination of M from the equations (1§) and

(19) gives the relation:

80 = kz[T]]b/ 2/l (20)

A plot of log SZ against 1og[T]] should be a straight line with a slope

equal to b/a and an intercept equal to log kz—g log k. Fram the known
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TABLE G=IIT

Cdmnarison of'Mark-Houwink Constants for PAN Solution in DMF**

___._—___——__——_—-—_———-——__—_

| Author kx lO3 a .163 x Molecular weiéht Method
N . i range )
Houtz’ | 1.750 0.660 - 18-135 | 0.f
Frind 2.500 0.660 9- 69 0.p -
Bisschops 0.166 0.810 18-270 S.f
Stockmayer 0.243 0.750 15-132 : © L.p
Onyon ’ 1.970 0.625 177-1000 O.p
Ciampa 0,040 1.000 12- 61 0.p
Kobayashi 0.278 0.770 28-575 Dv.f
Millertte 0.227 0.750 65-202 , L.f

* Abbreviations: O : Osmametry; S : Sedimentation velocity;
L : Iight scattering; Dv : Diffusion and
viscometry; f : fractionated polymer;

p : Polydisperse polymer.

#% Taken from Kawai, T and Ida, E., Kolloid. Zeit & Zeit Polymer
194, LO (1964).

st Reference (162).
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values of a and k, the constants b and k2 can be evaluated. Once the
constants k2 and b are known, the molecular weights could be calculated

from the sedimentation coefficients.

THE MOLECULAR WEIGHT DISTRIBUTION FROM SEDIMENTATION

VEIOCITY MEASUREMENTS

If for a given polymer sample the distribution of sedimentation
coefficients can be determined, the molecular weight for each
sedimentation coefficient and hence the molecular weight distribution
can be calculated. Baldwin et al. (163,164) have discussed the evaluation
of the sedimentation coefficient distribution from the measurements of
sedimentation velocity gradient curves and the requisite corrections for
diffusion, concentration and pressure effeets. Gupta, Robertson and
Goring (165) have evaluated the sedimentation coefficient distributions
for alkali lignin fractions. McCormick (103) has studied the molecular
weight distributions in anionically prepared polystyrenes using the
sedimentation velocity method. The concentration effects were minimized

by working under theta conditions.

The compressibility of the organic liquids under pressure leads
to a change in the density and viscosity of the solvent. A detailed
experimental treatment of this pressure effect on ihe observed sedimentation
céefficients is not yet possible. A correction for pressure can be made
by applying the relations of Fujita (166) or Oth and Desreux (167) but
such corrections are difficult to apply experimentally. Billick (168)

showed that a least square method could be used to eliminate the pressure
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effects by evaluating the s° from the relation,

2

_ o 2. \2
Inr, = In r, + S @t + B(w ts) (21)

in which r; is the position of the maximm at time t; (sec.), s° is
the sedimentation coefficient corrected for the pressure effects and @
is the angular velocity (radian/sec.).- The parameter B was shown to
be related to the préééure dependence parémeter (168). Blair and
Williams (169) showed that the value of S° calculated by using the
least square technique was not affeéted by any small inaccuracies in

the measurements of time.

Walés and Rehfeld (170) have developed a method of calculating
the molecular weight distribution which corrects for diffusion,
concentration and pressure effects. The procedure for pressure effect
corrections involves the calculation of the pressure parameter by
evaluating the.sedimentation coefficient at a series of angular velocities.
For each given polymer concentration the pressure parameter can be
determined by Billick's method (168) and can be substituted in the
equations derived by Wales et al. (170) to calculate the molecular
weight distributions. This method was used in the present work. Neither
sedimentation coefficient distributions nor the molecular weight
distributions from them are available in the literature for polyacrylo-

nitriles.
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EXPERTMENTAL

A-I TREATMENT OF GIASSWARE:

All the glassware {reaction flasks, ampoules, round bottom
flasks etc.), employed in this study, was cleaned with chromic acid
solution, rinsed several times with water followed by distilled water
and dried for 15 to 20 hours at 2000C. The standard-taper round bottom
flasks and tubes were transferred while hot to a vacuum desiccator,
evacuated for 30 minutes and flushed with dry nitrogen. The object of
this treatment was to remove surface films of water, gases, etc., which
are usually adsorbed on the glass.. In the present work, round bottom
flasks treated in this manner will be referred to as tdry nitrogen
‘flushed flasks?. The graduated ampoules, equipped with break-seals
shown in Figure 1, and reacticn {lasks were attached, before use, to the
appropriate sections of the vacuum line described in Figure 2, evacuated
overnight, heated gently with 2 hand torch for about 15 minutes and

allowed to cool under continuous evacuation.

A-IT THE VACUUM APPARATUS:

Tt is now well recognized that anionic initiators (e.g.
compounds of hydrocarbons with alkali metals) and polymeric anions are
quite sensitive to traces of oxygen, carbon dioxide, water and to the
impurities containing active hydrogen. The vacuum apparatus illustrated
in Figure 2 was used to minimize such impurities. The apparatus

consisted of an oil pump (Fig.2,A) which in combination with the mercury
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' FIGURE 1
AMPQUIES

Monomer ampoule
Initiator ampoule
Solvent ampoule

Di~n-butylmercury ampoule
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FIGURE 2

THE VACUUM APPARATUS

Monomer degassing and distillation section

Solvent degassing and distillation, initiator
preparation and dilution section

Polymerization reactors evacuation section
Vacuum pump
Diffusion pump
Iiquid air trap
Monomer ampoules
Monomer container
n-Hexane container
Toluene container
McLeod gauge
Solvent ampoules
Pressure release

Silica gel trap
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diffusion pump (B)‘reduCed the pressure in the system to 10;5 to 10*6
‘mm Hg as measured by theiMcLeod gauée (J). The liquid aif cooled trap
(C) was used to remove condensable gaseé:from the manifold and to
prevent contamination of the manifold by mercury vapor from the @iffusian'
pump. The main manifold was divided into three sections: section I was
used to degas and distill the monomer; section IT to degas and distilﬂl
the solvents, to prepare the initiaﬁor and to dilute the initiator
solution; and section III, to evacuate the reaction flasks. The pressure
release (R) prevented>éxéess helium pressure build-up. Condensables
fraﬁ;helium gas were removed by the dry sillica gel trap (T) immepggd

in liquid air.

A-IIT REMOVAL OF ATR FROM IIQUIDS:

The flask containing the material to be degassed was connected
to an appropriate outlet on the vacuum line. The manifold was evacuated
to 10'6 mn Hg. The contents of the flask were frozen by a liquid air
cooling bath, and the flask was evacuated b& opening the stopcock to
the vacuum line. Aftef 10 to 15 minutes this stopcock was closed, the

bath removed and the frozen liquid was allowed to attain room temperature.
The liquid was degassed again after 15 to 20_mihutes of stirring. The
freezing, evacuating, thawing and stirring cycle was repeated until a
pressure of 10-5 mm Hg was attained with the material in the frozen state.
.The degassed liquid was flash distilled into graduated ampoules equipped

with break-seals.
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A-IV MATERTAIS:

Toluene (Fisher - dertified Reagent) was refluxed over sodium
metal for more than 24 hours. It was distilled fractionally, under
slightly positive nitrogen pressure, into a dry nitrogen flushed flask
containing sodium metal. This flask was attached to the refluxing
system, shown in Figure 3, wﬁich had been previocusly. flushed with dry
nitrogen. The contents of the flask were boiled gently for two hours,
the heater was removed, and the mixture was stirred vigorously to disperse
the 1iquid sodium (m.p. 97.5°C.) as fine particles. The stirring was
stopped after the temperature dropped to 90°C. These operations
were performed under positive nitrogen préssure. The ccol flask
containing sodium dispersed in toluene was attached to an outlet of the
. vacuum apparatus (Fig. 2,G). The toluene, degassed zs described above,
was vacuum distilled into evacuated ampoules.
n-Hexane (B.D.H. - AR) was refluxed over sodium metal, distilled

fractionally under nitrogen into a flask coated with a sodium mirror,
degassed by freezingéthawing and aistilled'into ampoules or a reaction
vessel.

Benzene (Fisher - Certified Reagent) was purified in the same menner

" as n-hexane.

Diethyl ether (Matheson Coleman and Bell) was purified in the same

manner as n-hexane.

Benzyl chloride (Fisher) was dried over phosphorus pentoxide, distilled

under reduced pressure from P205, degassed and collected into ampoules.

Di-n~butyl mercury (Eastman Kodak) was distilled under reduced pressure.

The middle fraction was collected in a dry nitrogen flushed flask, and
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FIGURE

UNIT FOR PREPARATION OF SODIUM DISPERSION

G Toluene container
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was stored under nitrogen until used.

. N.N?-dimethyl formamide (IMF) (Matheson Coleman and Bell) was distilled

azeotropically from benzene and further distilled under reduced pressure.
Nitrogen (Linde - Dry) and Helium (Matheson of Canada Ltd.) were each
dried by passing them through a dry silica gel trap immersed in liquid

- air.

Aerylonitrile (AN) (Matheson Coleman and Bell - Technical Grade) was

used in the present work. The main impurities in the acryionitrile were
acetone, acetonitrile, aldehydes, water and inhibitor (hydroquinone
monomethyl ether). Most of the acetonitrile was removed from acrylo-~
nitrile by washing with distilled water. Acetone and aldehyde distilled
over first and were rejected with the forerun during the azeotroplc
distillation of acrylonitrile with water (l7l)f $h§_portion left in the
distillation flask contained traces of acetonitrile, iﬁhibitor, water
and a portion of acrylonitrile and was rejected. The azeotrope (b.p.
70.7°C.) containing 85.7% acrylonitrile and 14.3% water was collected
‘in a round bottom fiask, cooled to -10°C.,.and decanted to remove the
ice phase separating at this temperature. The acrylonitrile so treated
contained about 1.5% water. The solubility of water in acrylonitrile

as a function df temperature is plotted in Figure L (138)1‘ By réference
to this plot approximately 0.02% water is soluble in acrylonitrile at
-80°C. Obviously most of the water could be removed from AN upon cooling
to this temperature. The apparatus used for this purpose and to avoid
contamination of other volatiles from the atmosphere during cooling is
shown in Figure 5. A liquid air-cooled silica gel trap (D) wes used to

remove traces of moisture present in nitrogen. An adjustable pressure
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SOIUBILITY OF WATER IN ACRYIONITRIIE (138)
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FIGURE 5

APPARATUS FOR DRYING ACRYIONTTRILE

=

Acrylonitrile container
B Acrylonitrile receiver
C 0il trap

Silica gel trap
Fritted disc

D
E
F Pressure regulator
G,H,J Stopcocks

K

Transfer tube
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release (F) allowed the pressure in the system to be varied. The fritted
disc (E) was used to prevent contamination of AN with solids during the
transfer. After flushing the system with nitrogen, AN was transferred

to flask (A). The stopcock (G) was closed and (J) énd (H) were opened.

The AN flask was maintained at -78°C. vy an ethanol-dry ice bath, for

an hour to attain equilibrium. Then (G) was opened-and the direction of
flow through stopcock (H) was changed to connect flask (B) to the oil-
trap (C). By increasing the nitrogen pressure, the acrylonitrile was
transferred to flask (B) leaving behind the ice in (A). Once AN had
attained the room temperature, the flask (B) was trénsferred to a
fractional distillation unit. The acrylonitrile was distilled under
nitrogen and the distillate was collected in dry nitrogen flushed containers.
These fractions were analyzed for water by Karl Fischer Reagent. Only
when the analysis showed the water content to be less than 15 ppm, was

the distillate collected in bulk. This fraction was further degassed

by freezing and thawing under vacuum. The degassed monomer (AN) was
vacuum distilled in an ampoule and analyzed for weter. This gave a

double check on the purity of the monomer. For polymerization experiments,
the.monomer thus purified was distilled as required into the graduated
ampoules as shown in Figure 1,A.

Ethyl alcohol (95% Commercial), Acetone (Fisher - Reagent), Hydrochloric

acid (Baker — Reagent), Sodium metal (B.D.H. - Iumps), Lithium wires

(Lithium Corporation of America), Methanol (Fisher - Spectranalyzed),

Pyridine (Fisher ~ Reagent), Iodine (Fisher - Reagent), Zinc chloride

(Fisher - Reagent), Sulfur dioxide (Matheson of Canada Ltd.) were used

without further purification.
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A-V n-BUTYLLITHIUM (n-Buli):

a. Preparation of n-Butyllithium

The procedure described here is a slightly modified version of
that employed by Mortoﬁ et al. (104). The flask (D), shown in Figure 1,
was connected to the vacuum line (Fig. 2, sect. II), evacuated and flushed
with helium. The desired amount of vacuum-distilled di-n-butyl mercﬁny
was added to the flask (D) by opening the side arm (G). The helium flow
was stopped when (G) was closed. The contents of the flask were evacuated
and degassed. The flask was sealed off the vacuum line after 70 to 80
ml. of dry, thoroughly degassed, n-hexane was collected. The flask (D)
containing di-n-butyl mercury solution was sealed to the apparatus, shown
in Figure 6, for the preparation of n-Buli. The apparatus was connected
to the vacuum line through (H!'), evacuated to lO-6 mm Hg, flamed gently,
cooled and flushed with helium. Lithium, cut in very small pieces under
paraffin, was transferred to flask (A), by opening the side arm at (B).
The helium flow was stopped after the side arm was resealed. The apparatus
was then evacuated overnight to 10"5 mn Hg'and 40 to 50 ml. of degassed,
anhydrous n~hexane was introduced by flash distillation. After removing
the apparatus from the vacuum line, the contents of the flask (A) were
’stirred for some time to dissolve the petrolatum coating from the lithium
metal. This solution was transferred to (E), leaving lithium behind in
(A). n-Hexane was flash distilled into (A) to repeat the cycle until the
lithium was clean. The flask (E), containing petroiatum.solution in n-
hexane, was then sealed off the apparatus. The lithium metal pieces

were transferred to side arm (H), and the di-n-butyl mercury solution

from flask (D) was added to reaction flask (A). A small portion of lithium
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FIGURE 6

APPARATUS FOR PREPARATION OF n~BUTYLLITHIUM

Ht

Reaction flask

Side arm end

n-Butyllithium receiver
Di-n-butylmercury solution
Fritted disc

Receiver for lithium washings
Side arm |

Vacuum ocutlet
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was added to (A) and the contents were stirred continuously by a
magnetic stirrer. As the reaction

(n—Chﬁg)zHg + 2Ii —e 2 n—ChH9

Ii + ‘ Hg (X1)
proceeded at room temperature, the mercury liberated formed an amalgam,
with lithium, coating the lithium surface and hindering its reactivity.
The amalgam coated lithium being heavier, settled out. At this point

a second portion of Jithium was added to the solution from the side arm,
with continuous stirring, until the amalgam coated lithium again
settled out. The addition of lithium was repeated until no further
amalgam formation occurred as indicated by the lithium metal remaining
for 7 to 8 hours on the surface of the solution. Additional lithium was
added and the reaction mixture was stirred for another 12 hours to
insure completion of the reaction. The.n—BuLi soiution was collected in
flask (C) by filtration through the fine porosity disc (D*). The flask
(4) was rinsed three times by back distillation to insure quantitative

transfer. Flask (C) was cooled in an etheancl-dry ice bath and sealed off

the apparatus.

When all the lithium metel was add2d in one portion as suggested
'byﬂMorton et al. (104), the reaction was not complete even after L days
and gave a yield of 80 to 85 percent n-Buli. The modification of this
method used in the present work gave yields of more than 99 percent n-Buli

(in both cases the percent yield is based on di-n-butyl mercury).

b. Subdivision of n-Butyllithium Solution

Since n-Buli is very reactive, and the reacticn pfoducts of

n-Buli with impurities may also react directly or indirectly with active



-73 -

propagating centers during polymerization, it is essential to handle
n-Buli solution in the absence of oxygen, moisture, carbon dioxide and

any impurities containing active hydrogen.

The solutions of n-Buli of known volume and concentration
were sealed in calibrated ampoules and preserved in a deep freeze until
used in the polymerization work. The apparatus employed to fill the
ampoules is shown in Figure 7. In this figure the flask {C) containing
n-Buli solution was connected to the manifold (T), which in turn was
sealed to the vacuum line at (V). The manifold was evacuated to 10-6
‘mm.Hg witﬁ thorough outgassing and was finally sealed off, The break
seal of the flask (C) was opened to allow the solution to enter the
tube (T) which was aligned and clamped in a horizontal plane. After a
15-minute interval (to attain equilibrium), the tube {T) was rotated to
allow the solution to flow and to be divided uriformly among ths
ampouleé. After two hours at room temperature ths‘ampoules were cocled
in an ethanol-dry ice bath, and finally seqled off the main manifold (T).
The volume of n-Buli solution in each ampoule was determined at room

temperature.

¢. The Analysis of n-Butyllithium Solution

The solution of n-Bull was analyzed by the double titration
method of Gilman et al. (172). In this déuble titration technique the
toﬁal hydrolyzable 1lithium is determined by direct hydrolysis and sub-
sequent titration with standard HCl solution. The hydrolyzable lithium
not bonded to carbon is then determined by the hydrolysis and titration of
the products from the reaction of n-Buli with benzyl chloride in diethyl

ether. The difference between the results of the two analyses represents
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FIGURE

APPARATUS FOR SUBDIVISION OF n-BUTYLIITHIUM SOLUTION

C n-Butyllithium container
T Main manifold

v Vacuum ocutlet
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the amount of n-Buli. The reaction

3 n-CHli + 3 {)-cH 0L —> n-C,H.C Ho + Oon, 100

+ @05}111 + 3 LiCl (XII)

is rapid and quantitative at room temperature.

Despite all the precautions taken, the complete exclusion of
impurities was never attained when a dry nitrogen glove box was'used
to establish an inert atmosphere. The results were inconsistent and
only 65 to 70 percent of 1i was found as n-Buli. To improve the
technique, the apparatus described in Figure 8 was employed. This
apparatus was connected to the vacuum line at (V), evacuated to 10"6 Tm
Hg, degassed in vacuo and sealed off. The n-Buli solution (C) was added
to flask (A), cooled to -7800., and benzyl chloride and cola (~78°C.)
diethyl ether (E) were added to (A). The reactants were allowed 40O
attain room temperature and were stirred, The flask was opened, the
contents were hydrolyzed and titrated with standard hydrochloric scid to
determine hydrolyzable lithium other than n-Buli. The total hydrolyzable
1i was determined from direci bydrolysis snd titration with standard acid.

The n-Buli used in the present work sontained more than 97% C-1i bonds.

A-VI POLYMERIZATION PROCEDURE:

In the present polymerization study, toluene, n~Buli, and
acrylonitrile were used as the solvent, initiator (I) and monomer (M)
respectively. The monomer was polymerized in 300 or 500 ml. round

bottom flasks, equipped with five outlets, as shown in Figure 9. A
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FIGURE 8

APPARATUS FOR ANAILYSIS OF n-BUTY LLITHTUM

A Reactor

B Benzyl chloride ampoule
C n-Butyllithium ampoule
E Di-ethyl ether ampoule

v Yacuum outlet
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FIGURE 9

THE POLYMERIZATION APPARATUS .

L Rea;;t;§? S
.. B .S'olvevr.iﬁ. ampoule S
C  Initiator amféule;f;

D Ménomef ampoule ;  __ -: R

E  Acidified acetone ampoule .
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teflon coated magnetic stirring bar (inért to n~Buli solution at low
temperature (173)) was used to stir the reaction mixture in flask (A).
" The reactor was connected to the vacuum line, evacuated overnight,
degassed under vacuum and sealed off. The initiator and the solvent
were added to the fiask (A) from (C) and (B) respectively, and maintained
at a desired temperature. After 15 minutes the monomer at the same
temperature was added to the initiator solution from (D) with stirring.
The reaction was instantaneous as evidenced by the yellow color
characteristic of the carbanions derived from aqrylonitrile. The
reaction was stopped by the addition of the acidified acetone from (E)
to the reaction mixture with rapid shaking 6f the flask to mix the

contents.

The polymer was separated from the reaction mixture by
filtration through a fritted disc, washed several times with ethanol
until free of hydrochloric acid, and dried under vacuum to a constant
weight. The percent yield was calculated from the known weight of -

‘acrylonitrile and the polymer obtained.

The kinetic molecular weight,'ﬁk, was calculated from the
- relation, |

M = Weight of the polymer obtained/number of moles of
k initiator taken.



79 -
RESULTS .

POLYMERTZATION OF ACRYIONITRILE

B~-I REPRODUCIBILITY OF POLYMERIZATTON DATA:

In the present work, the reproducibility of the polymerization
data depended upon the initiator cohcentration, monomer concentration,
the rate of addition of the monomer to the reaction mixture and the
reaction time. The reproducibility was poor at high initiater and
monomer concentration. At high initiator and monomer concentration,
the reaction mixture became highly viscous or almost solid, before
complete addition of the monomer. This led to difficulties in stirring
~and in some cases to complete separation of a solid phase in contact
with a clear supernatent liquid phase of the monomer. Under such
conditions the addition of acidified acetone to the reaction mixture
did not lead to instanteneous deactivation of the propagating centers
and consequently the iime of reaction could only be estimated approximately.
Occasionally the reaction mixture was so dense, that the propagation
centers remained active (as evidenced by the yellow color of the active
carbanidns) until the reaction mixture was removed from the flask and
stirred vigorously in more ethanol. The time for monomer addition was
not constant, but usually varied between 20 to 50 seconds, depending upon
the amount of moncmer and the size of the orifice obtained on opening the
break-seal of the monomer ampoule. The results presented in Table I
illustrate the low reproducibility obtained at relatively kigh initiator

concentration.
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.TABLE I

Rate of Polymerization at High Initiator
Concentration — Reproducibility

Temperature: - 78°C.

Solvent .: Toluene L

. Initiator Concentration = 20 x 10 ' Mole/Iiter
Monomer Concentration = 1 Mole/Iiter

Reaction time Polymer Yield
(Minutes) (Per Cent)
2 31
5 30
5 32
10 38
20 28
60 37
60 41
240 39
300 35
1200 50
1500 33

7200 L5




In the initial s£ages of polymerization at low initiator
concentration the liquid reaction mixture was less viscous. It was
thus possible to attain proper mixing of the monomer or the terminator
to obtain better reproducibility, as seen in Table II. In the major
portion of the kinetic studies made, the initiator concentration was
' very low and the reproducibility was better than 2% from the arithmetic

mean.

B-II EFFECT OF DIFFERENT VARTABIES ON POLYMERTZATION:

a. Effect of Time on Polymerization

The polymerization was studied over intervals of five minutes
to fifty hours at -78°C. and at varying levels of monomer and initiator
concentrations. The yellow color of the carbanions persisted throughout
the reaction period. The conversion and viscosity average molecular
weight (ﬁv) increased with time as seen in Table IIT. As the reaction
proceeded, the reaction medium became highly viscous or solid. As a
result of this the rate of propagation which was rapid in the early stages
of polymerization, levellea off gradually. The detailed data on
polymerization experiments are presented in Tables A:l to A-IV of

Appendix A.

b. Effect of Initiator Concentration on Polymerization

' In the present study, the initiator concentration was varied
from 0.167 to 2.0 meg/liter of the reaction mixture at four different

monomer concentrations. The percent conversion data, as a functicn of
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TABLE IT

Rate of Polymerization at LbW'Initiator"
Concentration — Reproducibility -

Temperature: -78°C.
Solvent : Toluene

Reaction time Tnitiator Conc. ,. Monemer Conc. Polymer
(Minutes)  (Mole/Titer)x 10% (Mole/Iiter) yield
’ (Per Cent)

5 10.00 1 28

1® " 17 31

" 5.Q0 .oo" 11

7" 1® 1t 13

n 2.50 - ' " 7

" n " 8

1" 1'.'67," . 1m 5

" " n 6

10 10.00 _ ‘ 25

® . 1 1® 27
20 5.00 oon 15

S on " o n 18

60 ' 2.50° 1 10

" " _ ' o 12
300 5.00 " 24

1®t 27

1t ) 1"




TABLE IIT
Effect'of Time on Conversion and 'Molecul'a.'r-Weigl'_lt |

Temperature: - 78°¢C.

Solvent : Toluene -,

Initiator = 20 x 10 Mole/ILiter
Monomer = 0.5 Mole/Iiter

‘Expt. No. Reaction time : Polymer Molecular weight

_(Minutes) yield N _ 5
: _ (Per Cent) - - (M) x 10°
Av-1 | -5 . 28 C 172
Av-2 10 30 2.19
Av-3 20 3 C 2.93
Av-l, 60 | 36 3.82
M5 300 40  hso

Av-6 3000 50 5.70
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time-ét different initiator concentrations but a constant monomer
concentration of 0.5 mole/liter, given in Table IV, are plotted in
Figure 10A to illustrate the effect of the initiator concentration on
the rate of polymerization. For a fixed reaction interval, the percent
conversion increased with increase in the initiator concentration, but
there was no simple relation between percent conversion and initiator
concentration, over the concentration range investigated. Using the
polymerlzatlon data from Appendlx A. the percent polymerization versus
'tlme is plotted in Flgures lOB c,D for 1, 2 and L mole/liter monamer
respeptlvely. A similar time dependence of polymerization rate is
found in these plots. From these results (Appendix‘é) it could be noted
that the percent conversion decreases less rapidly than the decrease in

the initiator concentration (Table I).

Miller (105) using the same toluene-n-Buli-acrylonitrile
system observed that below 1 meq/liter of initiator concentration no
polymerization occurred. He studied the effect of varying the initiator
concentration (from 2.4 to 10.0 meq/liter) on polymerization and found
a similar time dependence on polymerization rate. In the present study
the polymerization data were not reproducible in this range of initiator

concentration.

c. Effect of Monomer Concentration on Polymerization

(i) Constant initiator concentration:
The polymerization data from Appendix A have been used to
compare the variation in percent conversion at different reaction

intervals, with change in monomer concentration. Polymerization data

for 0.5, 1.0, 2.0 and 4.0 mole/liter monomer and 1.0 meq/liter initiator
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TABIE IV

Pol.mefization Data for Various Initiator Concentré.tions

Temperature: -78°C.

Solvent: . Toluene
Monaomer . ' _
concentration = 0.5 Mole/Liter

Reaction time

Conversion %

~ (Minutes) Iﬁitiator Concentration (Meq /Liter)

2.00 1.00 0:50 0.25 0.166

5 28.2 18.8 13.7 L na 3.4

10 30.0 21.9 16.4 12.3 -

20 33.0 2.5 18.5 = 16.6 -
LO 35,'9 | - - 16.5 -
60 40.3 26.6 22.8  18.6 -

120 - - - - 8.9
300 49.9 32.5 2.1 21.7 11.1
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FIGURE 10

EFFECT OF INITIATOR CONCENTRATION ON POLYMERTZATION

Temperature: -78°C.

Solvent: Toluene

Figure: A B C D

Monomer
(mole/liter): 0.5 1.0 2.0 4.0

LEGEND:

Initiator
(meq /liter)

0.167
0.250
0.333
0.500
0.667
1.000

2.000

el JON Nuwlir.
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are plotted in Fig. 11A. If the reproducibility is taken in the
'p're‘sent study as approximately + 2%, the percent conversion at a
_particular initiator concentration, seems to be independent of monomer
concentration. Thus when the monomer concentration is varied from
0.5 to 4.0 molé/liter the rate of polymerization is proportional to
monomer concentration, indicating a first-order reaction in monomer.
Similar results were obtained at other initiator concentrations and are
plotted in Figures 11B-11D. As seen From Figure 11D, the plot of
conversion against time for 0.5 mole/liter monomer concentration
deviates more than + 2% at long reaction intervals.
(ii) Constant monomer to initiator ratio ([M] ° / EIJ WER
Polymerization data (Appendix A) obtained by varying the monomer
concentration at constant [M]o /[I]o afe plotted in Figure 12A. These
data indicate that the percent ~‘conversion increases with the monomer
concentration at a fixed ratio. This was found to be the case when the
ratio[l-_i]o/ [I]O was varied from 500 to 12000 at four different monomer

concentrations as shown in Figur'es 12B-12F.

d. Effect of Long Reaction Time on Polymerization
These experiments were formed by varying the initiator and
the monomer concentration at -78°C. in tqluene. In all except two
to three long polymerization experiments, the reaction mixture was in
the form of a solid gel, yellow in color. The exceptions were noted at
low initiator and low monomer concentrations. The color of the
carbanions indicated that most of the propagating centers were active

and capable of adding monomer. The polymer yield obtained from these

experiments is given in Table V. From these data it is apparent that
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FIGURE 11

EFFECT OF MONOMER CONCENTRATION ON POIYMERIZATTION
(constant initiator concentration)

Temperature: -78°C.

Solvent: Ioluene
 Figure: A B c D
Initiator
(meq /liter): 1.00 0.50 0.25 0.167
LEGEND:
Monomer .
(mole/liter)
O 0.5
O o
[j 2.0
A L.0
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FIGURE 12

EFFECT OF MONOM'ER CONCENTRATION ON POIYMERIZATION
(constant monomer to initiator ratio)

Temperafure: -78°C.

Solvent: Toluene
Figure: A B C D E F
/) 500 1000 2000 4000 6000 12000
LEGEND:

Monomer
(mole/liter) .

O 0.5

A 1.0

O 2.0

O 4.0
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TABIE ¥

Po;yg erization Data - 50-Hour Experiments

Temperature. -78°¢.
Reaction time: 50 Hrs.

Solvent: Toluene

' Expt. No. Initiator Conc Monamer Conc. [M:I /[I] Polymer Yield
_ LMole[Liter}xlOz‘ (Mole/Iiter) o/ L 2% (Per Cent) (MPL

Av=b 20. 00 0.5 250 49.9 0.250
Au=b . 10. 00 0.5 500 39.3 0.197
As-6 . 5,00 0.5 1000 29,8 0.149
Ag=6 2.50 0.5 2000 28.1 0,140
By=6 20.00 1.0 500 45,0 0.450
Bu~b 10.00 1.0 1000 36.5 0.365
Bs-b 5.00 1.0 2000 29.6  0.296
Bg-6 2.50 1.0 1,000 20.4  0.204
Bp-6 1.67 1.0 6000 ©19.0  0.190
Cs~6 5.00 2.0 1,000 33.5 0.670
Cr=b 3.33 2.0 6000 29.0  0.580
Cq~6 2.50 2.0 8000 26,0  0.520
Cp=b6 1,67 2.0 12000 19.9 0.398
Du-b 10.00 4.0 - 1,000 29.7 1.188
Dt=b - 6.67 4.0 6000 28.6 1. 414
Ds-6 5.00 4.0 8000 - 26.4  1.056
Dr=b 3.33 4.0 12000 19.8  0.792
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the percent conversion is not independent of monomer concentration
within the limits of reproducibility (+ 27%). From a plot of percent
conver51on as a function of initiator concentration given in Figure 134,
1t is evident that the deviation from * 2% reproduclblllty is irregular
and independent of monomer concentrat;on. In Figure 13B, the data of
Table ¥ are plotted as conversion (mole/liter) against initiator
concentration. At a particﬁlar [M] o/ [I] o ratio the percent conversion
increases with the moncmerfconcenﬁration, but tends to approach the same

percent conversion at lower [M:] /[I] ratios (< 250) as seen from F:Lgure
&.

"e. Effect of Temperature on Polymerization

The effect of temperature on polymerization was studied over

" the range ~-78° to 0°C., for a fixed reaction time of one hour. The

results of these experiments, given in Table VI, show that the percent
conversion at a particular monomer and initiator concentration varies
inversely with the temperature. At any temperature between O and -78°C.,
under identical conditions, the percent conversion increases with the

initiator concentration but is independent of monomer concentration.

Detailed results of these experiments are.tabulated in Appendix B. As

seen from these data the percent conversion in a few cases changes in

an irregular fashion with respect to monomer concentration.

At all the polymerization temperatures investigated, before
termination, the reaction mixture was yellow in color. Upon terminating
the reaction, the color disappeared at ~78% and -60°C. and a white

polymer was obtained. Since the polyacrylonitrile (PAN) obtained at
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FIGURE

CONVERSION AS A FUNCTION OF INITIATOR CONCENTRATION

Temperature: -78°C.
Solvent: Toluene
Reaction time: 50 Hours
Figure: A B

Conversion: percent mole/liter

LIEGEND:

Monamer
(mole/liter)

0.5
1.0

2.0

>OOO

4.0
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CONVERSION AS A FUNCTION OF MONCMER TO INITTATOR RATIO

Temperature: ~78°C.

Solvent: Toluene
Reaction
time: 50 Hours
TEGEND:
Monomer
(mole/liter)

O 0.5

@) 1.0

O 2.0

A 4.0



Temperature Dependence of Polymer Yield

Reaction time: 60 minutes

Solvent: _ Toluene
.Reaction Temp. Initiator Conc.. Monamer Conc. Polymer Yield
(°c.) (Mole/Liter)x10%. (Mole/Liter) (Per Cent)
-78 10 2.0 , 28.2
~60 10 2.0 g Ul
-40 10 2.0 6.8
-20 ' 10 2.0 3.8
0 10 2.0 3.5
~78 5 0.5 : - 22.8
-60 5 0.5 12.9
=40 5 0.5 5.0
-20 5 0.5 3.5
0 5 0.5 3.0
-40 20 ' 0.5 9.9
1O 20 1.0 10.5
-40 20 2.0 8.0
-40 20 4.0 9.4
0 LO ' 4.0 6.9
0 20 4.0 4.3

0 : 10 4.0 2.3
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-40° to 0°C. was yellow, it was impossible to decide by visual
inspection whether or not the propagating carbanions at higher
polymerization temperatures were active before the reaction was

terminated.

The difference in activation energy between propagation and
termination could be evaluated from the slope of the semilogaritﬁmic
plot of molecular weight, ﬂ%¢ against 1/T, where T is the temperature
in %K. These plots for PAN are given in Fiéures 15A-15D. The
activation energy data calculated from the slopes of the plots are

given in Table VII.

f. Effect of Solvents on Polymerization

During the preliminary studies on polymerization, different
hydrocarbon solvents were used as diluents. The observations from these
experiments are recorded in Table VIII. It can be seen from these data
that the polymers obtained uéing different diluents differ in yield,

color and molecular weight.

B-III THE ORDER OF THE REACTION WITH RESPECT TO MONCMER:

The logarithm of monomer concentration Eﬁ]t against time, %,
is a non-linear function as given in Figures 16A-16D. It does, however,
approach linearity with time. Further, these semilogarithmic plots
cannot be.extrapolated back to initial monomer concentration. For a
first—order polymerization reaction, log [ﬁ]t against t plots should
be linear (provided side reactions are absent). Therefore it is not

possible to calculate the overall propagation rate constant, kp, from
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FIGURE 1

SMI.OGARITI—E’IIC'PIDTS OF MOLECUIAR WEIGHT VERSUS

RECIPROCAL OF POLYMERIZATION TEMPERATURE (°1Q

' Solvent: Toluene

Figure: A B ' C D
Monomer
(mole/liter): 0.5 1.0 2.0 4.0
LEGEND:

Initiator

(meq /liter)

0O 4.0 -
O 2.0
A 1.0
O 0.5
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TABLE VIT

Difference in Activation Energy (E -E|l

E -E _*

Initiator Concentration Monomer Concentration Dt
(Mole/Liter) x 10% (Mole/Iiter) L J.ISACLE- Mole) -
=0 | 05 2.76 - 7.63
0o | " 3.43  3.43
5 3 " L 291 297
20 Lo 3.2 2.01
lo D 1t h‘hs 0.58
5 " 2.61 0.57
<0 | | 2.0 ' 2.87 1.99
10 ‘ o 498 1.56
> - " L2 1.46
20 - 4.0 2.49 0.29

10 _ | " - 2.69 0.13

¥ The'va.iues listed under A and B are calculated from higher and lower
temperature parts respectively of the semilogarithmic plots (Fig. 15 -
A to D). ' ’ :
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TABLE VIII

Effect of Difi‘erent Hydrocarbon Solvents on Polyinerization,

and Proper.ties.of the Resultin.g Polyacrylonitriles*

Hydrocarbon Moncmer Conc. Initiatoi Conc. Polymer [r]]
solvent . (yole/Liter) (Mole/Liter)x103 yl(;%d‘ 25  Oolor:
Benzene 2.00 40.0 L1.7 0.415 Bright
: yellow
Benzene 2.00 4.0 6.6 - 0.562 Yellow
n-Hexane 2.00 4.0 25.0 1.427 Very
pale
yellow
Toluene 2.00 4.0 13.2 1.126 Pale
yellow
Toluene 2.00 20.0 35.5 0.622 Bright
yellow

The reaction temp. was 2°C. ; Reaction time was one hour.
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FIGURE 16

N

SEMITOGARITHMIC PIOTS OF POLYMERTIZATION RATE DATA

Temperature: -78°C.

Solvent: Toluene
Figure: A B - C D
Monomer )
(mole/liter): 0.5 1.0 2.0 4.0
LEGEND:
Initiator

(meq /liter)
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the semilogarithmic plots obtained in the present work (Fig. 16). A
propagation rate constant over a particular reaction time interval
might be calculated. The propagation raﬁe constants calculated for

a time interval between 5 to 10 minutes are presented in Table IX for
four different initial monomer concentrations. However the propagation
rate constants thus calculated are of little value, as their magnitude
may vary with the rate of monomer addition and the monomer mixing, both

of which were beyond control in the present study.

B-IV POLYMERIZATION AT DIFFERENT INITTATION AND PROPAGATION TEMPERATURE:

In a few experiments the polymerization was initiated at

higher temperatures (—hOo'or 0°C.). After a short time interval, tl,

the reaction mixture was cooled to -78°C., and the reaction was

X The results of these

experiments are presented in Table X. Also given in this table, for

continued, at -78°C., for a time interval, t
purposes of comparison, are the data on polymerization at 0° and -40°C.
without a subsequent change in temperature to —7800. and for —78°C

alone.

B~V FORMATION OF BY-PRODUCTS DURING POLYMERIZATION:

The filtrate and washings from the polymerization experiments
at each temperature were collected and evaporated to dryness at room temper-
atufe. ‘The whlte, soluble re51dues from the filtrate of the experlments
at -60° and ~78 °c. were 1dent1f1ed as lithium chlorlde The residues

from the filtrate and washings of the experiments at -40°, -20°and 0°C.
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TABIE IX
The Rate Propagation Constant, 1&, x '103 minTt
(Reaction Interval 5 to 10 Minutes)
Initiator Concentration k x 10° (min'.'l) Av. k x 103
(Mole/Iiter)xlOL" Mondier Concentration d 1.
(Mole/Iiter) (min>™)
0.5 1 2 by
20.00 515  4.05 - = L.60
10.00 6.95  1.52 - 10.59  6.18
5.00 6.35  5.52  4.60  5.06 5.38
3.33 - - 3.8 552 460
2.50 2.85 5.43 5.52 - 4.60

1.67 - 3.68  2.76 - 3,22




TABIE X

Polymerization at Different Initiation and Propagation Temperatures

Expt. Initiation Propagation Reac‘?ion time Monomer Initiator _ Po]..ymer

Yo. Temp. (°C)  Temp. (°C) tl(M:Lnutestz (Mole/Liter) (Mole/Liter)x10* (Pgeégnt)
6 0 -78 5 120 1 20 7.6
7 0 -78 5 120 1 20 b5

10 0 -78 1 600 1 20 4.0

156 0 o 60 - 1 20 - 7.0 l'_,
12 40 78 5 600 1 0 8.6 |8
9 =40 =40 60 - 1 .20 - 10.5

27 78 78 60 - 1 - 20 37.6

13 =40 | -78 5 600 2 L0 - 6.7

15 -40 =78 5 960 2 40 8.6

162 ‘ -40 | =40 60 - 2 L0 8.0

109 -78 -78 60 - 2

40 . 23.4




- 103 ~

were yellow and éontained water-soluble lithium chloride and trace
amounts of polymer. The infrared spectrum of the water-insoluble
residue is given in Figure 17. A very small, absorption peak at 2242
cm.'.'l in the IR spectrum of the residue compared to that in an IR

spectrum of the polyacrylonitrile (Fig. 26A), indicates that during

polymerization the nitrile group participated in the reactions.

The polymer obtained at -78% and -60°C. was white in dolorv
and insoluble in acetone. The polymer obtained at -40° to O°C., was
yellow in color and partially soluble in acetone. A visual examination
indicated that under otherwise similar experimental conditions, the
color was more intense at higher initiator concentration and higher

polymerization temperature.

B-VI THE KINETIC MOLECUIAR WEIGHT, Mk:

The kinetic molecular weights calculated from the polymerization
data obtained at -78°C. are tabulated in Appendix A. A comparisbn
between the viscosity average molecular weight,'ﬁ;, and Ek show that
the former is always higher than the latter, and both increase with
'péiyméfizétion time. In geﬂeral the kineiié molecular weight is found
to increase with an increase in monémer concentration or decrease in an

initiator concentration as given in Table XI.

B-VII COMPARISON OF EXPERIMENTAI, DEGREE OF POLYMERTZATION, (DPr).yos. WITH
THEORETICAL DEGREE OF POLYMERIZATION, (DP;).n1et

'l

During a study on anionic polymerization of acrylonitrile with
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FIGURE 1

INFRARED SPECTRUM OF BYPRODUCTS OBTAINED DURING POIYMERTIZATTON
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iow,'beihg in the range of 2 to 4 percent‘for 0.5 mole/liﬁer'mondmer;'

| 3 to 5 percent for i.O mole/liter moncmer; 4 to 7 percent for 2.0 ﬁole/
liter monomer; and 6 to 10 percent for 4.0 mole/ﬁiter monamer. Although
the ﬁércent initiator consumed in the initiation reaction is small, it
increases with an increase in moncmer concentration. The‘quantiﬁxn'

of the initiator does not vary regularly with a change in the initiator
concentration, but depending uponiﬁhé monomer concentration, fluctuates

over a narrow range.

The data for other temperatures have not been treated by these
calculations, since the assumption.ﬁhf’iﬁ& will no longer hold and, as
‘will be seen later, the polyacrylonitriles obtained at other temperatures

are branched as well as polydispersed.
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THE CHARACTERIZATION OF POLYACRYIONITRIIES

C-I VISCOSITY MEASUREMENTS:

a. Procedure

'The polymer solution was prepared with freshly vacuum distilled,
N,N-dimethyl formamide (DMF). The solution was filtered through a
medium porosity fritted disc. The disc was washed with pure DMF to
jnsure the quantitative transfer of polymef (174). The filtrate and
washings were collected in a stoppered flask. As DMF is very hygroscopié,
all solutions and solvent were stored over silica gel in a desiccator.
Following the technique employed>by LeBel et al. (175) for their work
with dimethyl sulfoxide, the DMF used in the present work contained 0.1%

water.

Although as shown in Table XII the viscosity measurements made
at intervals over & period of one week indicated the viséosity of the
solution to be constant within experimental error, all the viscosity
measurements were made within 48 hours of the time the polymer was
completely dissolved in DMF. Viscosity measurements were made at 25 +
0,0B?Q. with the Utbelohde type viscometer,deséribed by Craig and
Henderson (176). Exactly 20 ml. of polymer solution at 25°C. were added
to the viscometer and allowed to stand for five minutes. The solution
was then drawn above the mark in the capillary,and the efflux time noted.
This process was repeated four times and an averagé time was recorded.
The same procedure was repeated for three to four additional dilutions.
The flow time for the DMF solvent was checked at the end of each set of

measurements. The initial concentration was established by freeze-
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TABLE XTI

Flow Time of PoZ_ancgzlonitrile. Solution

Time - . Flow f,ime (seconds) Av.. Flow time
(hours) . (seconds)
0 210.4 210.5 210.2 210.36
28 210.3 210.2 210. 4 210.30
46 210.4 210.4 210.5 21043
7 210.2 210.4 210.5 | 210.37
125 - 210.5 210.3 210.4 210.40

169 210.2 210.2 210.4 ‘ 210.27
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drying a known volume of the jnitial solution to a constant weight.
The validity of the dilution procedure was found to be within + 1%
as determined from the solids content of the final solution by the

freeze-dry method.

The particular viscometer used had a flow time of 138.9
seconds for DMF. The dependence of .viscosity on shear rate was not

investigated and the kinetic energy correction was not a.pplied (177).

If N, and t are the viscosity and the flow time of the
solvent through the viscometer,? , & and C are respectively the
viscosity, flow time and concentration in gm/100 mi(dl) of the polymer
solution, then the relative viscosity, 7y, specific viscosi_.ty, Tlsp_,

and reduced viscosity, 7)sp /C are given as,

N, = 77 =t/
_ & on
| Mgy = Cote 1= "m-

Nep/c = (nr-l)/é.

The reduced viscosity can then be plotted against C to give a

typical Huggin's plot, following the relation,

= 1 2
Nep/c P + w [)% (22)

Such plots of 7]sp /c versus C are given in Figure 18 for different poly-
acrylonitriles. The intercept of the plot, at C = 0, is called the
intrinsic viscosity E]] , and represents the contribution of the polymer
to the solution viscosity. The parameter k', known as the.Huggins

interaction parameter, can be evaluated from the slope as
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FIGURE 18

PIOTS OF REDUCED VISCOSITY AGAINST CONCENTRATION

. FOR

DIFFERENT POLYACRYTONITRTLES
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K = slope/["l_-,2 o (23)

' Using the equation (24) for the temperature.dependence of
of polyacrylonitrile solution (178), the value of Eﬂ)at 259C. was
correctec to the aépropriate value at 30°C.

dmM] At = 0.0019 (24)

where t, is the temperature in degrees centigrade.

Molecular weights can be calculated from viscosity measurements
using an empirical relation of the Mark-Houwink (156) type, generally
represented as

] = w (25)
where k and a are constants for a given temperature, polymer and solvent.
" This equation has been found to be generally applicable over a large
range of molecular weights. The molecular weight, ﬁv’ for polyacrylo-

nitrile was determined from the relation (162),

(1, = 227x 107 5070 - (18)

b. Results
" Under the various'conditions of bolymerization, employed in
the present work, the polymers obtained had intrinsic viscosities as
low as 0.2 d1/gm and as high as 11.0 d1/gm. The initiator concentration,
the monomer concentration, reaction temperature and other variables,
affected the intrinsic viscosities of the polymers.

(i) Effect of monomer concentration at -789¢C. :

The results of viscometry on these polymers presented in
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Tables A-1 to.gigz of Appendix A, indicate that although undervidentical
conditions [‘l] and hence ﬁv increases with monomer concentration, there
is no apparent simple relation between the molecular weight and the
moncmer concentration. At constant initiator conceﬁtration, if a
definite percent conversion is considered, then theoretically an x-fold
increase in monocmer concentration should lead to an erOld increase in
the molecular weight.

(ii) Effect of initiator concentration at -78°C.:

Results of molecular weight measurements from Appendix A are
plotted in Figures 19A-19D. These figures show that the molecular weight
‘increases with a decrease in initiator concentration at any conversion

obtained during the reaction.

(iii) Variation of molecular weight with polymeri;ation:

The molecular weight as a function of percent conversion plotted
in Figures 19A-19D shows the molecular weight to increase with conversion
in a 1ihear fashion. In some cases deviation from linearity is found to
occur at higher conversions, which corresponds to a reaction period
between five and fifty hours. As seen from Figure 19D, the deviation is
maximum for polymers obtained with 4.0 mole/liter monomer concentration.
In the case of polymers obtained using 0.5 mole/litérAmonamer and 2.0
meq/iiter initiator concentration; the molecular weight increases less
rapidly than the corresponding conversion (Fig. 19A) at longer reaction
intervals.

(iv) Effect of long polvmerization time on viscosity (intrinsic) and
molecular welght of volymers:

The intrinsic viscosity and molecular weight data for poly-

acrylonitriles formed over a 50-hour reaction period are given in Table XIII,
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FIGURE 19

VARTATION OF MOLECUTAR WEIGHT WITH PERCENT CONVERSION

Figure: A . B c D

Monamer ;
(mole/liter): 0.5 1.0 2.0 4.0
LEGEND:

Initiator

(meq /liter)
2.000
1.000
0.667
O.5OQ
0.333
0.250

POEBO @O P

0.167
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TABLE XLIT -

Viscosity and Molecular Weight of Polyacrylonitriles N

( 50-HOUR POLYMERIZATION AT -78°C.)

Initiatot Conc.

Moncmer Cone.

5
(Mole/Iiter)x10 b (Mole/Iiter) E’|]25 . M, x10
20.00 0.5 L.765 5.70
'10.00 n 4.970 6.04
5.00 " 4.873 . 5.90
2.50 n L.940 6.00
20.00 1.0 5.045 6.08
10.00 " 6.070 8.00
5.00 " 5.580 7.10
2.50 " 7.010 9.61
1.67 " 7.952 11.40
5.00 2.0 8.140 11.75
3.33 " 8.210 11.80
2.50 L 9.100 13.70
1.67 " 11.050 17.50
lo°oo l“'o 70150 9-80
6.67 " 8.880 13.20
5.00 n 10.260 16.00
3.33 " 10.020 15.50
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The [M) 'a.nd therefore ﬁv'afe higher than 'i"or. polyacrylonitriles obtained
from shorter reaction ﬁeriédé (Appendix A). Under sig;iaf"experimental
conditions, the molecular weight increases with a decrease in initiator
concentration or an increase in monomer concentration. In a few
experiments at 0.5 and 1.0 mole/liter monomer concentration, the
molecular weight of polymer obtained did not increase with decrease in
the initiator concentration.

(v) Effect of varying polymerization temperature on Eﬁ] and M

of polymers:
The data in Appendix B, Tables B-I to B-IV give the effect of

reaction temperature on molecular weight. When the other variables are
held constant, the molecular weight of the polyacrylonitrile obtained
increases with increase in moncmer concentration or decrease in
temperature and/or initiator concentration, but there does not seem any

simple quantitative relation to express this variation.

C-II THE SEDIMENTATION VELOCITY MEASUREMENTS:

a. Determination of Sedimentation Coefficients

The sedimentation velocity measurements were made on a Beckman
Spinco E Ultracentrifuge equipped with rotor temperature indicator and
control unit, (RTIC), and W8lter phase plate Schlieren optics. In
the sedimentation velocity experiments the rotor speed was 56100 RPM,
temperature 25 + O.5°C. and the phase plate angle was 50, 55 or 600.
Kel-F coated double sector, 12 mm cells were used for all sedimentation
studies. The solutions employed for these experiments were from 0.1%

to 0.8% (w/v) of polyacrylonitrile in DMF. At least six pictures were
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taken at 16 or 32 minutes intervals, after the boundary had moved away
from the meniscus. Assuming the acceleration of the rotor to be a
linear function of time, the usual correction for equivalent time at

speed was applied (179).

Typical Schlieren tracings are given in Figure 20. In these
tracings the image of the opaque element was always sharp except after
very long time intervals at low concentrations. For polymers prepared
at -hOOC. and at higher temperatures, the tracings were usually less
sharp. These tracings were magnified five times and printed. From this
the position of the maximum of the ordinate was measured with respect
to the position of the reference hole on the rotor, and was related to
the center of rotation after correcting for the magnification of the
enlarger and the camera lens. Thé distance between the center of
rotation and the maximum of the ordinate was taken as the position of

the moving boundary, .

The sedimentation coefficient, S, is usually defined as

R § dInr
5 w2 . g4 (26)

~ where r is the position of the moving boundary from center of rotation,
expressed in centimeters, %, is the corrected time in seconds, and @

represents the angular velocity of the rotor in radians/second.

Generally in organic solvents, under non-theta conditions, the
value of the sedimentation coefficient is a function of both concentration

and pressure. A correction for concentration can be made using one of

the empirical relations (16L4)
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FIGURE 20

SCHLTEREN PHOTOGRAPHS OF SEDIMENTATTON VEIOCITY GRADIENTS

PAN Polymerization Polymer
# No. temperature concentration
_ . (%.) (gm /d1)
A 17 ' -78 0.2727

c 261 0 0.2220
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s =sJu+kg)' (27

-
I

So(l - ksC)l : _.' | ,‘ (28)

where So is the value of sedimentation coefficient corrected for
concentration, ks is an émpirical constant and C is the concentration

of the polymer solution (gm/dl).

From equation (27) the concentration dependence of poiyacrylo—
y nitrile could be corrected for by plotting 1/S against C and extrapolating

the plot to zero concentration to give (1/S)C=O' = 1/So' The constant
ks could then be calculated from the slope of this plot from the simple

relation,

kS = So.slope

If the pressure dependence of the viscosity (7%)Aand density
([%) of the solvent is known, then the effect of pressure.on_§_cou1d be
corrected for by the method of Oth and Desreux (167), provided the
variation of the partial specific volume,.zz of the polymer is constant
or assumed to be so. éince these requisite daﬁa for DMF are not
available, the least square technique cf Billick (168) was used to calcuiate
. the pfeséure corrected sedimentation coefficient, s°, The quantity 1/5° -
was plotted versus C, to give on extrapolation to zero concentration,
(l/So)C=O = l/SZ. Using the value of pressure and concentration
corrected sedimentation coefficient, k  was calculated as

kg = slope.S9 (29)

The relation derived by Billick (168) for pressure correction

of the sedimentation coefficient is given as
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= 02 2. 12
Inr; = Inr,+8 wti'*'B(w’Gi) (21)

where r; is the position of the maximum of the ordinate of the boundary

at time t, and

B - pl2et ) o (30)

where o = k xC

m = 1/2 P wz,{/ ' (31)

and where # is a constant characteristic of a given solvent-polymer
system. The equation (21) was solved numerically by computer using the

following relations to calculate r , s° and B.

n
nr +s°Zwt +BZ(wt) - 0 In
31 371

n 2 o I 2 2 IL 2 3 1 2
r, ), &t +S Y (W% )°+B ) (@) =) Inret,
i=1 * i=1 L i=1 L i=1 1

rZ(wt1>2+S°Z(wt)3+BZ<Wt) Zlnr(wt)
A i=l1 i=l

Taking p, (DMF) = 0.9445 gm/ml at 25°C. (180), 4 was calculated.

The pressure corrected sedimentation coefficients, obtained at
different concentrations for different polyacrylonitriles are tabulated
in Appendix C along with the values of Sg, ks, m, A etc. Sample plots

of 1/So versus C for four different polyacrylonitriles are plotted in

Figure 21. These plots are straight lines whose slope increases with
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FIGURE 21

SEDTMENTATION COEFFICIENT AS A FUNGCTION OF CONCENTRATION
’ (cf. Appendix C)

- LEGEND:

Polyacrylonitrile
sample No,

89
152
21k
261

OoD e
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increése in the magnitude of sedimentation coefficients. . As shown in
Appendix O, the value of m which depends on concentration, pressure and
interaction between solvent and polymer is different in each case. The
value éf{!,‘which is a characteristic of a solute-solvent system, has
approximately the same order of magnitude—v10—9 for all polymer

solutions. The average value ofjéfyms found to be 1.36 o X 10-9.

3

b. Interdependence of Sedimentation Coefficient and Intrinsic
Viscosity

The viscosity and sedimentatiocn data for polyacrylonitriles
obtained at different temperatures are given in Table XIV. By reference
to this table the sedimentation coefficients for polyacrylonitriles,
prepared at -78°C., increase with Ei] and hence with the molecular weight.

~ The value of kS also increases with Sg. From the theories of Flory (181)
and Burgers (182), Wales et al. (183) have derived a theoretical relation .
between [TD and ke, .

k= 1.66[] (32)

The experimental results of others (184,185) cast considerable
doubt on the general applicability of this relation. In the present
work -the product 1.66ET] given in Table XIV is larger “than the experimental
value of ks for polyacrylonitrile prepared at-?89C;,'but the.

product is smaller than kg for polymer prepared at -60° to 0%C.

-In the case of polyacrylonitriles obtained at different
temperatures and having approximately the same Eﬁ], the value of SZ is

found to increase with increase in temperature of polymerization (Table

}C[V).‘
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TABLE XTV

Solution Properties of Polyacrylonitriles Obtained

at Different Temperatures

10.04

Polymerization
,PQN | teml(Dgg‘?Jt);ure E\]25 Log[ﬂ] s Log SC 1.66[1 kg
1 78 3.480 0.5416  3.92  0.5933  5.777 3.7
17 " 5.020 0.7007 4.8,  0.6848  8.333 6.822
21 " 3.723  0.5708  3.96  0.5977  6.180 5.923
89 " 8.620 0.9355  6.61  0.8203  14,.309  10.856
152 " 2.320 0.3655  3.19  0.5038  3.851 3.504
214 60 2.450 0.387h 4.0  0.6030 - 4.067 b5
217 ~40 2.300 0.3617  3.98  0.5999  3.818 5.009
261 0 2.300  0.3617 1.0017  3.818  13.636
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For polyacrylonitriles prepared at —78°C., the plot of log SZ
versus logﬁi] is linear as seen in Figure 22. The data of Bisschops

(177) and Krigbaum et al. (186) are recorded in this figure for comparison.

Using the data of Figure 22, the dependence of Sg on[ﬁ] could

be given as,

s2 = 1.95[ % (33)

which upon substituting for E]] gives,

50 = 1.72 x 107 0423 (34)
This is an empirical relation of the type, Sg = kéMb (19).

~ ¢. Branching in Polyacrylonitriles

'For a linear polymer fraction, Flory (181) has derived the

relation,

ﬁ"é{f( 1 -V£)P
Nn, ' .

where N, B andfﬂ%v are respectively Avogadro!s number, the universal constant

(35)

o [0 -

and sedimentation viscosity average molecular weight.

The value of @ is found to vary with several polymer-solvent

systems under non-theta conditions (187,188).

Senti et al. (189) have shown from their experiments on
branched dextrans that the value of P does not vary with branching. The

additional assumption could be made that Z?does not vary with branching
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FIGURE 22

I0G 5O VERSUS 10G M)

LEGEND:
(O Data of the present work (Table XIV)
[ Data of XKrigbaum and Kotliar (186)
/\ Data of Bisschops (177)
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for a particular polymer-solvent system. Using the above relation
(35), one can derive a further relation for two polymer samples of
identical molecular weight, but one_having a linear and the other having

a branched structure.

- 2/3 -
o 1/3 Msv (1 —‘Yf%)ﬁ 0 1/3
= _ = n 6
_ S°1|:n:|1 TION S°b[]b (36)

where the subscripts 1 and b refer to the linear and branched forms

respectively.

Substituting equation (33) for linear polyacrylonitrile in
relation (36) one obtains,

0.897

1.95 (1

o a3
= 5, [ﬂ]b (37)

0
From relation (37), using known values of E’Jb and S oy & value of Eﬂl
for non-linear polymer could be determined. Once this is done, the number
of branched units per polymer molecule, m, could be evaluatéd using the

relation of Zimm et al. (190), which is given as,

1/2

[/0 = e = Q1+ +m/9n]’l/h (38)
b 1

The present data were treated in the above manner and the
results of the calculations are given in Table XV. These calculations
indicate that the number of branched units per polymer molecule, m,

increases with increase in the polymerization temperature.

d. The Molecular Weight Distribution in Polyacrylonitriles

Following a velocity ultracentrifugation method proposed by Wales

et al, (170), the molecular weight distribution in polyacrylonitriles obtained



127 -

TABIE XV

 De ree of Branchi

in Polyvac

lonitriles

e [, S0 6 %‘%- e O raneled
(°.) ' (8'% m.
| -60 2.45 5.397 3.111 0.17,875 8
~40 2.30 5.251 3.017 0.7623 10
0 2.30  13.253 8.422  0.2731 89 7
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at different temperatures was computed. To make this calculation,
the concentration gradient (dc/d.x)i was calculated at each point from

the relation; valid for a Schlieren optical system:

Yi(x) . tan® An

de _ _
(dx)i - my.E.a.lL e = A Yi(x) - tan®@ (39)
where ml is the magnification by the cylindrical lens = 3.416
E is the magnification by the enlarger = 5,000
a is the cell thickness (cm.) = 1.200
L is the length of the optical level arm (cm.) = 57.860

An/AC is the refractive index increment for polymer
‘solution (0.083 ml/9m) (161).
Therefore A, = 1.0159 x 1072,
® is the phase plate angle (50, 55 or 60°).

Yi(x) is the height of the refractive index gradient curve at

a distance X, from the center of rctation.

The Yi values were measured at 1 mm j.ntervals along the X-axis
(distance from center of rotation) on the enlarged photographic prints
of the rgfractive index gradient curves recorded during sedimentation
velocity experiments.
The dx was converted to X, the distance from center of rotation, using
the relation,
x, = 7.3~ dxi/mz.E.

1

where m, is magnification by the camera lens

The sedimentation coefficients at each point x; were calculated

using the following relation derived by Wales (170).
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Y.
S
1 205 (14€) “1+m (14m) Ttm-mY

+ (:m)z (1 -m-7 (12:2 )>:| (40)

where the values of o¢ and m used are from Appendix C, and Yi = (xi/x )2.
o

where xo is the position of the meniscus with respect to the center of

rotation.

The function g‘n(S) was calculated from the relation,
a)tx,-_ (dc/dx)i (1+m-nmi) (1409
7
x5 (l+°C/Yi(l-lm—nﬂfi))

g%(8s) (41)
R

Where g-n(S)dS is the fraction of the material having sedimentation

coefficient between S and S + dS.

Further the functions Z and H(Z) were calculated from equations

(42) and (43) respectively as,

s°/s° | (42)

7, =
1 1" max
H (2) = gi(s)/e(s | (43)

‘The above calculations were made on IBM 7090 computer. The
values of Hi(Z) were plotted against Zi fof each tracing. For each
concentration of the polymer solution six plots were obtained for six
different time intervals. From these plots the vaiues of H(Z) at
fixed values of Z were tabulated. A typical set of data is given in
Table XVI. The value of H(Z), as given in Table XVI should be corrected

for diffusion, but this was not possible since the variation in H(Z) from
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TABIE XVI

H(Z) for Different* Sedimentation Times and H Zz.av

‘H(Z) -

B ‘ Time in minutes ' H(Z)
z 56,4 72.4 88.4 104.4  120.4  136.4 av

0.350 - 0.003 . - - - - - -

0.400  0.006  0.002 - - - - -
0.450  0.011  0.004  0.003 - - - 0.003
0.500  0.021 0,010 0.009  0.006  0.002 - 0.008
0.550 0,029  0.022 = 0,018 0,015 0.012 0.008  0.017
0.600  0.038  0.037 0.030 0,029 0.022  0.020  0.029
0.650  0.059  0.045  0.052 0.050 0.042  0.036  0.047
0.700  0.076  0.062  0.066  0.067  0.056  0.050  0.063
0.750 0,102  0.130  0.095 0.090 0.076  0.075  0.095
0.800  0.145  0.160 0,130  0.130 0.132  0.130  0.138
0.850 0,220  0.230 0.177 0.200 0.180 0.208  0.202
0.900  0.350  0.370  0.320  0.310  0.255  0.370  0.329
0.925  0.485  0.522  0.450  0.435 0.430  0.510  0.472
0.950  0.655  0.705  0.675  0.615  0.625 - 0.670  0.657
0.975  0.830  0.855 0.870 0.835 0.800 0.8,0  0.838
1,000  1.000  1.000  1.000  1.000  1.000  1.000  1.000
1.025  0.815  0.820 0.795 0.805 -0.785  0.790  0.802
1.050  0.650  0.625  0.580  0.555  0.575  0.615  0.600
1.075  0.510  0.425 0.385 0.350 0.300 0.370  0.390
1.100 0.345 0.180 0,18  0.225 0.190  0.210  0.222
1.150  0.160 0,117 0.090 0.080 0.04,0  0.100  0.083
1.200  0.087  0.072  0.060  0.045 0.012  0.005  0.O0L7
1.250  0.050  0.045  0.035 0,027  0.004 - 0.027
1.300  0.030  0.025  0.0i7  0.0L - - 0. 014
1.350  0.018 0.011  0.005  0.005 - - 0.006

1.400  0.010  0.003 - - - - -

* PAN 17; polymer concentration = 0,2727 gm/dl.
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diffusion is less than the precision with which the (refractive index)
gradient curves can be located. Consequently six values of Hi(Z),
determined at each Zi were averaged. The Hi(z)av was then plotted
against Z; as given in Figure 23. Four plots were made at the four
different polymer solution concentrations for each polymer sample. Frbm
a set of four such plots, the values of Z for fixed values of H(Z) were
tabulated. These values of Z at each H(Z) were plotted against C to
correct for concentration dependence of Z. The value of H(Z) at zero
concentration, H(Zo), was then plotted as a function of Zo as illustrated
by the solid line curve in Figures 244,B for two different polymer samples.
The magnitude of the correction due to concentration effects could be
estimated from the values of Z at other concentrations, included in
these plots. Fram the solid lines of these plots (Fig. 24A,B), the

values of H(Zo) were tabulated at different Zo.

Using the values of Zo and H(Zo), for four polymer samples,
the differential molecular weight distribution function f(M).and various
molecular weight averages were computer calculated using the following

relations:

& P 15

d = 2 = = 9.47 x 10
padr) ¥k .

where k and k2 are the coefficients in the empirical equations relating
viscosity and sedimentation coefficient respectively to molecular

weight.

The sedimentation-viscosity average molecular weight, ﬁsvw is

given by the relation,
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PIOT OF DATA OF TABIE XVI

H(z), = £(2)
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FIGURE 24A

PIOT OF H(Z) = £(Z)
(polyacrylonitrile # 261)

Concentration of
polymer solution

(gm/100 ml.)

O 0.0000 (extrapolation)
O 0.1997
A 0.2379
O 0.3808
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FIGURE 24B

PIOT OF H(Z) = £(Z)
(polyacrylonitrile # 17)

LEGEND:

Concentration of
polymer solution
(gm/100 mi.)

O 0.0000 (extrapolation)
0 0.1887
JAN 0.4912
O 0.7674
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_ NN \3/2 __.1/2 3/2 3/2 3/2 __1/2
Ho = () (0 50 = & s [

(h4)

(o o

The molecular weight, M, for each value of Z , and a fraction
of a polymer sample, f(M)dM, having the molecular weight between M and

M+ dM were palculated from,

" 1/2
3/(2-a) _ { T
M o= Z, gy A (45)
S HodZo
o« _ 1/2
) = - H, 1 [ J ZO3a/2 a HdZ, ] (16)
3 ZC,(a+1)/(2--a1) M, [j‘"HodZo /2

Where a = 0.75 for polyacrylonitrile in DMF at 2500. (162).

The number average molecular weight, ﬁn’ was calculated from,

_ | ‘ﬁsv[o}x (H, déozlj/ 2.

- .
T 370 > - (47)
§ [I z, 3/(2-2) H, dzo][of zfa/(2 2) Hodzo]l/2

o

where the weight average molecular weight, ﬁw’ was calculated from,

ﬁsv[f 203/(2-2') H, dZOJ

= - (48)
1/2 ({ Zosa/(z a) h dzo)l/?“

K= Z
({ B, az,)

From the calculated values of ﬁw and I_an, the heterogeneity index;

(M) , was calculated.

The values of the differential molecular weight distribution
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function, £(M), are plotted against molecular weight; M, calculated

from equations (45) and (46). The four molecular weight distribution
curves given in Figures 25A~25D for polymers obtained at different
temperatures, show the heterogeneity in molecular weight of a polymer

to increase with an increase in polymerization temperature. The

molecular weight distribution is narrow in a polyacrylonitrile obtained

at -78°C. The different molecular weight averages and heterogeneity indices
for these polymers are tabulated in Table XVII. It can be seen from this
table that the heterogeneity index, ﬁ%/ﬂ;, for polymer obtained at —78°C.

is very low (1.08), and increases with the polymerization temperature.

The value of at 0°C. corresponds to the most probable distribution.

31!

C-IIT THE SPECTROSCOPIC MEASUREMENTS:

a. Infrared (IR)

The IR spectra of polyacrylonitriles were measured by the KBr
disc. technique. Approkimately 3 to 4 mg of polymer sample was ground
intimately with KBr and transformed to & semitransparent disc in the
press, under vacuum. The IR spectrum of this disc was measured on a
Perkin Elmer Model 137 or Model 257 spectrophotometer. Typical spectra
of the bolyacrylonitriles prepared at different temperatures are given
in Figures 26A-26C. An IR spectrum of PAN prepared using a radical

initiator (191) is given in Figure 26D.

The absorption bands, at 2.85-3.25n and 5.70—6.6Qn
present in the spectra of anionically prepared PAN (Fig. 264~26C) seem

to be absent in the polymer prepared with a radical initiator (Fig. 26D).
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FIGURE 25

DIFFERENTTAT MOLECUIAR WEIGHT DISTRIBUTION FUNCTION

AGATNST MOLECUIAR WEIGHT FOR POIYACRYIONITRILES

Polymerization
Sample temperature
Figure No. (%.)
A 17 -78
B 214 ~60
C 217 =40

D 261 0
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- TABLE XVII

Molecular Weight Averages and the Heterog‘eneitx Index

Polymer Polymerization Molecular weight x 102 _
temperature - - - - M'wﬂn
(°c.) v, Moy Y, ¥, '
17 78 6.10  6.95 6.71 6.21  1.08
21 —60 2.42  3.66 3.51 . 272 L.29
217 . 4 =40 2.17 3.51 3.53 1.97 -1.79
261 0 2.17 13.97  13.23 6.12

2.16
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FIGURE 26

INFRARED SPECTRA OF POIYACRYIONITRIIES

Diagram Polymerization Nature of
temperature (°C.) initiation
A ~78 . Anionic
B =40 on
C ‘ 0 n
D 60

Radical (191)
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Upon examination of these spectra, of polymerg obtained with n-Buli,

the presence of structural units such as —é=é-(ﬁ'5.9—6.ln)(h3),
~(6)_~(~ 6.25m) (192), DOli-  (~6.01), S0=0 (~5.853), =W
(~3.08m; 6.001) (193) could be detected over and above the usual,

-g- (~3.38 1, 3.5 1, 6.881), -C=N (~4.4272) and _1(;:1- (—3.41n, 7.3511)

(191) units encountered in polyacrylonitriles in the absence of

structural irregularity.

b. Ultraviolet (UV)

For the measurements, PAN was dissolved in 63% aqueous zinc
chloride solution. The UV spectra of these solutions were measured
against a ZnCl, solution on a Unicam SP500 spectrophotometer. Fused
silica cells with 1 mm and 10 mm path lengths were used for the measure~
ments. The measured optical density of the solution, E, at a chosen
wavelength, was used to calculate the absorption coefficient, k, from
the equation E = keclt.
where ¢ is the concentration of'polymer solution in gm/litef and 1!
is the path length in centimeters. The plots of the UV spectra of PAN
solutions treated in this manner and given‘in Figure 27 show an
absorption maximum at about 266-270.mp, ‘The mégnifude of this
absorption maximum varies with the polymerization conditions. The
concentration of the monomer, the concentration of the initiator and
the temperature of polymerization, affect the absorption maxima, as
shown by the absorption coefficient values given in Table XVIIT for

‘several PAN samples.
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FIGURE 27

ULTRAVIOLET SPECTRA OF POIYACRYILONITRIIES

IEGEND:

Figure Polymerization
temperature (°C.)

A 78
B 40
c 0
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. TABLE XVITI

The Absorption Coefficients of Polyacrylonitriles

Sc;lvent: aq. ZnCl, (63% w/v)

= 268 mA

Absorption coefficient, k

Polymerization Monomer concentration (mole/liter)
temperature . ‘ _
(°c.) 0.5 1.0 2.0 4.0
(1) Initiator concentration =4 x 1073 mole/liter
g - - - 0.4735
60 - - - 1.3760
-40 - - - 3.6577
-20 - - - L. kb0
.0 - - - 4.9179
(ii) Initiator concentration = 2 x 103 mole/liter
78 0.4493 0.3506 0.1032 0.2895
=60 1.2660 1.0820 0.7517 0.5465
=40 L.7370 L.0820 2.5130 1.4927
=20 .5.3101 4.6290 L.4L759 2.8224
0 7.0000 5.3960 4.8730 L.4540
(iii) Initiator concentration 1 x 10'3 mole/]iter-.
~78 ' 0.4038 0.2612 0.1982 0.1707
=60 1.1144 0.6248 . 0.4281 0.2949
=40 ' 2.0950 1.6110 1.3458 1.1512
=20 ' L.4210 L.0770 3.8620 2.6860
0 ‘ 5.64L61 5.2690 _ 3.2520 3.0304

(iv) Initiator concentration 0.5 x 10~3 mole/liter

-78 0.3520 0.1849 0.1085
-60 , 0.7272 0.3472 0.2238
~40 ‘ 2.3350 1.2550 - 1.3806 "
-20 L. 4,020 2.0920 3.2910
0 3.9387 2.9680 2.5105

(v) Initiator concentration 20 x 10™3 mole/liter

0 - 8.3700 7.3330
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DISCUSSION

TIME DEPENDENCE OF POIYMERTZATION AT -78°C.:

In the present work the polymer yield was found to increase
with time over a reaction period of five minutes to fifty hours. The
polymerization data plotted in Figures 10 to 12 indicate that the
variation in percent conversion which is rapid in the beginning gradually
slows down with time. These findings agree with those of Miller (105)
for scmewhat higher initiator concentrations. At any time before
termination of the reaction, the characteristic yellow color of the

polyacrylonitrile carbanions persisted in the reaction mixture indicating

‘that the chain termination was negligible or absent. Even though

poiyacrylonitrile, PAN, is insoluble in toluene at room temperature, it
was found that the growing polymeric species do not precipitate froﬁ

the reaction mixture. Rather the polymeric species remain in solution

as the reéction proceeds and contribute to the solution viscosity, until .

the solution phase sclidifies to a highly swollen gel.

The observed variation in percent conversion with time might

‘be due to any or all of the following: a decrease in moncmer concentration

with time, a gradual approach to a thermal equilibrium, a gradual
deactivation of the carbanions, and a gradual decrease in accessibility of
the moncmer to the propagating centers. Each of these will be discussed

in crder.

The gradual decrease in monomer concentration with time

A decrease in monomer concentration with time would decrease
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the rate of polymerization, but this decrease ﬁould not be the sole reason
for the observed marked decrease in the convérsion rate. The independence
of percent conversion of fhe monomer concentration illustrated in Figure
1l for several initiator.concentrations suggests a first order reaction
with respect to monomer; In a first order reaction, the decrease.in
monomer concentration would be logarithmic with time. Reference to

Figure 16 shows that this is not the case.

The gradual approach to a thermal eguilibrium

As discussed earlier; a monocmer would not polymerizg below a
floor temperature or above a ceiling temperature. Between these two
temperatures the conversion would increase until the raﬁe of.propagation
and the rate of depropagation would be equal and an equilibrium is
attained. Acrylonitrile has been'reported to polymerize at tempefatures
as low as —19600,, and as high as 70°C. (140). The polymerization
temperature under discussion (—7800.) is far from either the floor
temperature or the ceiling temperature for polymerization of acrylonitrile.
Thus, at —78°C., the equilibrium monomer concentration should be very low
favoring high polymer yield. Further in biphenyl sodium initiated
polymerization at —78°C., PAN was obtained in quaﬁtitative yield (74),
indicating that the equilibrium concentration of acrylonitrile was

indeed low at —78°C.

The gradual deactivation of the carbanions

A gradual deactivation mechanism by which the propagating centers
~could be rendered inactive might also lead to a decrease in the propagation

rate. An active centermay lose its reactivity by an isomerization reaction,
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an interaction with a functional group of a moncmer or polymer, or by
a chain transfer to a polymer, a monomer, an impurity or a solvent. Of
these reactions, only those which give products incapable of adding
further monomer might contribute to the observed decrease in the
polymerization rate. A chain transfer to toluene, acrylonitrile or PAN
would not destroy but merely transfer the activity of the propagating
centers. Since the system used in the present work was carefully
purified, the destruction of the initiator by the impurities wculd |

account for only a small portion of the total initiator present.

The deactivation of the carbanions by isomerization to gi\'}e
an inactive anion, or the interaction of carbanions with a functional
group have been found to occur in the polymerization of methyl methacrylate
(134) and allyl acrylate (194). However there seems to be no support
for the existence of these termination mechanisms in the present
polymerization work at ~78°C. The molecular weight data plotted in
Figure 19 clearly imply that ﬁv increases linearly with conversion cver
a reaction period of 50 hours. Further for a PAN sample prepared at
-78°C. , the heterogeneity indéx, ﬁw/ ﬁn, was found to have a low value
of 1.08 (Table XVII). Many of the PAN samples were examined by the
sedimentation velocity method at about 0.2 to 0.3 percent concentration.
Those obtained at —7800. were found to sediment in a sharp boundary as
indicated by the refractive index gradient curve without any discrete
fractions appearing on either side of the boundary (Figure 20). The
linear relation between the molecular weight and percent conv:ersion , as
well as the narrow molecular weight distributions in the polymers obtained

at -78°C., seem to rule out any possibility of the decrease in the



- 16 -

polymerization rate with time resulting from a gradual termination of
the carbanions. Therefore a gradual decrease in the ability of the
propagating centers to acquire the necessary monomer forlpropagation
seems to be a reasonable explanation.

The gradual decrease in the acceséibility of the monomer
to the propagating centers '

An increase in conversion and molecular weight with time would
cause the viscosity of the medium to increase continuousl& until the
reaction mixture becomes a gel. The solidification of the reaction

mixture to a gel often occurred within minutes of the acrylonitrile

addition to the reaction flask.

In a set of two experiments with a 50 hour overall reaction
period, the temperature was allowed to rise to -20°C. (from -7800.) after
4O hours in one experiment, but was maintained at —78°C. for the whole
reaction period in the other.' The polymer yield obtained in the
experiment maintained at —7800. was 26 percent compared to 34 perceﬂf
in the other in which the temperature was raised to ~20°C.  The polymer
obtained at -20°C. was ﬁot completely soluble in DMF indicating the

presence of branching coupled with a high molecular weight.

A solid gel specimen, of yellow colored active reaction mixture,
when placed in acetone acidified with hydrochloric acid, was not deactivated
immediately as judged by the color change. The color faded slowly from
the surface of the specimen. Onlvahen the specimen was broken into

small pieces did the central part show a color change. In fluid reaction
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mixtures obtained at short reaction intervals the color of the carbanions
was discharged immediately upon addition, with mixing, of acidified

acetone.

The above results clearly show that the carbanions were active,
capable of adding acrylonitrile, but the monomer was prevented from

approaching the carbanions by the gelation of the reaction mixture.

In the polymerization of acrylonitrile, initiated by n-Buli
at —78°C. in toluene, Rémpp et al. (153) observed that the molecular
weight of polymer did not increase and that the polymerization did not
go to campletion on further addition of the moncmer. These observations
led thé authors to conclude that twhen polymerization is conducted in
toluene the living polyécnylonitrile probably commits suicide very
rapidly!. However, it might be ncted that an approach of the moncmer
to the propagating center and not the mere addition of the monocmer to
the reaction mixture would lead to further pclymerization. The results
.reported by Rempp et al. (153) mightlbe rationalized if the mohomer has

difficulty in approaching the active centers.

An increase in the viscosity.of the reaction-ﬁedium has been
reported to decrease the rate of terminétion through a decrease in the
mobility of the polymeric radicals (9). It is known that the half-life
timé of the active radicals is usually of the order of a fraction of a
second. As mentioned earlier in the heterogeneous polymerization of
acrylonitrile the newly formed polymer precipitates over active radicals
burying them and rendering them apparently inactive (144). The trépped

radicals were found to be stable, for a period of about a week, if stored
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at -80°C. in phe absence of small molecules (e.g. 02). In a similar way
it is quite possible that carbanions are trapped and though their intrinsic
reactivity is unaffected, their apparent reactivity is decreased since

-the monomer is largely preventéd from reaching these centers which are
tightly coiled in the gel. When the temperature of the reaction is
increased the mobility of the monomer is also increased leading to a
higher conversion. This same increase in reaction temperature will,
however, lead to an increase in the side reactions related to branching

and coloration.

’

VARTATION OF PERCENT YIELD OF POLYMER WITH MONOMER CONCENTRATION AND THE -
ORDER OF REACTION AT -78°C.:

The polymerization data plotted in Figure 11 show the percent
conversion to bé generally independent of monomer concentration. Some
deviation from this relationship occurs however at low initiator
concentrations, This deviation ddes not éeem to be related to a chagge
in order of reaction in moncmer but seems rather to be related to the
destruction of a relatively 1érge fraction of cafbanions by the residual
impurities present in the monomer. Since, in the present work, the
pefcenf polymer yield is fouﬁd to be indepénaent of monomer concentration,
the reaction might be first order in monomer. However the polymerization
data when plotted as the logarithm of the monomer concentration, ﬁﬂ.t, at
time t, against t as gi&en in Figure 16, failed to give the linear graphs
which should have been obtained if the reaction was first order in moncmer.
The deviation from linearity of these plots seems to be related to a

gradual decrease in the ability of the monomer to reach the carbanions
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as the reaction mixture became more dense with time. Other factors
(e.g. a gradual decrease in the population of the carbanions, slow rate
of initiation ete.) do not seem to contribute to the deviation of the

plots from linearity.

By confining their experiments té a reaction period of one hour,
Zilkha and coworkers (49) found the percent polymerization to be
independent of acrylonitrile concentration in agreement with the findings
of the present work. Miller (105) observed that, at -78°C., for two
mole per liter or less acrylonitrile conceﬁtrations, the percent
conversion was independent of moncmer concentration. At higher monomer
concentration.the rate of polymerization increased more rapidly than the
monamer concentration. The increased rate of polymerization with monomer
concentration is rather difficult to explain, since an increase in the
moncamer concentration would lead to more difficulties in mixing the
monomer with the initiator solution and the reactiqn mixture would

solidiﬂy more rapidly.

The n~Buli has been shown to exist as a hexamer in equilibrium
with a small concentration of monomeric n~Buli. The dielectric constants
‘of toluene and aénylonitrile are 2.4 and 38.0 respectively.. An increased
proportion of acrylonitrile in the reaction mixture would increase the
dielectric constant of the medium, which in turn would increase the
proportion of monomeric n-Buli in the reaction mixture. If it is assumed
that this increased amount of monomeric initiator would initiate an
increased number of polymeric chains, the percent polymerization should .
increase gradually with monomer concentration and not suddenly as reported

by Miller (105).
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Semilogarithmic plots with characteristics similar to those of
Figure ;é have beeh reported for the n-Buli initiated polymerization of
allyl acrylate (194). The fractionation of the polyallyl acrylates
obtained showed the presence of a low molecular weight and a high
molecular weight fraction suggesting a deactivation of the carbanions
during the early stages of polymerization. The molecular weight
distribution in polyacrylonitrile obtained at -78°C. as given in Figure
25A shows no evidence of the presence of a low molecular weight fraction.
Further the filtrate from the polymerization experiments at -78%. gave
on evaporation a water soluble residue (ILiCl) and no low molecular weight
polymer. Therefore it can be concluded that at -78°C. deactivation of

the carbanions does not occur to any great extent.

THE EFFECT OF INITTIATOR CONCENTRATION AND [MJA / [I] ON THE YIEID AND
MOLECULAR WEIGHT OF POLYACRYLONITRILES OBTAINED AT -78°C.:

Since an increase in the initiator concentration would increase
.thé)number of propagating centers,‘the polymer obtained at high initiator
concentration would have a lower degree of polymerization and a lower
molecular weight. Although as given in Table XIII, the molecular weight
of polyacrylonitriles vafied invérsély'with.initiaforléoncentrétion, the
decrease in molecular weight was less rapid than the increase in the
initiator conqentration. Further the ﬁv was much higher than the kinetic
molecular weight, ﬁk’ obtained by assuming one initiator molecule per
- polymeric chain. The initiator efficiency in chain initiation does not
seem to be quantitative. Rather a small fraction of the initiator:
participates in a chain initiation reaction. The fraction, which initiates

the polymerization, seems to be affected by the nature and concentration of
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the reactants, and reaction temperature. For these reasons the correlation
between polymer yleld, molecular weight and initial concentration of
reaétants can be interpreted only in a qualitative manner. The assumed low
initiator efficiency in chain initiation and the possible fate of the

initiator will be dealt with at a later stage.

By simultaneously varying both the monomer and initiator
concentration but with the ratio [MJ o/ [I] o Mmaintained constant, the degree
of polymerization calculated from the molecular weight of the polymer
should be constant, provided that the chain deactivation is absent. The
values of (DPI.l) expt? calculated from ﬁv’ are presented in Table XIX for
different [MJ o/[-I:I o ratios. The value of (DPn)expt~appears to increase
‘with an increase in [M]o and [I]o at constant [M] d/[I]o' At higher monomer

concentrations, however, the increase in (DPn)  ho longer shows this

exp
behavior, probably since the accessibility of the moncmer to the carbanions
is lowered by the increased extent of gelaticn of the reaction mixture.
Both the efficiency of n~Buli in chain initiation and the percent .
polyme:ization inc:c"easei with [M]O and [I]o at a given [M] o/ [I]o (Table
XIX). However, the polymer yield seems to increase more rapidly than the

Jinitiator efficiency. This irregular variation in both the conversion

and initiator efficiency could explain the observed dependence of the

(DPn)expt on [M]o and [I]o at a given [M] o/[I] o

In the polymerization of acrylonitrile with n-Buli at -78%C. R
the percent conversion was found (105) to be independent of the initiator
concentration at [I] >5 meq /liter. At [I]\< 1 meq /liter, no polymerization

occurred possibly because of the impurities present in the reaction mixture.
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Degree of Pélymerization (Cﬁnstant [Eﬂo/[i]o)_

Solvent: ~ Toluene
- Reaction time: 60 Minuges
Temperature: = -~ -787C.

‘Monomer Conc. Eﬁ]o/[i]o Polymér yield 100 x'(DPn)expt. Initiator

: ‘ S : consumed
(Molg/Liter)  (Per Cent) (Per Cent)
0.5 1000 - 22.8 7.15 3.2
1.0 1000 30.3% 7.83 3.9
0.5 2000 18.6 7.92 L7
1.0 2000 23.1 9.37 4.9
2.0 2000 29.6 ;5.09 3.9
1.0 4000 16.3% 11.81 L.2
2.0 L4000 - 21.5 17.17 5.0
Ah.O 4000 ' 29.1 15.66 7.4
1.0 6000 11.8 ' 12.73 5.6
2.0 6000 : 21.0 17.26 7.3
4.0 6000 20,.7 16.41 9.1
- 2.0 8000 16.4 : 21.88 6.0
4.0 8000 20.5 - 18.30 8.9

2.0 12000 - 11.0 19.06 6.9
4.0 12000 16.0 . 20.19 . 9.5

* Reaction time was L0 minutes.
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Further the molecular weights of the polymers obtained by varying both
the monomer concentration and the initiator concentration (Table G-II)
showed very little correlation to the experimental conditions. The
presence of impurities in the reaction mixture and probably a lack of
proper mixing could have contributed to the lack of correlation in the
results given in Table G-II (105). In the present work experiments with
[n—BuIi] > 2.0 meg /litér did lead to poor reproducibility in the polymer
yield as given in Table I, 'The percent conversion was independent of AN
concentration and decreased with a denrease in initiator concentration,
while the molecular weight increased with monomer concentration and

decreased with an increase in the initiator concentration (Appendix A).

An increase in the percent conversion with initiator concentration
has been reported in n-Buli, phenyllithium, and 9-fluorenyllithium
initiated polymerization of acrylonitrile at 0°c. (42;&9) in agreement
with the resulﬁs of the present work (Appendix B). The molecular weights
of the polymers, however, were found to be independent of initiator and AN
concentration (h2,h9) indicating a chain transfer to monomer. Beth the
use of nigh initiator concentration and high polymerization temperature
rather than the chain transfer mechenism may be taken into consideration

to explain the results.

THE STASILITY OF A PROPAGATING CENTER IN POLYMERTZATION

Both the increase in the value of the heterogeneity index of
polyacrylonitriles (Table XVII) and the decrease in the yield and molecular

weight of the polymers (Appendix B) with increase in reaction temperature
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suggest a low stability of the propagating centers at the high temperatures
investigated in the present work. Since the benzyl (06H5CH5) and
acrylonitrile (CH,~CH™ or CH_=C~) anions obtained by a chain transfer

3 & 2 & _
to toluene and acrylonitrile are basic enough to add more monomer, the

chain transfer mechanism would not account for the observed temperature

dependence of the polymer yield.

If a decrease in polymer yield is caused by the thermodynamic

equilibrium,
3 kp o »
P, + M —— P,
J ‘kd Jtl

the polymer yield might be improved by lowering the femperature of the
reaction mixture. To check this possibility polymerization was initiated
in a series of experiments at O or -4,0°%C. After maintaining at this
temperature for five minutes, the reaction mixture was cooled to -78°¢C. ’
and the reaction was allowed to continue at -78°C. for at least .tyo

hours. The results of these experiments and of the experiments performed'
under otherwise identical conditions at 0, -40 and -78°C. are given in
Table X. A comparison betwesen the polymer yields obtained under

different t-empei‘ature conditions shows that chain initiatién and propagation
at higher temperatures ( > "'LI-OOC.) for five minutes followed by continued
chain propagation at ~78°C. does not increase the polymer yield. Therefore
under the experimental conditions used in the present work at or above
-40%. , most of the cartanions were destroyed within five minutes after
the initiation of the polymerization. Since the monomer and solvent were

carefully purified, total termination within a short time could not be due
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to the presence of excessive amounts of the contaminants. Further the
n-Buli was found to initiate the polymerization of acrylonitrile at ~78°C,
’in the present work and in publishéd work (105,153). If any n-Buli is
left unreacted during the reaction at or above -40°C., this active residue
should initiate pqlwmerizatioh of acrylonitrile when the reaction mixture
was cooled to -78°%C. and increase the polymer yield. From the data of
Table X, it is evidént that no increase in the polymer yield occurs.
Obviously in the absence of chain initiation all the initiator must

have been used up instantly in some other reactions.

There are three sets of experimental evidence in the present
work which suggest that most of the carbanions produced and maintained
at -78°C. were stable. This evidence can be found in (a) the linear
dependence of molecular weight on percent conversion as given in Figure
19, (b) the gradual increase in the polymer yield with time as given in
Table IITI and (¢) the narrow molecular weight distribution in a polyacrylo-
nitrile prepared aﬁ -78°C. Uﬁdoubtedly some of the carbanions would

undergo reaction with impurities but the amount must be negligibly small.

Zilkha et al. (h2) found 78% yleld for the n-Buli initiated
'polymerlzatlon of acrylonltrlle in petroleum ether at ~15 °C. when the
moncmer was added gradually to the reaction mixture. The polymer yield
was 90% when the monomer was added in one portion. In both cases the
molecular weight was independent of the monomer concentration.
Consequently, termination was assumed to proceed through a mechanism

of chain transfer. to the monomer. The validity of this mechanism was
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supported by the infrared spectral data cited in the paper. However, if
this mechanism of chain transfer was operative the observed decrease in
the percent conversion with a rate of monomer addition would be difficult
to expla:l.n A chain termination by some other mechanism, -that would

not lead to regeneration of the propagation centers, might be bétter

to explain the short life of the carbanions.

During the polymerization of the non-polar monomers e.g. styrene,
isoprene, etc., the carbanions have been shown to be stable at temperatures
as high as 50°C. (195). In the polymerization of polar monamer methyl
methacrylate in toluene the stability of the carbanions was found to vary
inversely with the polymerization tempera.tﬁre when either n-Buli or
diphenyl hexyllithium was employed as the initiator (135,196). Further
at low temperatures, some of the initiator was found to react with the
carbonyl group of the monamer. In another report (78) polymethyl

methacrylate anion was shown to be terminated by cyclization.

It is quite likely that the variation in the stability of a

carbanion of the acrylonitrile with temperature could have occurred by

cyclization of the growing end, /CHQ
B . . CH CH
: 2 2
s T
~~~CH,,~CH-CH _~CH-CH ~CH Ii
2 2 2 ~~CH_,~CH CH.CN
CN CN CN ¢ ~

'}';'Li+

or by a reaction of the nitrile group of a polymer or a monomer molecule

with the carbanion,
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—-»CH2—CH-CHé*'~'

-+ -+
~~~CH,~CH Ii + —~CH,~CH~CH;~~ —= NC-CH-C=N Ii
2 272

cN oo <;:H2
CH=CH,,
-+ - -+
~—~CH,-CH Ti +  CHy=CH ——= ~~-CH,-CH-C=N Ii

| I I

CN . CN CN

-t
The imine ion, > C=N Ii , is not basic enough to add more monomer,

THE EFFICIENCY OF n-Buli AS AN INITTATOR IN ACRYIONITRIIE POLYMERTZATTON:

Polyacrylonitrile is soluble in highly polar solvents (e.g.
dimethyl sulfoxide) and concentrated aqueous salt solutions (e.g. ZnClz)
all of which react with organometallics. Polymerizations in these
solvents could be induced by the initiator itself or by a reaction product
of the initiator with the solvent. Consequently the interpretation of
the data on polymerization of acrylonitrile obtained in these reaction media
will beAdifficult, particularly at higher polymerization temperatures.

In hydrocarbon solvents, in which carbanions and organometallics have

been shovn to be stable, polyacrylonitrile is insoluble. During
polymerization the polymer precipitates and éropagation occurs in different
phases each with a different propagation rate (145). This also

camplicates the interpretation of the data obtained in the polymerization

experiments.

The bulk of the data on the polymerization of acrylonitrile
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with lithium organometallicé reported to date have been obfainéd with
the initiator concentration sufficiently high for the initiator to be
considered highly associated. -Consequently the low efficiency of the
“initiator has been explained assuming the inability bf the associated
initiator to participate in the polymerization (42,105,155). An
explanation of the low initiator efficiency based upon the associated
state of alkyllithiﬁms might be justified in non-polar solvents. - However
in THF and other polar solvents, in the polymerization of both polar and
non~polar monomers at températures as low as —78°C., the initiation reaction
has been éhown to be very rapid and complete in a short time (78,122).

In the polymerization of acrylonitrile at br about 0°C. in THF or DMF,
the efficiency of lithium organometallics in chain initiation has been
reported to be low (49,69,155). This fact brings into question the
soundness of any explanation of the initiator efficiency based upon
associated state of the initiator alone, and therefore makes questionable
the interpretation of the polymerization data. In the discussion that
follows, an attempt will be made to trace the fate of the initiatﬁr in
accordance with the polymerization data obtained in the present work as

well as those available in the literature.

If all the initiator is consumed in the chain initiation
reaction and if there is one initiator molecule per polymeric chain, then
for a monofunctional chain initiator, the polymer obtained would satisfy

the condition:

(DPn)expt - (DPn)calc

A chain transfer to a monomer, a solvent or an impurity, with the generation
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of a new propagating center would lead‘to a value of (DPn)balc' which

is lower than

is higher than that of (DPp)eyy. If the (DP)oqq,

(DPn)expt’ it is doubtful that all the initiator would be consumed in

_ chain initiation.

The low efficiency of n-Buli in chain initiation can be seen
by comparing the kinetic molecular weight, ﬁk, with viscosity average
molecular weight, ﬁ%, giﬁen.in Appendix A for polymers prepared at ~78°c,
The efficiency of n~-Buli as an initiator, as recorded in the last column
of Appendix A, is between 2% and 10% depending upon the monomer and the
initiator concentration. The molecular weight distribution plots given
in Figure 25 for polyacrylonitriles prepared at different temperatures
do not show the presence of a low molecular weight fraction in the
polymers. Therefore the slow chain initiation process usually observed
in non-polar monomers (35,122) and also presumed to be present in
acrylonitrile polymerization (105) does not seem to occur under the
conditions employed in the experiments being reported in this investigation.
One'might conclude that the initiator was destroyed during the initial

short period in the reactions other than chain initiation.

A very low initiatdr efficiency ﬁaé been reported in the n-Buli
initiated polymerization of acrylonitrile (42,105,155), methacrylonitrile
(126) and methyl methacrylate (70). Miller (105) noted that in acrylo-
nitrile polymerization experiments only 1 to 5 percent of the initiator

could be accounted for in the chain initiation procéss.

The n-Buli has been showm to be associated as a hexamer and the
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rate of chain initiation of non-polar monomers in hydrocarbon solvents
has been shown to be 1/6th order in n-Buli (52). It has been assumed
that the léw efficiency of n-Buli in the polymerization of acrylonitrile
could be related to the associated state of the initiator (42,105,155).
In the polymerization of methacrylonitrile.the low efficiency of n-Buli
was thought to result both from the associated state of n-Buli and from
a preferential addition of the monamér to the propagating centers

rather than n-Buli (126). If either the preferential addition of the
monomer to the propagating centers or the associated state of the
initiator are responsible for the low initiator efficiency, an increase
in initiator concentration in the reaction mixture would decrease the
efficiency of the initiator. An analysis of the data reported on the.
n-Buli initiated polymerization of methacrylonitrile shows the initiatoer
efficiency to increase with an increase in n-Buli concentration. This
contradicts both the assumption of a preferential addition of moncmer to
the carbsnions and the assumption of incomplete participation of n~Buli
in the chain initiation of polar moncmers because of associated state.
Since acrylonitrils and methasrylonitrile are acidic monomers, the
anions obtained from them would be less active in monomer addition than
‘butyl anion (e.g. butyl anion is capable of adding st&rene ﬁhile the
acrylonitrile anion is not). Therefore if a preferential addition of a
monomer occurs it should be to n-butyl anion rather than to a polyacrylo-

nitrile or to a polymethacrylonitrile anion.

About 98.5% of 9-fluorenyllithium has been shown to disappear

during the first five minutes of polymerization of methyl methacrylate in
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toluene-diethyl ether mixture (9:1) at -78°C. (78). Acrylonitrile and
n-Buli are more reactive than methyl methacrylate and 9-fluorenyllithium
respectively (47,49). Therefore it is rather difficult to understand

how n~Buli could remain unreacted in the reaction mixture for the long
periods of reaction time considered in the polymerization of acrylonitrile
and methacrylonitrile. Recently Kawabata and Tsuruta (136) have shown

in n-hexane at 30°%C. and in THF at -70°C., that n-Buli reacts very rapidly
with acrylonitrile, methacrylonitrile, methyl methacrylate and methyl

acrylate.

Since the efficiency of n-Buli as an initiator based on one
initiator molecule per polymeric chain was low in both the present work
and in the work reported elsewhere (42,105), and since as discussed
above the initiator would not remain wireacted for any prolonged period,
the initiator mist have been consumed in reactions other than the chain
initiation. Some exsmples of the possible reactions between n-Buli and

~acrylonitrile or polyacrylonitrile are given below:

-+
ChHg—LHz—CH Ii XXT

I
y o
_ - .+
. I - - 3
UAH9 CH2 CH=C=N Li XXT1

/

Ii + CH.=CH (B)

Cll’Hg : | \
' CN CH.=CH
2 _ o+ XXTIT
CLLH9-C=N i (C)
. e+ :
CH2=(|) Ii + CpHig XTIV

CN
(D)
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® | it

~*'V~CH2-CH-CH2—?—CH2-TH XXV
CN CN CN
+ C,H
ChHgLa +-v~CH2-?H-CH2-?H-CH2-?H
CN CN CN
-**~CHz—?H—CHz-?H—CHZ-CH—-- XXVI
N oN 4
C4H9-C=1\T Ii
(H)

If the polymerization occurs rapidly, reactions XXTIT and XXIV are also -
possible with a polymer molecule as given in reactions XXV and XXVI

respectively.

Reaction XXT followed by the successive 1,2 addition of
acrylonitrile to carbanion (A) would give the normal polymerization

process:

k
- .+ : P - .+
CAH9—CH2—?H i + CH2=CH —_— CAH9-CH2—CH—CH2—?H Ii

-+ o -+
CyHo(~CHp~CH)— CHp=CH Ii  + CHp-CH —= ) Ho(~CHp~CH)— CHo-CH Ii
i | i |
CN CN c . ON CN

XXVIT
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Acrylonitrile undergoes a cyanoethylation reaction with
compounds possessing a reactive hydrogen atom (symbolized below by HA).
The reaction is believed to occur by an attack of the anion A~ on the
positively polarized p-carbon atom (138):

d+ d- |
CHy=CH-C=N ~——=- CH,~CH=C=}

CHo~CH=CH=N + A — (A—CHZ—CH=C=N -k—-A-CHz-CH—CEN)

A-CH.-CH, + A

2 | 2
CN
It has never been established either that the protor adds to the
nitrogen atom followed by a rearrangement or that the proton adds
directly to the «~carben aton, If an analogy is drawn with the cyanc-

ethylation reaction the anion obtained in reaction XXIT would rearrange

as:

. . g -.~I;'
CAH9-CH2-CH=C=N Ii —-———e Chﬁ9"CH2'?H 13

~CN
(B) (4)

If (B) adds monomer without undergoing a rearrangement, then the
specurum of a polyacrylonitrile obtained should give an absorption band
in the IR region at 4.8-5.0n, characteristic of a DC=C=N group. The

abscrption band at 4.8-5.0u was zbsent from the IR spectra of the poclymers
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obtained in the present work (Fig. 26). Therefore the monomer addition
to (B) did not occur. If (B) is rearranged to anion (A), propagation
would occur by the reaction XXVII by a 1,2~addition. The initiator
efficiency observed in the present work could then be accounted for

by reactions XXI and XXII. The possibility that (B) was not converted
to (A) and hence could not propagate the polymerization cannot be ruled

out. On termination with acidified acetone this would give (F):

~.t ‘ .
ChHg—CHQ—CH=C=N i+ HCl.f——-ChH9CH2~CH=ﬂ=NH + IiCl

1

C AH90H2—CH2—CN (F)
Since the filtrate and washings obtained after removal of PAN were not

analyzed chemically, the presence of (F) could not be confirmed.

A reaction of n~Buli with monomer to give (C) or a similar
reaction with a polymer (XXVI) would account for the contribution of
the initiztor to the side reaction. The imine ion produced is Qonsidered
to be Loo weak to add monomer. It may however react with the nitrile
group on the polymer to give a cyclic structure (34) with the development
of .a color. The intensity of the color would depend upon the number of

consecutive cyclic units along a polymeric chain.

”'*CHZ—CH-CHz—%H-CHZ-%H—CHZ—ﬁH'"”'“

CN CN CN

- .+
Bu-C=N Ii CH CH CH
(H) ~~CH,,~CH
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The polyacrylonitrile obtained at ~78°C. is white, indicating
that a cyclization reaction as described above does not occur or occurs
lto a very small extent. At or above -40°C., the polymer was colored,
the intensity of which depended upon the polymerization conditions (e.g.
moncmer concentration, initiator~éoncentration, reaction temperature,

ete.).

Upon termination of the reaction the imine ion would be
converted to an imine group(>C=NH), which may be hydrolyzed to a carbonyl
group:

SC=NH + Hy0 — >C=0 + NH3

[}
The presence of -C=N-, -(é=NOn-, and ¢=O have been indicated by the
infrared measurements on the polyacrylonitriles obtained at different

temperatures (Fig. 26).

Theréforé it may be concluded that reaction XXIIT and XXVI
compete with the chain initiation reaction by n-Buli in acrylonitrile
polymerization and they seem to be partly responsible for decreased

efficiency of n-Buli in chain initiation.

In a study of the potassium amide initiated polymerization of
methacrylonitrile, a colored polymer was obtained (34). An attack of
an amide anion on the nitrile group followed by cyclization of the
polymeric chain by the attack of the imine ion on the neighboring nitrile
groups was proposed to explain the coloration in the polymer (34). Further,
n-Buli has been found to attack the carbonyl group of allyl acrylate and

methyl methacrylate (133,154).
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Tsuruta et al. (136) have showed that in n~hexane at 30°C.,
and in THF at -78°C. , only the reactions XXI and XXIV occur to a large
extent between nmléuli and acrylonitrile. Reaction XXIII accounted for
about 1% initiator in n-hexane. Depending upon the concentration of
n~Buli and acrylonitrile in THF, the nitrile addition.(XXIII) accounted
for 3 to 10 percent of the initiator. The anion (D) produced in the
reaction XXIV has also been postulated to form during a chain transfer

to monomer and to propagate polymerization by monomer addition (42,155):

Q- TiT + CHo=CH —22% e GH,-CH, + CH,=C Ii
> 2 272 o
N o CN CN
(D)
-+ AN . -+
OHp=C i ———= CHy=C—( CHz-(llH—)_, CH,~CH T4
_ | J
CN o N CN
(D)

The polymer obtained by the monomer addition to the anion (D) would have |
a terminal methylene group (CH2=O< ). Since the presence of the methylene
group in the polymers was not detected by the bramination method or by
an eacanﬁﬁation éf the infrared spectra, the occurrenc;e of the reaction
XXIV with the monomer could not be established. If a similar reaction

occurs with the polymer (¥XV), the carbanion (G) produced would add monomer

to give a branched polymer: CH2—CH--—
+ CN
- o AN
M-—-CHZ-CII ——-CH2-(|3H-— = —~——CH 2—?—CH2-C|JH-'-
CN CN CN CN

(@)
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Although the reaction (XXV) was definitely absent at ~78°C., it might
have conﬁributed to the observed branching at higher temperatures. The
exact contribution to the polymérization process of reaction (XXV) is

difficult to establish from the present work.

Frem the above discussion it could be concluded that a small
fraction of the initiator initiates the polymerization by the reactions
XXT and/or XXII. Reactions XXTIT and XXVI account for the consum@tion
of the initiator in the side reactions. Regctién XXTV does not occur
with the monomer. However reaction XXV might be occurring with the

polymer to a varying extent, particularly at higher temperatures.

EFFECT OF POLYMERTZATTON THMPERATURE:

In the formation cf polyacrylonitriles the temperature of
polymerization was found to affect the polymer yield, the molecular
weight, the molecular vreight distribution, the absorption vands in the

Aspectra, th; eclor and the extent of branching.

2. The dependence of yield and molecular wWelght on temperature

If the stability of the carbanion is independent of temperature,
the propagation should contirue as long as monomer is available, This
would lead to a quantitative polymer yield independent of temperature
and the molecular weight of the polymer would be equal to the molecular
weight of the meononer times the monomer~to-initiator ratio. The data
on the polymer yield and the molecular weight given in Appendix B show

that in the present work both the percent conversion and the molecular

weight decrezsed with an increase in polymerization temperature. This
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would seem to imply fc.hat the stability of the carbanions is temperature

dependent.

- In hydrocarbon solvents n-Buli has been shown t§ édst as
a hexamer in equilibrium with a low concentration of a monomeric n-Buli
(35,122). Therefore it is quite reasonable to assume that with an
increase in the reaction température the concentration of monomeric
n-Buli would increase, a higher number of polymeric chains would be
initiated and the molecular weight of the polymer would decrease. However
an increase in the number of polymeric chains should increase the polymer
yield. In the present work the percent conversion was found to decrease

with an increase in the polymerization temperature.

In the polymerization of styrene, a non-polar monocmer, the
conversion and molecular weight of the polymer were found to be independent
of the temperature (96). Among polar monomers, the temperature
dependence of yield and molecular weight of polyacrylonitrile has begn
~ reported by Zilkha and coworkers (42,43,49), and appears to agree with

the present work.

The carbanions seem to be stable. below -60°C., but the gel
formation in the reaction mixture complicates the progress of the
reaction. Therefore the conversion was never quantitative. Both the in-
stability of the carbanions at higher temperatures and the gel formation
at lower temperatures led to difficulties in measuring the propagation
rate constant as a function of a temperature. Therefore the activation

energy for propagation, Ep, was difficult to determine.
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Flory (197) has used a semilogarithmic plot of a molecular
weight against 1/T to obtain a value of the difference in the activation
energy between propagation and termination, (Ep'Et)‘ Further, the plots
of log M, against 1/T for polyacrylenitriles obtained with anionic
initiators have been reported to be linear in the temperature range of
20 to -60°C. (42,43,49). When the molecular weight data of the present
work (Appendix B) are plotted in thié manner as in Figure 15, é deviation
from linearity appears for polymers prepared at or below -60°C., with

the deviating points falling below the straight line.

Either 100% conversion or camplete deactivation of the
propagating centers can be taken to indicate the completion of the
‘reaction. " At or above -hOOC., the reaction was completed in a very short
time (< 5 minutes). Below -60°C., the conversion and molecular weight
_inereased gradually with time and the reaction was incomplete after
one hour. If the molecular weights obtained after the completion of the
reaction at or below -60°C. are plotted (Fig. 15), the points may lie on

or above the linear plot obtained for polymers prepared at or above —AOOC.

The values of (Ep-Et) for the polymerization of acrylonitrile
"calculatéd from.the semilogarithmic plots have been found to lie between
2.0 and 5.2 k.cal/mole (43,48). This compares with the values of (EPAEt)
between 2.5 and 5.0 k.cal/mole for polymerization between O and -60°C.
(Table VII). The values calculated from the molecular weight data on
polymers obtained at -60°C. and -7800. are also recorded in this table

but are of doubtful significance.

The polyacrylonitrile prepared at -78°C. in THF, THF + DMF and
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at -50°C. in DMF with alkyllithiums and other initiators were shown to
poésess a branched structure (74,153). In the present work also thev
polymers were found to contain a branched structure, the degree of which
increased with temperature (Table XV). Therefore the molecular weights
calculated from viscosity measurements using the Mark-Houwink relation

(156) would be in error. In all the semi-logarithmic plots of molecular
weight'against 1/T thus reported, ﬁ%.has been used without regard to the
presence of branching. Therefore it seems reasonable to conclude that

the vélues of (Ep'Et) reported in this thesis and in the literature are

open to serious question both in their significance and in the applicability

of the method used for %heir determination.

b. Heterogenelty in polymers prepared at different temperatures

The molecular weight distributions determined by a method based
“upon the analysis of progressive boundary spreading in the sedimentation
velocity experiments, although tedious and time~consuming, appear to be
. reasonably accurate. This method does not seem to have been applied to

- determine molecular weight distributions in polyacrylonitriles. Usually
the molecﬁlar weight distributions, reported for PAN samples, are
determined from the molecular weight data, measured on.fractions obtained
by the fractional precipitation technique. Unfortunately this technique

gives a poor separation of PAN fractions (161,186).

An analysis of the sedimentation velocity experiments on a
mixture of two uniform polystyrene samples showed the resolution efficiency
of different molecular weights to be quite good (103). Scholtan (198)

analyzed polyvinyl pyrrolidone by sedimentation velocity analysis,
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fractionation and turbidimetric titration and observed good agreement

in the results obtained. Wales and Rehfeld (170) observed good agreement
between the molecular weight distributions determined by sedimentation
velocity analysis and precipitation chramatography. Gupta, Robertson

and Goring (165) have shown that alkali lignin samples had a continuous
sedimentation coefficient distribution ranging from 0.5 to 400 3. The
sedimentation coefficient distributien curves computed from the
sedimentation velocity analysis studies on fractionated and unfractionated

polymer samples showed fairly good correlation.

On the basis of the findings of these workers on the application
of this technique to other polymer systems and the generally low
‘reliability of other techniques used for determining the moleculer weight
distribution in PAN samples, it was decided to apply the sedimentation

velocity analysis method in the present work.

The differential molecular weight distribution data calculated
from the sedimentation velocity analysis of polyacrylonitrile samples
prepared at different temperatures are plotted in Figure 25. The values
of the heterogeneity indices determined from the molecular weight
’distribution data are given in Table XVII. From these plote it appears
that the poiymer samples contained no low molecular weight material.

The samples did however contain a high molecular weight fraction in
varying amounts. The absence from the polymer samples at -~78°C. of a
low or a high molecular weight fraction (Fig. 254) and a low value of
the heterogeneity index (1.08) suggest a uniform chain propagation and

the absence of a slow chain initiation or chain termination. The



. fraction of high molecular weight material (Figs. 25B to 25D) and the
het;erogeneity indices (Table XVII) increase with the temperature of
polymerization. These data suggest that the rate of both chain
initiation and chain termination increased with the temperature of

polymerization.

Non-polar monomers have been polymerized by the anionic

mechanism to give polymers having a very narrow molecular weight distribution
and a low h_eﬁerogeneity index (112). The presence of a functional group in
a polar monomer often complicates the polymerization mechanism and leads

to polymers having a broad molecular weight distribution. In 9-fluorenyl-
lithium initiated polymerization of methyl .methacrylate for example, the
value of the heterogenelty index was 20 (199). In another report Bywater

et al. (132) found that polymethyl methacrylate obtained with n-Buli had
~a bimodal mole_cular weight distribution. From these data it was concluded
that a rapid temination of most of the carbanions occurred. The literature has
only one report orn the molecular weight distribution in the polyacrylo-
nitfiles obtained with anionic initiators. By fractionation of the
polyacrylonitriles prepared at -78°, , Miller (105) showed the polymers

to have a narrow molecular weight distribution. The heterogeneity index

of the polyacrylonitrile was reported to be between 1.2 and 1.3 compared

to a value of 1.08 reported in the present work (Table XVII). The

mol-ecular weight distribution obtained by Miller (105) showed the

presence of a low and a high molecular weight fraction in the polymer.

This experimental finding caused Miller to conclude that the polymerization

proceeded through a slow initiation and slow propagation of the pdlymeric

chains.
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c. Discussion on spectroscopic measurements on polyacrylonitriles

(ij The infrared spectra of polyacrylonitriles

The presence of absorption bands between 5.5 and 6.5n in
the IR spectra of PANs given in Figures 26A and 26C clearly indicates
;c.hat the polymer structure is composed of more than mere —CHZ-%I:II units
joined together in a head to tail fashion.

The IR spectrum of PAN prepared at -78°C. (Fig. 26A) is
virtually identical with that reported for PAN prepared by a radical
initiation (Fig. 26D). Tl_ue only observable difference between the
spectra is in the weak but distinet absorption bands at about 5.8, 6.0
and 6.1n. These absorption bands are absent in the IR spectra of the
radical polymer. The absorption bands at 5.8 and 6.0n could be
assigned to the presence of >C=0 and DC=N- respectively (193). The
absorption bands at 6.1n could be assigned to the presence of >C=(< ,

-(('J=N)n— or to the traces of water (43,200,201).

If during polymerization, polymeric chains are terminated by
a chain transfer to monomer, the presence of >C=(< in the polymer may

be by either of the following reactions:

-+
—CH=CH  + CHB—?H Li

Y82 |
n CN CN
~——CH,-CH Ii + CH,CH
| | (2
o N CH -CH_ + CH=CTTi
M 2-| 2 2 |
CN . CN (D)
AN

CH2=f—CH2—(|3H-~

CN CN



- 17 -

The anion (D) is also produced by the interaction of n-Buli with

acrylonitrile:

. -+
n-GH.Ii + CH=CH C o + CHCT1d
CHl . CN
(D)

The -éH=éH-‘end group, if present in‘the polymer, shouldvgive absorption
bands at 13.7 - 15.0n (cis position) or at 10.2 - 10.4n (trans position)
and at 6.1ln. The >C=CH2 end group, on the other hand, should give
absorption bands at 6.1lp and at 11.15 - 11.30n (193). Since no absorption
bands but the 6.1n band were observed in the spectrum of PAN (Fig. 264),
>0=C< was absent. The absence of >C=C< from the polymer was also
indicated by the bramination test. Since the polymer is white in color,
the presence of the conjugated structure to any significant extent is
"questionable., However the presence of a few -(é=N)n- conjugated units at
random in the polymer might have contributed to the observed weak absorption
band at 6.3u. The presence of water in the KBr disc could be inferred ffom
the absorpticn bands at 2.75 - 2.83n and at 6.1u. The absorption band

at 6.1p was stronger in the spectra of those PAN samples which showed
'stronger'absorpﬁion bands around 2.75 - 2.83n when tﬁe moisﬁure content

in the KBr of the discs was higher. Therefore the 6.1n absorption band

in the spectra of polymers could be assigned to the presénce of water

and possibly —(é=N)n—.

The IR spectra of PAN samples prepared at higher temperatures
such as given in Figures 26B,C differ remarkably from that of PAN

prepared by a radical initiator (Fig. 26D). The absorption bands between
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5.5_and 6.5n are stronger and more in number than those in polymers
prepared at -78°C. Moreover,'above 6.5n several new absorption bands
are also observed in these spectra (Figs. 26B,C). The presence of an
amide group (—CONHZ) in these polymers is suggested by the absorption
bands at 2.96, 3.07, 6.00, 6.25 and 7.051 in the spectra of these
polymers (202). Further the absorption bands at 5.8 and 6.00u could be
assigned to the presence of >C=0 and >C=N- gfoups respectively (193).
It is well known that the systems which contain conjugated unsaturated
groupé, such as -(é?é)n- and -(6=N)n-, form colored species. In the IR
spectra of cqmpounds containing these groups an absorption band is
observed around 6.1u. Thus the broad absorption band observed near 6.1n
could be assigned to either one or both of these groups in the polymer.
The inability of these polymers to add bromine and the absence of bands
at 13.7 - 15.C0u, 10.2 -~ 10.4n, or at 11.15 - 11.,30u from the spectra of
‘polymers suggeét the absence of >C=C< structural units from these polymers.
Therefore the abéorption bands in the spectra around 6.1n and the color

. S
of the polymer could be considered to reflect the presence of —(C=N)n- in

the polymer.

Tsukamoto (74) observed that the polymerization of AN in DMF +
THF as a solvent at -78°C. gave a white polymer having an IR spectrum
very similar»to that of the polymer prepared by radical initiation. In
DMF alone at -55°C., the polymer obtained was yellow. The spectrum of
the polymer was not reported however. In DMF, n-Buli initiated
polymerization gave a white PAN (155). The presence of the cyclic keto

group was established in this polymer from an absorption band at 5.8u.

If, during polymerization, propagation ceases by monomolecular termination
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of the polymeric chains to give an imine ion as:

CH<S§
CH2 CH2
- | |
~~CHo~CH-CHp-CH-CHp~CH 11 —Y= ~~CH_~CH CH.CN
| | | \\\;c,///
CcN O N ..
: N Li

on termination of polymerization with an acid the imine ion gives the ¢=NH

group which hydrolyzes to the ¢=O group.

Zilkha and coworkers (43) have assigned tc>>C=CH2 groups the
6.1n absorption band cbserved in the spectra of PANs prepared with anionic
initiators. However no reference has been made to any absorption around
11.15 ~ 11.30n in the spectra. inrrall et al. (37) did observe an
absorption around 11.11p in the IR spectra of PANs preparéd with sodiomalonic
ester and this was assigned to the presence of terminal methylene, C>C=CH2),

groups in the polymer.

¥

In the Y-ray initiated polymerization of acrylonitrile in
ethylene, Sobue and coworkers (146) showed that the polymerizatiqn of both
vinyl and nitrile groups occurred. Further the polymerization of the
nitrile group was by an anionic mechanism giving a colored polymer with
an absorption band around 6.0 - 6.251. During studies on the potassium
amide initiated polymerization of methacrylonitrile in ammonia, the
observed color of the polymer and an absorption around 6.00n in the IR
spectra were assigned to the presence of conjugated —(é=N)n— units in the
polymer (34). The amide ion was considered to attack the nitrile group
to give an imine iBn, followed by propagaticn via neighboring nitrile

groups, the propagation being limited to the isctactic sequence in a
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polymeric chain.

The heat and alkali treatment of PAN has been long known
to give a colored product having an absorption band around 6.0n (203,204).
Any agreement on the exact origin of this band is still lacking, but it
has been considered to be a characteristic'of either conjugated -(é=é)n-
or conjugated -(é=N)n— groups (192,205). Recently Peebles (200) has shown
that the observed color and infrared absorption in heat and alkali treated
PANs could be better explained by assuming the presence of conjugated

—(c':=N)n- in the polymer.

The IR spectra and the bromination test with PANs prepared at
different temperatures does not indicate the presenée of any >C=C< groups
in the polymers. Hence it is quite reasonable to consider the observed
color and IR absorption bands of PAN as having their origin in the
.presence of -(é=N)ﬁ- in the polymer. If the butyl anion attacks the
nitrile group, the subsequent nitrile addition to the imine ion so

. |
obtained would explain the presence of conjugated -(C=N)n- unite in the

polymer.

. The IR spectrum of the residue from the filtrate and washings
of the polymerization experiments above -AOOC., given in Figure 17, has
a small absorption band at 4.42p cémpared to that in the spectra of PAN
samples given in Figure 26. This indicates that the nitrile group

participates in reactions during polymerization
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Initiation

~——CH_- CI}H - CH~ (|}H - CH, - (|)H2~"~
CN N CN
Buli —

~wCH2— CH- CH2— CH —CH2— CH~——~

I _ 5 I
Bu-C Ii ON oN

Propagation:

_CH, _CH, __CH,
~CH,~CH ~CH “NcH "N\ CH.CN st

c C.
ST N Nyt

l Termination
(HCL)

Q—Q
m

R ¢ .
/ \N/ \NH + IiCl

S>CNH + HO (HC1)

N\

>C=0 + NH3.

The presence of amide groups in the IR spectra of PANs arises

from the partial hydrolysis of nitrile groups in these samples (202).
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(ii) The ultraviolet spectra of polyacrylonitriles

| The spectroscopic measurements on a number of compounds
containing >C=C=N showed an absorption band at 4.8 - 5.0pn in the IR
region and at 286 - 294 mu in the UV region in the spectra (206). Both
of these absorption bands were missing from the spectra of PANs obtained
in the present work. Beevers (207) has studied the IR and UV spectra of
PAN films and concluded that the UV ébsorption band at 270 mu observed
in those films could not be explained by the presence of ketene-imine
groupé in the pélymers. Séhurz and coworkers (208) have studied the UV
absorption spectra cf several compounds containing carbonyl and imine
functional groups. In n~hexane, iminobutyronitrile was shown to have an
aﬁsorption maxima around 259 mp. Thus, it is very likely that the UV
absorption observed in PANs at~268 mp as shown in Figure 27 could be due
to the presence of =NH groups in the polymers. Infrared measurements on
PANs as given in Figures 26A to 26C do confirm the presence of =NH grocups
in the polymers. However it could not be established definitely that
the absorption at 268 mp was caused by the presence of =NH alone. A
variety of factors (decrease in monomer concentrati.on, ingrease in
initiator concentration and increase in polymerization temperature),
‘which favor increased participation of the initiator in side reactions,
were also found to give polymers with increased absorption at~268mpy,..as

‘seen in Table XVIIT.

d. Color and branching in polyacrylonitriles

During the polymerization of acrylonitrile initiated by organo-

metallics,in addition to a chain initiation and a chain propagation
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reaction, other reactions occur which often lead to a yellow branched

polymer.

In the present work acrylonitrile was polymerized to give a
| white polymer below -60°%. and to give a yellow polymer at higher |
temperatures; During the polymerization, an anion A~ derived from the
initiator or the propagating center may attack a nitrile group of a

polymeric chain at random to give an imine ion (XXVIII):

'*-CH2-?H—CH2-?H - --CH2-?H—CH2-?H~***
—>CN CN A-C=N  CN (XXVIII)
e
Depending upon the spatial arrangement of the neighboring nitrile groups,
the imine ion might undergo further reaction with the nitrile groups to

give a cyclic structure:
CH CH CH cH
SRR TR

“fCHa—CH H CcH CH CH ~~

c
<|: <|: c c
) Sl et O Tt

The presence of the conjugated imine groups in polyacrylonitriles prepared
at or above -40°C. was indicafed by IR measurements on the polymers (Fig..
26). Further, ﬂhe coloraﬁion in heat and alkali treated polyacrylonitriles
has been explained by the presence of cyclic structures in the polymers (192,
205). Therefore it is reasonable to conclude that the nitrile group of the
.polymer was attacked by the butyl (CAH;) or the polyacrylonitrile G*CHZ—QH—)
anion, and the imine ion was further cyclized to give a colored o

product. Since the polymer was white at or below -60°C., the cyclization

reaction did not occur to any marked degree. Overberger et al. (34)
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explained the coloration in polymers by postulating an attack of the

amide ion on the nitrile group of the polymethacrylonitrile followed by

the cyclization thrbugh successive nitrile additions to the imine ion.
Further the coloration in the disodiomalonic ester initiated polymerization‘
of acrylonitrile has been explained by assuming the presence of a cyclic

structure in the polymer (37).

For polymers having the same molecular weight, the intrinsic
Viscosity, [h], will decrease while the sedimentation coefficient, Sz,
will increase with increase in.the number of branched units per polymeric
chain. A 1ogarithmic plot of Eh] against Sg should'be non-linear and
have a negative slope. For polyacrylonitriles prepared at —7800., the
two quantities Eﬂ] and Sg (which vary opposite to each other with variation
in branching in polymers) were related linearly on a logarithmic scale,
with a positive slope, as given in Figure 22. Therefore one can conclude
that the reactions leading to a branched structure in the polymer were
minimal at ~78°C. At other temperatures, the reactions contributing to
branching were significant, as seen from Table XV. The degree of
branching in a polymer.sample obtained at 0°C. (PAN # 261) is rather high
_and probably in error. Since the sample was polydispersed, the sedimentation
coefficient determined from ﬁhe maxima of the velocity gradient curves might
lbe higher than the actual value. It is also possible that equation (36),

used to convert Sg to [ﬂ]l, may not hold for a highly branched polymer.

In PAN branching is possible by an attack of butyl ion on a
tertiary carbon atom or a nitrile group of the polymer followed by the

usual chain propagation:
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+
Li

~~~CHp~C~CHy~— + BuH (Xxv)
, |
~ a (6)
Buli + ~—CH,~CH~CH—
2 l 2
oN ™~
~~~CH,~CH~CH,~~—~ (XXVI)
2 ' 2
-+
Bu~C=N Ii
The anion obtained in XXV has been considered to be reactive enough to

add more monomer to give a branched polymer (74).

+ |
: CH
Ii
- AN | 2
---CH2-%}—-CH2-+ — CN-(IJ-CHZ-?H-CHZ-(IIHM
CN | GH, N N

|

The basicity of the imine ion obtained in XXVI is considered to be
insufficient to add monomer (47). Recently it has been shown that
acrylonitrile does not add the imine ion (153). Moreover a carbanion
of the growing chain may interact with the tertiary hydrogen, or with
a nitrile group, to produce a branched structure as given by reaction
XX
. Ii+
f . ~~CHgp=CHy . + ~~CHp~C-CHy~~  (XXIX)
CH2 | |
| / CN CN
s ©)
~CHo-CH Ii + CH.CN
CH \
[ ~~CH,_ ~CH~CH, ~~— (XXX)
2 ' 2+ :
*'*CH2—0H~C=N 1i
|
CN
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Therefore the reaction XXX or the monomer addition to the carbanion (G)

would lead to branching in PAN.

In a solvent con31st1ng of DMF and THF (1:1) mlxiure, at -78 C.,
the PAN obtained with several sodium and lithium organametalllc camnounds
was shown to have a branched structure (74,153). The presence of
' branching in the PAN was explained by assuming the attack of the carbanion
on the polymeric chain as given by the reaction XXV, followed by fhe
propagation reactién. Psuruta et al. (136) have shown that in hexane at
30°C. and in THF at -78°C., an attack upon the tertiary hydrogen atom of
AN and PAN is the major reaction that n-Buli would undergo to give CH2?g;.

and (G) together with n-butane.

‘The formation of CHé=%; given by the reaction XXITV does not
seem to be indicated from the data of the present work (monamer addition
to CH2=g§ would give polymer with terminal vinyl group). Since the
carbanion (G) has been produced by either reaction XXV or XXIX and, further,
since (G) has been found to propagate at —78 C., the PAN obtained at -78 °c.
should have a highly branched structure. Since ﬁore than 90 percent of the
initiator has been consumed in reactions other than chain initiation, a
largér'porﬁion of the initiatér might have‘c§ntributed in a reaction to
produce (G). However the polymer obtained in the present work at -78°C.
had a linear structure. Therefore the reaction to produce (G) and its

subseQuent propagation at —78°C. does not seem to occur under the

polymerization conditions used in the present work.

It should be noted that in the n-Buli initiated polymerization

of acrylonitrile, at O°C., in DMF, THF and petroleum ether (42,155), or
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at -78, -40 and 0°C. in toluene (105), no mention has been made of

the presence of branching in the polymers. Only in one recent paper has

it been claimed that, at -78°C. in toluene, n-Buli initiated polymerization
.of acrylonitrile produces a branched polymer (153). In this same publication
the molecular weight has been reported to decrease with increase in
conversion. This would be possible if the polymer is being degraded during
the polymerization as reported by Worrall et al. (37). No evidence for
degradation was found in the present work and the molecular weight of PAN

(obtained at =78°C.) was found to increase with conversion.

In the n-Buli and the 1,l-diphenyl hexyllithium initiated
polymerization of allyl acrylate (containing a tertiary hydrogen atom
similar to acrylonitrile) Bywater et al. (194) have shown that the
initiator attacks the ester group in preference to the tertiary hydrogen
atan of the monomer or the polymer. Since the butyl anion is more
reactive than the polyacrylonitrile anion it seems more reasonable to
- conclude that the polyacrylonitrile anion would not attack the tertiary
hydrogen atom, rather the initiator and the carbanions would react with
the nitriie group. The imine ion produced by these reactions adds to
nitrile groups to further the cyclization to give a colored polymer. The
interaction of the carbanion with the nitrile group followed by the
_cyclization reaction would lead to a colored polymer having a branched

structure.



APPENDIX A

TABLE A-T

Acrylonitrile Polymerization and Viscosity Data
Initial Monomer Concentration, [M]o = 05 Mole/Iiter

(Polymerization in Toluene at -78°C. Viscosity

measured in Dimethyl formamide at 25°C.)

Reaction Polymer Monomer - _ — _2 (DP_) Initiator
time, t© yield conc. at t [7025 -vaJ.Oﬁ kalO 3 ——.’-‘P—(DP“)‘_’ t consumed
(mtes) @ [, neale o eras (@)
Set (a) Initiator concentration = 1.0 x 107 Mole/Liter; [M] /[I] = 500 |
5 18.8 0.406 2.300  2.16 4.99 43.30 2.31 2.3
10 21.9 0.390 2.851  2.90 5.81 49.91 2.00 2.0
20 24,.5 0.377 3.130 3.28 6.50 50.46 1.98 2.0
60 26.6 0.367 3.602 3.96 7.06 56.11 1.78 1.8
300 32.5 0.337 4.220 4.90 8.62 56.83 1.76 1.8
Set. (b) Initiator concentration =5 x 107% Mole/Liter; [M] /1], = 1000 ° |
5 13.7 0.432 2,100 1.93 7.25 26.63 1.88 3.8
10 16.4 0.418 2.637 2.60 8.70 29.88 1.67 3.4
20 18.5 0.407 2.880 2.92 9.81 29.75 1.68 3.4
60 22.8 0.386 .  3.491  3.79.  12.10 31.33 1.60 3.2
300 24.1 0.379 3.070 3.20 12.79 25.03 2.00 4.0

( continued )
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TABLE A-I (continued)

Reaction Polymer Monomer : _ -5 - -3 (DPn)e t Initiator
time, t yield coxtc at t [T]] 25 M _x10 M, x10 P, consumed

t X 4 . Mole/Iiter)x10 ]
(Minutes) (%) Mj nicale ( /Liter)x10° (%)

Set (c) Initiator concentration = 2.5 x 107 Mole/Liter; (M) /(] = 2000

5 11.1 O0.444 2.950 3.03 11.78 - 25.72 0.97 . 3.8
10 12.3 0.438 3.070 3.20 13.05 24.51 1.02 4.1
20 E 16.6 0.417 3.263° 3.1.,,6 17.60 19.66 1.27 5.1
40 16.5 0.417 3.320 3.55 17.51 20.27 “1.23 4.9
60 18.6 0.407 3.678 4.20 19.74 21.28 1.18 L.7
300 21.7 0.391 L.340 - 5.08 .23.03 22.06 1.13 L.5
Set (d) Initiator concentration = 1.66 x 10 % Mole/Iiter; [MJ o/ [I]o = 3000
. _ : \
5 3.4 0.483 2.450 - 2.37 5.43 4L3.66 - - 0.38 2.3 -
120 8.9 0.455 3.130 3.29 14.18 23.20 . 072 4.3 g
300 11.1 O.444 4.110 L.70 18.15 25.90 0.64 3.8 .
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TABLE A~-IT

Acrylonitrile Polymerization and Viscosity Data

Initial Monomer Concentration, [M]o = 1.0 Mole/Iiter

(Polymerization in Toluene at -78°C. Viscosity
measured in Dimethyl formamide at 25°C.)

Reaction Polymer = Monomer : = 5 - -3 (DP,) . _ Initiator
time, t yield  conmc. at t [71]25 M x10 M x10~ __ Blexpt consumed
(Minutes) (%) £ o PFoleate  (wore/Titeryxio> (z)
Set (e) Initiator concentration = 1.0 x 10 Mole/Liter; [ /[z], = 1000 |
1 25.7 0.743 5.280  6.45 13.64  47.30 2.09 2.0
5 - 28.3 0.717 L.4T0  5.30 15.02  35.29 2.83 2.8
10 26.8 0.732 3.700  4.10 .22 28.83 3.47 3.5
20 28.3 0.717 3.680°  4.08 15.02  27.17 3.68 3.7
4O 30.3 0.697 3.750  4.15 16.08  25.81 3.87 3.9
300 34.7 0.653 5.260 6.50 ° 18.41 35.30 2.83 - 2.8
Set (f) Initiator concentration =5 x 107 Mole/Liter; [M] o/ [1), = 2000 -
5 13.3 0.867 3.860 4.3 .11 30.75 1.62 3.2
10 15.6 0.8k 4.093  4.70 16.55 . 28.39 1.76 3.5
20 17.2 0.828 . 4.190 4.8l 118.25  26.35 1.89 3.8
40 20.1 0.799 . 4,276 4.95 21.33  23.20 2.15 k.3
60 23.1 0.769 4.278  4.97 24.51° 20,27 2.47 4.9
300 27.6 0.724 L.970  6.05 20.65 2.42 4.8

-29.29

(continued)
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TABLE A-II (continued)

Reaction Polymer Monomer - -5 - -3 (DP )ex t - Initiator
time, t yield conc, at t - [ﬂ]25 M x10 X105 . consumed .
(Minutes) (%) Ith : : n’cale , ] 5

. t (Mole/Iiter)x10”, (%)

Set (g) Initiator concentration = 2.5 x 10~% Mole/Liter; [MJO/ [I]o = 4000

2 5.2 0.948 3.630 4.00 11.04 36.24 0.69 3.8

5 - 8.0 ‘ 0.920 3.952° L.45 16.98 26.21 0.95 3.5
10 11.0 0.892 - 5.310 6.60 22.92 28.79 "0.87 3.5
20 12.9 0.871 5.015 6.10 27 .42 22.24 1.12 4.5
L0 16.3 0.837 6.260 8.25'x 34.59 23.84 1.05 4.2
300 18.7 0.813 6.545 - 8.80° 39.68 22.17 1.13 L.5

Set (h) Initiator concentration = 1.667 x 1074 Mole/Iiter; [MJO/ [I]o = 6000

5 5.8 0.942 4.050 L.62 18.46 25.02 . 0.67 " 4.0
10 8.1 0.919 L.560 5.40 25.79 20.94 0.80 L.8
20 9.1 0.909 L.870 5.90 28.97 20.36 0.82 4.9
60 11.8 0.882 5.372 6.75 37.57 17.97 0.93 5.6
240 16.1 O.839» 6.800 8.15 " 51.26 15.90 1.05 6.3




APPENDIX A

TABLE A-ITT

Acrylonitrile Polymerization and Viscosity Data
Initial Monomer Concentration, [M]o = 2.0 Mole/ILiter

(Polymerization in Toluene at —7800.. Viscosity
measured in Dimethyl formamide at 25°C.)

Reaction Polymer Monomerb - _ - _;. (DP_) Initiator
time, t yield coxtc. st t [N),, M0 > Wx0 b (_DP_“.)ﬁ‘Pl . consumed
(Minutes) (%) My ' ' n-calc (Mole/]l.:i.tt—zr)JCLO5 (D)

Set (i) Initiator concentration = 1.0 x 10~ Mole/Iiter; (M) /(1] = 2000

5 35.4 1.292 4,930  6.00 3.76 15.97 6.26 6.3
10 25.4 1.492 6.070  8.00 2.69 29.68 3.37 3.4
20 7.4 1.452 5.554  7.05 2.90 21,25 4.12 Lol
60 29.6 1.408 6.080  8.00 3.1 25.47 3.92 3.9

300 30.9 1.381 6.300  8.30 3,28 25.27 3.95 3.9
Set (j) Initiator concentration = 5.0 x 107* Mole/Liter; [M] J/[1], = &o00

2 11.3 177 4950 6.02 2.40 25.06 2.00 4.0
5 U5 1.711 5.450  6.85 . 3.07 22.32 2.24 b.5
10 20.2 15596 6.160  8.07 4.28 18.33 2.66 5.3
20 . 18,5  1.631 5.960  7.70 3.92  19.66 2.54 5.1
4O 21.3 1.574 - 6.250 8.27 . 4.52 18.30 2.73 5.5
60 21.5 1.569 - 6.720 9.10 4.56 19.95 2.51 5.0
300 26.8 .46k 7.160  9.80 5.69 17.23 - 2.90 5.8

( continued )
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TABLE A-III '(continued)

Reaction Polymer Monomer [ - _ - . (DP ) .. ~ Initiator
time, t yield conc., at t [ﬂ]25 M x10 > ¥ x10 h Tl;P—nTm consumed
(Minutes (%) M, A n’cale - (Mble/literlx105 (2)

Set (k) Initiator concentration = 3.33 x 1074 Mole/Iiter; [M]o/ [I]‘O = 6000 7
5 .2 1.716 5.923  7.65 4.52 16.92 1.97

: 5~9

10 - 15.6 1.688 - 6.110 8.02 4.97 16.15 2.06 6.2
20 - 17.2 1.656 6.300 8.32 5.46 - 15.24 2.19 6.6
60 21.0 1.580 - 6.760 9.15 6.69 13.69 2.43 7.3
300 23.9 1.522 7.260 10.00 7.61 13.14 2.54 7.6

Set (1) Imitiator concentration = 2.5 x 10™* Mole/Liter; [i]) /[1], = 8000

~J O\t O\
wWomwwm

5 10.8 1.784 6.320 8.35 4.58 18.21 1.37
10 13.8 1.725 © 6.800 9.25 5.84 15.83 o - 1.58
20 15.0 1.700 7.800 11.00 6.36 17.27 1.4k
60 16.4 1.672 8.100 11.60 6.96 16.66 1.50

300 20.9 1.582 8.400 12.20 8.87 13.75 1.82

Set (m) Initiator concentration = 1.66 x 107% Mole/Liter; [yjo/[i]o = 12000

5 3.2 1.936 L. 740 5.70 2.04 27.98 0.60 3.6
10 4.8 1.904 5.579 7.10 3.06 23.23 0.72 4.3
20 6.7 1.866 . 6.540 8.80 4.27 20.63 0.81 4.8
60 11.0 1.780 7.320  10.10 7.00 .42 1.15 6.9

300 14.2 8.2

1.716 7.800 11.00 9.04 12.16 1.37

- 06T -



Acrylonitrile Polymerization and Viscosity Data .

Initial Monomer Concentration, [M]o = 14.0 Mole/Liter

(Polymerization in Toluene at -78°C. -Viscosity .
measured in Dimethyl formamide at 250C.)

'APPENDIX A

TABLE A-TIV

Reaction
time, t
(Minutes)

Polymer
yield

(%)

Monomer

coEﬁjtat t [ﬁ]25

= _a=5
-M&xlo. : kalo

-ly (DPn)eggt E
(DP,)

cale

Initiator
consumed

Set (n) Initiator concentration = 1.0 x lO"3 Mole/Iiter; Eﬁ]o/[ijo = 4000

5
10

20
60
300

18.3
22.5
25.2
29.1
2904

3.267
3.100
2.892
2.836

2.82,

5.650
5.950
6.042
6.282
6.530

7.05
7.70
7.90
8.30
8.80

3.89
4.78
5.35
6.18
6.2

18.13
16.12
14.77
13.44
14.10

Set (o) Initiator concentration = 6.66 x 1074 Mole/Liter; [hjo/[i]o = 6000

5
10

20
60
300

12.2
17.0

QB
W

30512
3.320

- 3.8
3.012 .
2.944

5.020
5.950
6.110°
6.520
7.040

6.10 .
7.70
8.00
8.70 .
9.62

3.88
5.41
6.78
7.86
8.40

15.71
14.23
11.80
11.06
11.45

~NON .

N3 OO\
QFEJwn
SF

4.25
4.69
5.65
6.03
5.82

(continﬁed)

B BN I e NV
H&E oW

(Mole/Liter)x10° - (%) |

.30 2 O
N HUioE
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TABLE A-IV (continued)

Reaction Polymer Monomer oS - | (oP ) .- Initiator
time, t yield COﬁc. at v [N, Wx1w07 o4 Rt consumed
(Minutes) (%) th _ D'cale - (yole /];_itgg)Xlos . (2)

Set (p) Initiator concentration = 5.0 x 1074 Mole/Liter; [M]o/ [IJO- = 8000

5 11.4 3.5, 5.680 7.22 L.8L - 14.92 3.35 L 6.7
10 . .2 3.,32 6.280  8.30 6.03  13.77 3.63 7.3
20 ‘ 16.3 - 3.348 74020 9.61 6.92 13.89 3.60 7.2
40 18.5 3.260 - 6.220 8.22 7.85 10.47 4,78 9.5
60 20.5 . 3.180 7:080  9.70 8.70 11.15 L8 8.9

300 25.0. 3.002 7.500  10.40 10.59 9.82 5.09 10.2
Set (r) Initiator concentration = 3.33 x 107% Mole/Liter; [M] J [I]o = 12000

5 10.1 3.596 6.3,0  8.40 6.43 13.06 - 255 7.
10 4.5 3.420 6.940 9.40 9.23 10.18 3.28 9.
20 .6 3.416 7.160 9.80 9.30 10.54 3.15 -9
60 16.0 3.360 7.610 10.70 10.19 10.50 3.18 9.

120 16.9 3.324 7.940 11.30 10.76 10.50 3.18 9.
3.02 - 9.

300 18.2 3.272 8.720 12.80 11.59 11.05

. - 26T - .
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APPENDIX B
TABLE B-T

T‘ekn'pera.ﬁure Dependence of Polymerization in Toluene

and Viscosity Data of Polyacrylonitriles

Initial Monomer Concentration, [M]o = 0.5 Mole/Liter

" Reaction Time = 60 Minutes

Reaction . Initiator ['] Polymer [ ] L _
temp. : concentration o yield N ( 2y T o=k
6" , . slope/[T]°) M _x10
(Cc.) (Mole/u_ter;)xlo_‘* .[.I]o (2) 25 < /['] v
-78 20 250 35.9 3.520 0.35‘0 38.20

" - .10 - 500 26.6 3.602 0.347 39.60
- 5 1000  22.8 3.491 0.360 37.90
~60 20 250 32.7 1.620 0.267 13.50
" 10 500 17.3 1.780 0.309 - 15.40
" | 5 1000 12.9 2.450 0.323 24,20
-0 20 250 9.9  0.847 0.52 5,70
" 10 500 8.2 1.402 0.410 11.15
" 5 1000 5.0 1.473 0.276 11.20
-20 20 250 9.2 0.600 0.222 3.60
" 10 500 7.6 0.771 0.210 5,05
" 5 1000 3.5 0.852 0.338 5.7
o 20 : 250 . 8.1 0.435 ° 0.195 2.35
" 10 500 5.1 0.560 0.478 - 3.30
n 5 1000 3.0 0.765 0.232 5,00
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APPENDIX B
TABLE B-IT

Temperaﬁur,e Dependence of Polymerization in Toluene

and Viscosity Data of Polyacrylonitriles
Initial Monomer Concentration, [M]o = 1.0 Mole/Liter

Reaction Time = 60 Minutes

Rea.ction : Initiator [MJ Pblymer [ﬂ] k!
temp. concentration o yield 25 (slo 2y = =L
(slope/| ) M. x10
€)' (ore/rateryact [Ho @) ijl v
=78 20 500  37.6 3.600  0.369 39.50
n 10 1000 34.9 3.935 0.390 Ly L0
- u -5 2000 23.1 L.276 0.331 49.50
-60 20 500  19.5 2.573 0.423 25.30
" 10 1000 16.6 3.578 0.328 39.00
" 5 2000 15.9 3.917 0.339 44.20
1,0 20 500 10.5 1.510 - 12.30
" 10 1000 8.0 2.300 0.306 21.70
" 5 2000 5.0 2.865 0.324 29.00
=20 20 500 7.9 0.981 0.403 6.95
" 10 1000 4.0 1.266 0.240 9.75
" 5 2000 3.2 2.030 0.654 18.20
o 20 500 . 7.0 0.743 ~ 0.272 L.80
" 10 1000 3.4 0.764 0.770 - 5.00
" 5 2000 3.0 1.530 0.303 12.50
42.9 0.208 - 0.84

" 200 50
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APPENDIX B
TABLE B-TIT

Témperature Dependence of Polymerizatioh in Toluéne

and Viscosity Data of Polyacrylonitriles
Initial Monomer Concentration, [M]o = 2.0 Mole/ILiter

Reaction Time = 60 Minutes

Reaction : Initiator - Polymer ke _
temp.  concentration L (1) o yield [M] 25 (slope/ ] 2) valO-l"
(°c.) (Mole/Liter)x10 I I Io (%) -

L.710 0.384 56.20

-78 20 ' 1000  22.4
" 10 2000 28.2 6.080 0.348 80.00
" 5 LO0O  21.5 6.720 0.363 91.00
-60 20 - 1000 16.5 3.370  0.387 36.00
" 10 ‘ 2000 1h.k 4.762 0.355 57.00
" , 5 4000  12.0 5.326 0.381 66.40
-0 20 1000 8.0 2.230 0.452 20.80
" 10 2000 6.8 3.495 0.323 38,00
" 5 4000 3.4 3.685 0.420 10.80
-20 20 1000 5.5 1.52 0.353 12.50
" 10 2000 3.8 1.802 0.277 15.60
" 5 4000 1.8 1.981 0.315 17.60
0 20 1000 - 5.5 1.146  0.381 8.58
" 10 2000 3.5 1.670 0.283 = 14.20
" 5 LOOO 1.4 1.129 0.205 8.15
" 40 500 13.2 1.126  0.564,  8.40
" 200 100  35.5 0.622 0.434 3.80
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APPENDIX B
'TABLE B-IV

Temperature Dependence of Polymerization -in Toluené

and Viscosity Data of Polyacrylonitriles

Initial Monomer Concentration,(M] == 4.0 Mole/Liter

" Reaction Time = 60 Minutes

Reaction .  Initiator M P<‘)],vmer k- _
temp. concentration , EIJO yield I:Tﬂz5 (slope/ [T]]z) valO_l"
(°c.)  (Mole/ILiter)x10 lio (%) JRE v
-78 40 1000 24.5 4.630 0.302 55,00

" 20 2000  23.1 5.282 0.337 65.00
" - 10 L000  29.1 6.282 0.375 83.00
-60 40O 1000 12.9 3.642 0.379 40.00.
" 20 2000  12.6 5,021 0.387 61.00
" 10 4000  11.6 6.030 0.377 78.00
-40 | L0 1006 9.4 2.070 0.245  18.70
" 20 2000 8.0 3.910 0.379 1. 00
" 10 4,000 L.6 4.320 0.32 50,00
-20 40 1000 6.7 1.597 0.431 13.30
" 20 2000 5.1 2.960 0.259 30.30
" 10 4000 2.6 2.993 0.385 31.00
o 40 16000 6.9 2.030 - 0.567 18.30
" 20 2000 4.3 2.083  0.299 .  19.00
" 10 4,000 2.3 2.301 0.423  21.5




APPENDIX C

TABLE C-I

Sedimentation Velocity Data Corrected for Pressure Effects

1.0015

2.3315

(continued)

@® =3.4513 x 107 (rad%/sec?); PIMF = 0.945 gn/ml.
Concentration ' ‘ 2 2 . 2.
(gm/d1) : s°) 1/s° B B/s° o< m r 2o Pow 4x109
Svd - :
(em.) x 10-8
#17
0.7674 0.7796  1.2827 -0.2265 0.3727 5.2356 0.6590  6.2333.  6.3326 1.0406
0.4912 1.0991  0.9098  1.743L 1.4432 3.3512 1.2503 6. 1570 6.1786 2.0236
0.3825 1338, 0.7472  1.5027 0.8388 2.6096 0.9065 6. 1115 '6.0877 1.4670
0.2659 1.7428  0.5738  1.1977 0.3%3 1.8141 0.6317 6.1163 6.0972 - 1.0361
0.1887 R.567h  0.3895  6.6949 1.0156 1.287L 1.0097 6.1062 6.0679 1.6640
° ——
s heBhy, kg, = 6.822
#152
0.5165 1.108, 0.9022 0.2030 0.1652 1.8098 0.4901  6.1422 6.1490 0.7970
0.4253 1.2755  0.7840 0.8244 0.5067. 1.4902 0.6913  6.0866 6.0382 1,148
0.3307 1.3543 - 0.7383 0.853L 0.4651 1.1587 0.6519 -6.1923 6.2497 1.0430
0.2292 - 1.7686  0.5654 . 4.0295 1.2881 0.8031  1.1992  6.095L 6.0556 1,9803
S, = 3.19,, kg = 3.504,
#21 ‘
0.6721 1.0134  0.9868 0.8760 0.8530 2.9876 0.9159 6.1735 6.1617 - 1.4864
J0.5245  1.1920  0.8389 0.7048 0.8263 6.1128 6.0903

1.3567

- L6T -




TABLE C-I (continued)

Concentration

(gm/d1) s° 1/s° B B/s° o< n T, o Po@ -, /(xiog
(cm,) x 1078 |

#214 (conttd.) ,
0.4189 1.3854 0.7218 1,0010 0.5214 1.8621 0.7100 6.1087 6.0820 1.1673
0.2382 1.9734 0.5067 3.5077 0.8911 1.0588 0.9280 6.1106 6.0859 1.5248
o _ _
S = 4.0l k. = L.b5,
#17
0.4250 1.5088 0.6628 1.6189 0.7115 2.1288° 0.8281 6.2387 6.3437 1.3053
0.3588 1.5908 0.6286 1.4102 0.5572 1.7972 0.7304 6.1192 6.1031 1.1967 .-
0.2828 1.8929  0.5283  3.5750 0.9699 1.4165 0.9810 6.088L -  6.0418 1.6236
0.2324 2.0555 0.4865 3.5952 0.8508 1.1641 0.9093 6.1119 6.0885 1.4934
o ] |
S0 = 3.974 ky = 5.009,
#261
0.3808 1.62,0 0.6158 1.3070 0.4956 5.1927 0.7256 6.150L - 6.1654 1.1769
0.2713 2.1485  0.4654 4.8093 1.0418 3.6995 1.0233 6.1319 6.1283 1.6697
0.2379 2.214)  0.4516 1.052, 0.2146 3.244,0 0.5262 6.1254 6.1154  0.8604
0.1997 2.8963 0.3453 7.6760 0.9150 2.7231 0.9509 6.1208 6.1062 1.5572
o _ =
S, = 10.04 k, = 13.636,

00

.Av./l = 1,3630x 1077

(continued)

- g6T -



TABLE C-I (continued)

Concentration

(gm/d1) s° 1/8°
t1
0.6734 1.1364 0.8800
0.4489 " 1.5547 0.6432
0.3367 1.6177 0.6182
0.2245 2.2884 0.4370
o _ —
SO = 3‘92314, ks = 3.7142
#21
0.5366 0.9660 1.0352
0.4349 1.0928 0.9151
0.3210 1.3024 0.7678
0.1929 1.9357 0.5166
o _ —
SO - 309561+ _ ks - 5'9231
#89
0.4139 1.2574 0.7953
0.3104 1.5423 0.6484
0.2069 2.0775 0.4813
0.1035 3.5133 0.2846
o _ B .
So = 6.6106 ks = 10.8559

- 66T -
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SUMMARY

A new method was.developed fér the purification of
acrylonitrile. An apparatus was designed to handle the material and
to eliminate the contamination by atmospheric impurities during the
Aéooling process. Acrylonitrile purified by this method contained less

than 15 pfm water.

The procedure for preparing n-butyllithium from di-n-butyl
mercury and lithium was modified for optimum n-BulLi yield. The
apparatus units were designed for quantitative subdivision and
analysis of the n-Buli solution. The analytiocal apparatus proved
convenient for the analysis of the small quantity of n-Buli solution
usually employed in laboratory scale polymerizations and eliminatedb

the need for a dry nitrogen box.

Polymerization of acrylonitrile by n-Buli in toluene was
investigated over a temperature range from -78°C. to 0°C. The
molecuiar weights of polyacrylonitriles were calculated from the

viscosity measurements on the polymer solutions in DMF.

At —7808. the characteristic yellow color of the carbanions
persisted until the polymerization was terminated by the acidified
acetone. The percent polymer yield was independent of monomer
concentration but increased with an increase in the initiator
concentration. Though the rate of polymerization was rapid in the
beginning, it decreased rapidly with time. The semilogarithmic plot
of monomer concentration against time was nonlinear. This was
attributed to a decrease in the ability of the carbanions to acquire

enough monomer for propagation.
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. . At or above -4000., the carbanions were deactivated before
the reaction was terminated. The polymer yield was independent of the
monomer concentration and decreased with a decrease in the initiator

concentration and/or an increase in the polymerization temperature.

ﬁThe molecular weights of poiyacrylonitriles obtained at
-78°C. increased with an increase in poiymerization time, an increase
in monomer coﬁcentrétion or a decrease in initiator concentration.
The molecular weights of polyacrylonitriles’obtained at a given
composition of the reaction mixture were linegfly related to the polymer
yield. The increase in the temperature of polymerization decreased

the molecular weights of the polymers..

The sedimentation coefficients corrected for pressure and
concentration effects were determined for several polyacrylonitrile
samples. For polymer samples prepared at -7800., the plot of log Sz
against log [ﬂ] was a straight line. Deviation from linearity occurs,
for polymer samples prepared at other temperatures, with the deviating
points falling above the straight line. The constants in the empirical
relation between the sedimentation coefficient and the molecular

weight were determined.

The stability of the carbanions decreased and the reactions
other than the chain initiation and propagation increased with
fhe polymerization temperature. The extent of branching, molecular
weight, molecular weight distribution and coloration observed in
polyacrylonitriles depended upon the polymerization temporoture.

The coloration observed in polymers prepared at higher temperatures
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\
could be explained by assuming the presence of conjugated -(C:N)n-
structural units. The linear white polyacrylonitrile obtained at —78°C.

had a narrow molecular weight distribution.

Thé uv abéorption maxima at 266 - 270 mp of polyacrylonitfiles
seem to bé due to the products of side reaetions taking place during
polymerization. Though the exact origin of this absorption could not
Se determined, it was shown that the factors governing increased side
reactions during polymerization led to polymers having stronger

UV absorption at 266 - 270 mp.

The observed low efficiency of n-Buli in chain initiation
could not be explained by assuming the lbw reactivity of aésociated
n-Buli or by the addition of the monomer to a propagating center in
preference to a butyl anion. In the n-Buli initiated polymerization
of acrylonitrile, the chain initiation is a rapid process. Most of
the initiator is destroyed in simultaneous side reactions during
early stages of polymerization.

The kinetic molecuiar Qeight was higher than the viscosity

average molecular weight.

The values oflEp—E reported in the present thesis and in

t
the literature are open to serious question regarding the applicability

of the method used in calculation and the accuracy of these values.

The chain termination reaction appears to be absent at —7800.
At higher temperatures carbanions are terminated probably by an
isomerization reaction, by an interaction with the nitrile group cr

both. The occurrence of a chain transfer to a monomer or a polymer
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molecule to give an active site for propagation could not be

supported by the present work.

Bj carefully excluding the impurities from the reactants
"it is possible to prepare linear white polyacrylonitrile having a
narrow molecular weight distribution and molecular welght as high as

1.7 million.

Since the extent of the initiator consumed in side
reactions could not be controlled or determined in advance,
polyacrylonitriles with predetermined molecular weights could not

be prepared.
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CLAIMS TO ORIGINAL RESEARCH

1. A new method was developed for purification of acrylonitrile.
An apparatus was designed for handling the material during the

cooling process involved.

2e The apparatus units were designed for the quantitative

subdivision and the analysis of n-Buli solution.

3. The polyacrylonitrile anions were stable at -78°C. in
toluene. The rapid gelation of the reaction mixture decreased the

propagation rate.

L, The stability of the carbanions was temperature dependent

and affected both the polymer yield and the molecular weight.

5. ' The molecular weight of polyacrylonitriles obtained at
—78°C. was linearly related to the polymer yield obtained over a
reaction period of 50 hours. The molecular weight of polymers
increased with an increase in a monomer cpncentration or a decrease

in an initiator concentration.

6. The polyme£ samples obtained at —7800. had a linear structure.
:The polymer samples prepared at higher temperatures contained a

branched structure and probably cyclic units with conjugated ~(é=N)n—
groups. The extent of branching and cyclization was temperature

dependent.

7. The constants in the empirical relation between the
sedimentation coefficient and the molecular weight were determined

for polyacrylonitriles in N,N'-dimethyl formamide.
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8. . The molecular weight distributions in polymer samples prepared
at different temperatures were determined by an analysis of the

sedimentation velocity data.

9. The observed low efficiency of n-Buli in initiating
acrylonitfile polymerization could be explained by its simulfaneous
reaction with the nitrile group.

10. Termination by chain traﬁsfer to monomer, polymer or

solvent could not be supported by the present work. At or above -4000.,
the polymeric chains were terminated by either a monomolecular
isomerization process or an interaction of the carbanions with the

nitrile groups.

11, A polymer sample obtained at —78°C. had a very low value

for the heterogeneity index (1.08).

l2. Polyacrylonitrile samples prepared at —?8°C. had molecular

weights as high as 1.7 million.
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SUGGESTIONS FOR FURTHER WORK -

The information regarding polymer yield,'mplecular welght,
_molecular weight distribution, structural variations and coloration
in polyacrylpnitriles obtained in the present work indipatés the
presence of side reactions during the course of polymerization. 1In
some cases it was difficult to decide between the alternate course of
reactions. To arrive at a better understanding of the mechanisms

further work is desirable.

In view of the foregoing, the following suggestions are
made for future investigations. It is hoped that from the information
so collected it would be possible to arrive at a better understanding

of the mechanisms operative in anionic polymerization of acrylonitrile.

(L) Some knowledge could be gained in the relative reactivity
of n-Buli for 1,2-, 1l,4-, 3,4-additions and for the reaction of n-Buli
with tertiary hydrogen of monomer or polymer by stivdying polymerization

I

of acrylonitrile with Cl labelled n-Buli and examination of the

polymer and the filtrate for C14 content.

(2) . . Branching and molecular weight distribution in
polyacrylonitriles obtained at different initiator concentration

and monomer concentration should be investigated.

(3) With the help of model compounds the origin of the UV
absorption of polyacrylonitriles could be investigated. Such a work
should prove helpful in deciding between the alternate paths of the

reactions.
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(4) A study of stereoregularity in polyacrylonitriles obtained
under different polymerization conditions should prove helpful in
gaining some knowledge of the reactivity of the >C=N" anion as a

function of temperature.

(5) The effect of time on polymer yield and molecular weight
over a temperature range -40° to -60°C. should throw some light

on the stability of the carbanion.

(6) The linear narrow dispersed polyacrylonitriles prepared at
—78°C. could be used to determine the constants in the Mark-Houwink

empirical equation, [9]= k'Mi.
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