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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, acrylonitrile 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 wcight distribution, 

structure and coloration in polyacrylonitriles. The kinetic molecular 

. weight of a polymer was much lower than the viscosity average 

molecular weight. 

An attempt was made to detez!Iline the arder of the reaction 

with respect to monomer and to calculate the dif:-erence between 

the activa.tion energy for propagation a:q.d terrn:i.nation. 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 

ver,r narrowmolecular 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 obtain po~ers with a 

low heterogeneity index. 

There are other types of mechanisms, namely radica13 cationic 

and coordinate, by 1-{hich a vinyl type :monomel' m:a.y be polymerized. Often 

a given monomer may be polymerized by mor·e tharl one of these mechanisms. 

Styrene for example has been shown ta polymerize by aIl the four 

mechanisms (1-4). A cormnon feature of aIl these poJ~~erization mechanisms 

is that a propagating center of a kinetic chain is retained by a single 

polymer molecule throughout the course of its g:r'owth (5). A complete 

de$cription of ~5Uch an addition system conpists of four steps: initiation, 

propagation, termination and chain transfer. In sorne systems depropagation 

also plays an important role (6). 

Before discussing the anionic pOlymerization at length, it ~rould 

be desirable to discuss briefly other mechanisms Which operate in the 

polymerization of vinyl monomers. 
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RADICAL POLYMERIZATION 

The radical polymerization is characterized Qy the fact that 

the propagating center is a radical introduced in a va ri et y of ways. 

An organic peroxide (e.g. benzoyl peroxide), an aliphatic azobisnitrile 

(e.g. azo-bis-isobutyronitrile) etc. which produce radicals upon 

decomposition may be used 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 sorne monomers. 

Propagation occurs by the successive addition of a monomer to 

a growing radical center while the activity of the propagatL~ center is 

preserved. At arry stage during polymerization, the reaction mixture 

contains unreacted monomer, inactive high poly1l1.er and a ve!'"'.! low 

concentration of the propagating radicals (often of the arder of ~lO-8 

mOle). The propagating centers are very short-lived a.l1d may be destroyed 

by transferring their reactivity to a solvent, m011omer, polymer or an 

impurity. If a newly produced radical center i~itiates a polymerie chain, 

then the. transfer process is known as a chain transfer. Thus compounds 

known as 'chain transfer agent.s' may be added to control the molecular 

weight of polymers. If two grovdng polymerie radicals interact ta 

terminate polymer chains, the intera.ction may be by a combination of the 

two radica.ls to give one polymerie mole cule or by a disproportionation 

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

At any stage during reaction a polymerization IT~xture contains 



-:3 -

a polymer'the molecular weight ofwhich depends upon the initial experi-

mental conditions and does not var.y 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 

appreciable propagation rate. As an example of this, North et al. (9) 

observed that the propagation rate constant, k , was independent of the 
p 

viscosity of the reaction medium but the termination rate constant, kt, 

decreased with increase in viscosity. 

The polymerization invo]~ing a radical mechanism has been 

studied in greater detail than the other mechanisrns of vinyl polymeriz-

ation. Flory (5) has reviewed the methods of determining the various rate 

constants in radical polymerization and th$ interpretation of these 

measurements. 

Polymers obtained by the radical mecha.nis.m a:;:'e u3ually 

characterizaè. by :l. most. probe.ble molecular weight dis!~ribution (i. e. 

~1Mn = 2): but polymex's having bath a broad a.nd a nary.'ow molecular vleight 

distribution have been produced (10,11) by this mechanism. In 1944, 

Huggins (12) predicted on theoretical grounds i:.hat at. lower temperatures 

radical polymerization should 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). 
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COORDINATE POLYMERIZATION 

The reaction product of a metal (group l to III) alkyl or 

aryl and a transitionmetal (group IV to VI) halide or ester, acts as 

an initié.tor for coordinate po~erization (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 po~erization have been discussed by 

Stille (17). 

In the coordinate po~erization, initiation and propagation 

mechanisms may be of the radical, cationic or anionic nature depending 

upon the ability of the propagating end to stabilize a radical, a cation' 

or an anion (18). A common feature of aIl the coordinate propagation 

mechanisms is the ability of the initiator to coordinate with the mor.wmer 

anâ present it to the growing center to obtain a specifie 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 ~_th several coordinate type. 

ini~;i..ators, it has been realized that stere:o~egular polymers could be 

prepared with both homogeneous and heterogeneous initiators. The 

influence of heterogeneity 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). 
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Termination may occur by the abstraction of a hydride ion 

fram the last ligand of the propagating chain. However in a particu1ar 

case of ethylene po1ymerization with bis-cyclopentadienyl titanium di­

chloride-dimethyl aluminum chloride comp1ex (20), termination involved 

the reduction of two Ti+4 te Ti+3 proceeding simu1taneously with the 

disproportion of two propagating chains. 

There is little information in the literature on t.he molecular 

weights and the mo1ecu1ar vTeight distributions of polJmers obtained by 

the coordinate mechanism. Using Gralen's method of ana1ysis (21), Dawes 

(22) found that the heterogeneity index of po1ybutadienes obtained by the 

coordinate mechanism was between 1.03 and 1.16. Sakurada (2.3) studied 

the po1ymerization ofoc-metlly1 styrene with triethy1 a1uminum-titanium 

tetrachloride complex an.d found that the heterogeneity index of the polymer 

obtained l'las affécted b~' th3 ini tiator aging temperature. vlmen the 

initiator "'-'aS aged at -7Soe., the polymer obtained had a lc~v h'9tero-
,.. 

geneity index, bu.t the use of the initiator aged at. O"'C., gai"O a po1ymer 

having a broad molecu1ar weight distribution. 

CATIONIC POLYI-ŒRIZATION 

Cationic polymerization may be propagated 1y a carbord.um ion, 

an oxonium ion or any other ion carrying a positive charge. Isobutylene, 

vinyl ethers and other monomers which are basic in nature have been found 

to polymerize by this mechanism. The cationic pol~~erization may be 

affected by either of the follovo.ng two types of the initiators: 
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(i) sulfur dioxide and high~ polar organic compounds, e.g. triphenyl 

methyl chloride (24) which dissociate easily in ions, or 

(ii) aluminum trichloride, boron trifluoride (25) etc., which are acids 

in the Lewis definition. 

:..n appropriate coinitiator is always required with an initiator of the 

second type.· 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 monamer to 

convert it to an active propagation site characterizes a cationic 

initiation proceps. The ease with which a proton can be made available 

w.i.ll determine the relative effectiveness of an initiator. The anion 

acts as the gegenion and remains in the vicinity of the propagating 

center. The repetit:i_ve addition of the mon omer to the active center 

characterizes propagation. As in radical polymerization, chain termin­

ation does not occur when t'VIO propagating centers approach each other, 

since both have a similar positive char~e. However a .chain transfer 

to monomer, solvent or impurity might ter.minate a growing polymerie chain. 

The gegenion might abstract a proton from the prcpagating 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 ~~th boron trifluoride mono­

hydrate (25). 



- 7 -

In cationic polyrAerization, a low polymerization temperature 

and a reaction medium with high dielectric constant increase both the 

propagation rate and the polymer yield. Because of the dominant chain 

transfer mechanism, monamers po~erized 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 1947-4S Schildknecht and coworkers (27) were the first to prepare 

stereospecific polyvinyl ethers with cationic initiators. 

ANIONIC POnn~RlZATlON 

l. General 

In studies on aniordc polymerization, Ziegler (2S) noted that 

it was necessary to consider o~ly a two-step mechanism: L~itiation and 

propagation, to explain the polyrrLerization of dienes initiated by alkali 

metals and alkyls of sodium and lithium. ~Qrther, in metal alkyl 

initiated polymerization, the propagation occurred at one end of a 

polymerie chain, whereas in alka]j metal initiation, propagation occurred 

on both e~ds of the polymeric chains. lt has been recognized that the 

initiation of anionic polymerization is accompanied by a color character­

istic of the growing anion. Further the color would persist as long as 

the anion is not destroyed. In 1945, Robertson and Marion (29) were the 

first workers to report a characteristic red color in 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. 
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Evans, Higginson and Wooding (30) reported the first quantitative 

kinetic stu~ on anionic po~erization of styrene initiated at -330C., by 

potassium amide in liquid ammonia. They proposed a termination by chain 

transfer to ammonia in agreement with their data on the mol~cular weight 

and nitl'ogen content of the po~er. Higginson and Wooding (31) studied 

the polymerization of methyl methacrylate, acrylonitrile and styrene 

by a variety of basic initiators and correlated the pK value of the base 

wlth 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 cent ers would continue to add aIl the 

available monomer. If more monomer is added to a react,ion mixture 

containing the active anionic centers, the polJlnterization would be 

resumed again. Szwarc (32) labelled this type of polymer as 'Living 

Polymer'. Since the propagation is by the addition of mon amer molecules . . 

to the ionic centers carr,ying a negative charge, the polymerization is 

also known as an 'Anionic Polymerization' . 

Vinyl monamershaving· electrophilic substituent groups, e.g. 

ester (methacrylate), phenyl (st yrene) , 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. 
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II. Initiation by Electron Transfer Mechanism 

Alkali metals and alkali metal complexes with aromatic 

~drocarbons initiate anionic po~erization by either a homogeneous or 

a heterogeneous electron transfer mechanism. Aramatic hydrocarbon-metal 

complexes in ether and alkali metals dissolved in liquid ammonia have 

been reported to initiate po~erization by a homogeneous electron 

transfer mechanism. Chain transfer to solvent (30) invariably occurs 

in alkali metal initiated po~erization in ammonia. 

The amide ion produced may or may not initiate the polymerization. The 

po~erization by alkali met al 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 alka.li metals 

(33,34), was proposed by Sz~mrc, Levy and Milkovitch (32). 

00· + Na - • + 
~-Na· 
~ ... 

... 
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+ - - + 
Na ÇH -CH2-CH2-ÇH Na 

f t 
... + - .. - + 

Na îH -CH2-(CH-CH2-)·(CH2-CH-).CH2-CH Na 
1 J. 1 J -l 
~ t ~. 

where i and j are variables. 

The radical end of a radical-ion usual~ disappears by dimerization 

(35), producing a dianion, which then propagates at both the ends b.1 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 weIl as radical ends. 

Szwarc 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 01' ionic (aL1{ali or alkaline earth) o:rgano-

metallic campounàs (e.g. metal alkyl, alkoxide, amide, ketyl etc.) have 

been reported to ipitiate polymerization by nucleophilic attack of the 

anion on one end of the double bond. As a result of this attack, an 

anionic propagation center is formed "tiPich adds further monomer to give 

a highpolyiner. In the sodiomalonic ester iriitiated pol:ymerization of 

acrylonitrile (37), the experimental findings could be explained by the 

following anionic mechanism: 

(i) initiation: 

+ CH
2
=CH 

1 
CN 
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(ii) propagation: 

(iii) terrnination: 

- + 
-----CH2-

r
H Na + CH2=rH 

k M - + 
tr, .. --CH=CH + CH

3
-CH Na 

1 1 
CN eN CN CN 

Polymer 

-
+ ---CH2-C-CH2-CH-CH2-CH----

1 1 1 
CN CN CN 

'" 
5 
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In the above scheme, ktr,M and kt~,p are rate constants for chain transfer 

to mon amer an1 polymer respectively. 

The degree of polymerization calculated from this kinetic 

scheme would be given as, 

= kp[M] 

DP ktr,M[M] + ktr,p[P] 

If ~ is the fraction of monomer converted to po~er, one obtains 

DP = k /fk
t 

M + k (xiI-x) 1 
p l r, tr,P J 

The degree of polymerization so obtained was observed to be independent of 

monomer concentration but decreased with increasing polymer conversion. 

IV. The Relative Reactiv;ty of Monomers, Initiators, and Polymerie 

Anions in Polymerization 

From a comparison of the reactivity ratios of different mono-

mers in ionic copoJymerizaJ.:.ion, !.fayo and ~lalling (.38) observed. that the 

reactivity of monomers in anionic polymerization decreased:în the 

following order: 

vin,ylidene cyanide > acrylonitrile> methacrylonitrile> methyl mstr.-

acrylate > styrene > butadiene. 

Since these monomers have different substituent groups, 

the,.· possess different polarities. If the SaIne monomers are arranged 

according to increasing polarity (38,39) then, 
-
'vinylidene cyanide > acrylonitrile > met ha cryloni trile > 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 mon omer are closely related in ionic polymerization. However other 

factors (e.g. dielectric constant of the reaction medium, solv~tion, 

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 anion. Methyl methacrylate is found to be more reactive than 

styrene but less reactive than acrylonitrile (38). The relation between 

the reactivity of a monomer and an anion leads one to conclude that the 

styryl anion should be more reactive than an acrylonitrile or a methyl 

methacrylate anion. When 9-fluorenyllithium, which does not initiate the 

polymerization 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 polymerization of styre~e cannot be i~tiated by metp~l 

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 monof~~ctional anionic initiators, on~ homopo~1mer of 

acrylonitrile is obtained (43). However, if electron transfer anionie 

ini tiators are used, a small amount of copolymer is formed, probabJj 'by 

styrene addition on the radical end (44). Graham et al. (45) studied the 
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polymerization of polar monamers initiated by polymeric carbanions in 

tetrahydrofuran and observed a qualitative relation between the 

initiation by a polymeric anion and the ,~, 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 ratios 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 acr,ylonitrile, 

methyl methacr,ylate and styrene in initiation, Szwarc (47) concluded that 

acr,ylonitrile 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 acr,ylonitrile, the reactivity of 

the alkoxide was found to increase with a decrease in the acidity of 

parent aloohol (48). The basic strength of aniœric initiators derived 

from hydrocarbons has been shown to vary in the order (49): 

butylli thiurn > phenylli thiurn > 9-fluorenylli thiurn > cyclopentadienyl­

lithium. 

During the polymerization of dienes, Hsieh (50) found that the rate of 

initiation of polymerization with different butyllithiurns varied with 

the structure of the butylanion in the order: 

sec-butyllithium > tert-butyllithimn > i-butyllithium > n-butyllithium. 
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Goode, Snyder and Fettes' (51) studied the po~erization of methy1 

methacr,y1ate in liquid ammonia. The rate of poly.merization and percent 

conversion were found to decrease, with change in the counterion of the 

amide initiator in the order: 

v. Effect of Solvent on POlymerization 

In the polymerization of butadiene and isoprene by buty1lithium 

the rate of initiation was higher in to1uene and followed the order (50): 

toluene »n-hexane > cyclohexane. 

From the experimental data, on n-butyllithium initiated polymer­

ization of styrene in benzene at oOe., Worsfold and Bywater (52) showed 

that the rate of initiation 'l'TaS 10\'1. At high initiator concentration, 

the po~erization was complete and the initiator was not campletely 

consumed. 

The absorption spectra of polystyr,yl ion with different 

+ + + counterions (e.g. Na , K , Li ) were measured in ~enzene, 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 spectroscopie 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 vicinity of the anion and may be ver.y 

close~ 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 electro~es. 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, k , at 25°C.,for styrene . p 

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 k varies wj.th both the solvent and the counterion. The 
p 

difference in dielectric constants and the capa city of solvents to solvate 

different ions to different extent cou~~ lead to these resùlts (Table G-I). 

The Li+might be hig~.solvated in THF while poor~ solvated in dioxane. 

The charge separation would obvious~ be influenced by the different 

degrees of solvation. 

For a given counterion and solvent, styrene was found to be 

approximate~ lOO-fold more reactive thano(-methyl styrene. The combined 

electronic and steric effects of the methyl group (55) seem to cause 0<-

methyl styrene to be less reactive. 



Solvent: THF 
(56)* 

Counter 
Ion 

Li+ 160.0 

Na+ 80.0 

K+ 50.0 

Rb+ 50.0 

Cs+ 25.0 
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TABLE G-I 

Rate Propagation Constant. k 
p 

THP Dioxane 
(55)* (55)* 

k (1. -1 -1) mole sec. p 

13.0 6.5 

68.0 28.0 

76.0 34.0 

49.0 15.0 

* Reference numbers 

THF - Tetrahydrofuran 

THP - Tetrahydropyran 

Dioxane Benzene 
(56)* (54)* 

0.9 23.0 

3.5 

19.8 47.0 

21.5 24.0 

24.5 18.0 
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VII. Chain Propagation and Ion-pair Formation 

Medvedev et al. (57) have shown fram conductametric studies that 

the ion pair dissociation constant, Kd' for the reaction, 

- + 
---M + C 

where ~ represents a po~styryl or po~butadienyl ion ~ms highest when 

the gegenion (C+) was Li+, and decreased in the order: 

The value of Kd was higher in dimethoxy ethane than in tetrahydrofuran. 

This was probab~ a reflection of the increased dissociation of the ion 

pair with solvation of the cation. 

Geacintov, Smid and Szwarc using a flo~T technique (58), which 

allowed the study over a short reaction interval (~ 1 sec), observed 

that the polymerization reaction was first order in styrene in THF at 

o 25 C., but the value of the rate constant, k , decreased with increasing 
p 

the concentration of the livir~ ends. This ~s later found to reflect 

the existence of different types of propagation cent ers on which the rate 

of addition of monamer could vary by a factor of 103 (56,59). Typically, 

polystyryl sodiuin has been shown to exist as ,......."..Oa+ (closely associated 

ion pair) and -M-//Na+ (solvent separated ion pair) or-M- + Na+, 

(free ions), all of which propagate at different rates. The rate propagation 

constants for -VM~a+ and --VM- + Na+ in THF at' 25°C. were 0.15 l.mole-1 

-1 -1 -1 (6 ) ( -
sec. and 250 l.mole sec. respectively 0 where VM represents vinyl 

mesityleny1 anion). The different forms of a propagating center satisfy 

the equilib rium: 
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-+ -MNa 

where Kd and Ka are the dissociation and association· constants respective~. 

On the addition of an e1ectro~e (e.g. sodium tetrapheny1 boron, NaBPh
4

) 

which does not react with the cation or po~eric anion and for which the 

dissociation constant, Kd' is high, the equilibrium should shi ft to 

the le~ decreasing the concentration of ---M- + Na~ b.Y the common ion 

effect. The rate constant Ka and Kd can be determined (61) fram the over­

all propagation rate· constants and the molecular weight distribution of 

po~ers obtained at different electro~e concentrations. 

The overall propagation rate constant, k , for the addition of 
p . 

styrene to polystyryllithium in benzene was measured b.Y Bywater et al. (52) 

and found to be first order in I!lonomer and half order in living ends. This 

indicates that the po~styryl ions were associated as dimers. Viscosity 

(3) and light scattering measurements (62) on living and dead po~er 

obtained in hydrocarbon 501vents led to the ·same conclusion. On the 

other hand, with THF as .a solvent for this reaction, association in the 

living po~ers was negligible or absent (63). 

The propagation rate constant of styrene in benzene increases 

wi th increase in temperature (52). In the alkylli thium ini tiated polymer-

izations, Lewis acids or bases probab~ fonn complexes with the growing 

ends. In hydrocarbon solvents, the addition of a Lewis 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 supp~ of monamer 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 

generation of a new active center. If a new active center is generated 

with the loss of activity of an existing proyagation center, then the 

process is known as a chain transfer. In anionie polymerization termination 

may be by a chain transfer to monomer, polymel.", 01' solvent. Termination 

is also possible by isomerization of the grm·r.i.ng ani':m.ic end cr a reaction 

of the active center with an impurity present in the rea~tion mixture. 

In anionic polymerization termination by combination or disproportionation 

does not oceur. The collision between two anion.3.c ends does not lead to 

termination beeause of repulsion. Overberger et al. (72) and Szwarc (47) 

have discussed in detail the different modes of termination. 

Oxygen, carbon dioxide, or any proton-donating impurity, if 

present in the system, can terminate the polymerization. For e~~ple, if 

water is added to the reaction nüxture, it will react with a earbanion 

as follows: 

- + - + 
----CH -CH Na + H 0 24 2 --- ---CH -CH + OH + Na 24>2 
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If the poly.merization is conducted in such solvents as ammonia, 

proton transfer from ammonia to carbanion terminates the gro~üng chain. 

A new carbanion may be generated by the amide ion (31). 

-
In polymerizati~n of vinyl mesitylene in tetrahydrofuran (THF) 

proton transfer fram the monomer with the generation of an inert ion (1) 

was shown to ter.minate polymerization (60) through the following proposed 

mechanism: 

Spectroscopie measurements on the reaction mixture supported this moàe of 

ter.mination. 

A chain transfer to solvent was sho~m to occur in the po~~er-

ization of butadiene and isoprene in tetranydrofuran (73). In the biphenyl 

sodium initiated polymerization of acr,ylonitrile in a mixture of (1:1) DI~ 

and THF at -7SoC., it has been suggested (74) that a chain transfer to 

poly.mer 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 polyacr,rlonitriles obtained. 

- + 
+ Na 

-CH2-CH Na + 
1 
CN 

-CH2-CH-CH -CH----CH2-CH + ....... CH -CH-CH -C""'-
1 2 1 1 2 2 1 2 1 
CN CN CN CN CN 

(II) 

The anion II would add more mon amer to give a branched po~er. 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:i.' monamer (75). This was 

explained by the following reactions of polystyr,rl anions (76): 

- + 
~CH -CH-CH -CH Na ~--CH -CH-CH=CH + NaH 

21.. 2 1 2 1 ' 
~ t t i 

- + ---CH -CH-CH -CH Na + 
2 ~ 2 i . + --CH -CH-CH -CH 24 2 i 2 

(III) 

The carbanion (III) produced is incapable of adding styrene. A hydride 

transfer .has been proposed as a mode of termination in the formation of 

polyacr,rlonitrile by sodiomalonic ester (37) and sodium triethyl thioiso­

propoxy aluminate (77) in DMF. 

In the methyl methacrJTlate polymerization, a carbanion rray be 

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



Me OMe 
,_ + 1 

""'C~-C K + C=O 
1 1 
COOMe C-Me 

Il 
CH

2 

-

- 2.3 -

Me OMe 
1 1 _ + 

~CH2-C-C-O K ~ 
1 1 

MeOOC C-Me 
Il 

CH
2 

Me Me 
1 1 _+ 

~H2-C-C-C=CH2 + CH.30 K 
1 /1 

MeOOC 0 

Pseudo-termination of the growing carbanion to form a cyclic complex (IV) 

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

initiated polymerization of methylmethacr,ylate (78): OMe 0 

COOMe COOMe COOMe 
M I + _II e, C Li ~C-OMe 

'\ / ~ ,y 
1 1 1_ + --CH -C 0 C-='Me 

~CH -C-CH -C-CH -C Li 
2 1 2 1 2 1 2 1 1 '(Dl) 

H2C, CH
2 "-C/ 

Me- 'COOMe 

Me Me Me 

Szwarc (47) has proposed the following isomerization mechanism in acr,ylo-

nitrile poly.merization: 

'- + -- CH - CH-CH -CH-CH -CH Na 
2 1 .2 1 2 1 

eN CN GN 

The weak irnine ion CV) is co~sidered to b~ ~ncapable of adding monomer. 

STEREOSCOPIC POLYMERIZATION BY ANIONIC INITIATORS 

When alkyllithiums or ar,yllithiums were used as initiators in 

tOluene, acr,ylic esters were polymerized to give isotactic poly.mers. The 

addition of THF to the reaction mixture was found to decrease the iso-

(v) 
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tactic placements in polyacry1ates. Poly.mers prepared in 1,2-dimethoxy 

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

To relate the stereoregu1arity of the poly.mers with the different 

experimenta1 conditions Tsuruta and Furukawa (82) have polymerized acrylic 

esters by a variety of organo-meta1lic initiators in different solvents. 

I.&i..thium or organolithium initiators in hydrocarbon media have 

been shown to produce highly cis-1,4-polyisoprene with sorne 3,4-addition but 

no trans-1,4- or 1,2-addition (83,84). The use of sodium or potassium as 

the counterion in hydrocarbon solvents gives 45-60% trans-1,4-polyisoprene, 

37-49% cis-1,4-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, whi1e the proportion of 3,4-addition increases with a1l the counter-

ions noted above. Stearns and Forman (8.3) in a study of the lithium 

cata1yzed poly.merization of isoprene, noted thaï:, a specifie solid surface 

was not necessary to produce a stereoregu1ar polymer structure. Rather 

the e1ectronic structure of the lithium atom, the mo1ecular structure of 

isoprene and their proper interaction wou1d 1ead to stereoregu1ar placements. 

From a study of butadiene poly.merization Hsieh (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 (B4). 

During studies on po~erization of 4-methy1-1,3-pentadiene with 

radical and anionic initiators, Livshits and Stepanova (B5) observed that 

about BB% poly.mer had 1,4-p1acement with n-buty1lithium. 
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Each of these examples leads to the conclusion that under the 

proper experimental conditions, the propagation step in anionicpolymer-

ization can be controlled to produce a specifie type of monamer addition. 

EQUIUBRIUM THERMODYNAMIGS OF POLYMERIZATION 

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

bring about the depropagation reaction: 

kp 
pA- + M 

j 'k 
d 

.... 
P* 
j+l 

(1) 

where M and PlI- 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, K , is given as, 
e 

Ke = k /k (2) 
p d 

In relation (1) .for large j, K and the !.'lonomer concent.ration 
e 

at equilibrium, [MJe ~an be expres'sed as (86): 

K = l/[M] (3) 
e e 

At equilibrium, the rate of ~ropagation and. depropagation would 

be equal and the free energy change for the polymerization reaction would 

be zero. The equilibrium constant K and the standard free energy change, 
e 

AF 0, are 1 t d . u re a e 1.n, 
p 

6F 0 = -RT ln K 
P e 

By determining Ke at different temperatures the enthalp~ change, 

6Hp' and entropy change,6Sp' for the polymerization could be calculated 



from 

d1nKe = 
dT 

= 

- 26 -

A basic approach to the ther.modynamics of addition polymer­

ization was presented by Dainton ~~d Ivin (6). A method of deter.mining 

the ceiling temperature, a temperature above which po~erization does not 

occur,was described by these authors. 

For a propagation to occur, the free energy change, ~Fp, 

must be negative. As discussed qy Szwarc (87), depending upon the sign 

of ~~ and ~Sp in a polymerization reaction, the following four possibilities 

could be encountered. 

(i) In most polymerization systems, 6Hp and ÔSp have been found to be 

negative. Under these conditions when the polymerization temperature 

reaches a ceiling temperature, T , given by 
c 

Tc = ÔHp/ÔSp (6) 

the value of ÔFp would be zero. No polymerization would occur above the 

ce~~n~.temperature since ,ÔFp becomes pos~t~ve. 

(ii) When ÔHpand ÔSp are both positive, polymerization would be possible 

only above the floor temperature, Tf' defined by 

T = ~H /ÔS 
f P P 

(7). 

(iii) If ÔHp< 0, ÔSp > 0 then ~Fp would be negative at aIl reaction 

temperatures. The polymerization reaction would thus be favored at aIl 

tempera tures. 

(iv) If ÔHp > 0 and 6Sp < 0, 6Fp would be positive at aIl temperatures 
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and depropagation would become the spontaneous process. 

In a study of the po~erization of oC-methyl styrene initiated 

by sodium naphthalene, Worsfold and Bywater (86) established that only a 

small amount of mon amer could be converted to po~er even though the 

po~eric chains were active and still capable of adding further monamer. 

When po~erization experiments were.made at OOC., equilibrium was 

reached within 16 hours and no further increase in po~er 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 po~erization of~methyl styrene, were plotted against liT 

by Szwarc (87). Fram the mean plot the values of 6 ~ and 6 ~p were 

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

Eisenberg et al. (90,91) showed thatthe e~erimental data fram 

the equilibrium polymerization of~-me~hyl styrene, could be treated by 

a more general theory of equilibrium po~erization. Good agreement was 

obtained between the theoretical calculatioris and the experimental results 

when both the initiation and the propagation equilibria were considered . 

. A spectroscopie method has been used to determine the concentration 

of monamer at equilibri~~, 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, 

R-(CH -CH-)CH -CH 2 1 • 2 1 

~ J ~ 

R_fCH -CH-) CH -CH \ 24 j+l 24 
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·in styrene polymerization spectroscopically, Bywater et al. (92) 

conducted experiments in the temperature range ~IOO to 115°C. with 

benzene and cyelohexane as solvents. The restrictions in the use of 

solvents and possible side reaetions e.g. isomerization, have also been 

discusseà in this paper. 

The existence of a floor temperature has been suggested in the 

polymerization of t-butyl vinyl ketone (93) sinee both 6~ and 6Sp 

were found to be positive •. F'urthGr, a floor tem.perature has been 

reported for the equilibrium polymerization of sulfur (94). 

An inerease in 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.g. 

l,l-diphenyl ethylene) which are difficult to polymerize because of sterie 

hindrance (S7). 

KlNETICS OF POLYMERIZATION AND THE NOI.ECULAR WEIGHT DIS~RIBUTION 

When there is no termination mechanism in po~erization, the 

propagation w::lUld cease if the supply of monomer was e..xh.austed. Under 

these eircumstances, only two steps, initiation and propagation need to 

be considered. The initiation step may be represented by 

k - + i PJIi.- B + (8) A B + M -- l 

and the propagation step by 

- +. kp _.+ 
AMlB + M ~ AM2 B 

- +. Y"p - + 
AMj_~ "+ M A.l\1. B (9) --=---- J 
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where AB and!1 are the initiator and monomer respectivel:y, and where ki 

and kp are the rate co~stants for initiation and propagation. 

The absence of ter.mination in a po~erization system, leads 

to a number average degree of po~erization, (DP )c 1 given by (32); n a c, 

(DP) 1 = N /k,3.n . n ca c (10) 

where li is the total number of monamer molecules, n is the number of 

prc>pagating centers and k3 is a proportionality constant with a value of 

unit Y or one half depending upon whether the propagating centers are 

located on one or both ends of the polymerie chains. An intermediate 

value of k3 would indicate the presence of po~eric anions in the 

reaction mixture with propagation center at one and both ends of the 

polymerie chain. 

In the absence of termination the degree of polymerization 

determined experimentally, (DP) t would be equal to (DP) land nexp ncae. 

should be independent of po~-merization tempe:i:ature, rate of initiation 

and of propagation. 

OVer a temperature range 0 to -7SoC·., Szware et al. (96) 

obser~ed (DPn)cale ~ (DPn)expt for the sodium naphthalene initiated 

poly.merization 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 b:Lphenylsodium 

in a mixture of Dl1F and THF at -780 C. The (DPn)expt determined from 

osmotic measurem.ents on the polyacrylonitriles obtained were shown to be 

equal to the value of (DPn)calc'. 

If all the initiator participates in the initiation reaçtion, 

the number of propagating cent ers , Il, would be equal to the number of 

initiator molecules. In actual practice the residual impurities would 

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)expt. In a similar way if an initiator is not consumed completely 

in the initiation reaction, a higher (DPn)expt would be obtained than that 

calculated fram the initial initiator concentration and the polymer yield. 

The incamplete consumption 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 monamer or with polymer. Moleeular weights and therefore (DPn) expt 

determined for polymers prepared with anionie initiators have been found, 

in the polymerization of styrene (97), methylmethaerylate (78), aerylo-

ni trile (43), and isoprene (65),· t6 be· higher than thé (DP n) cale obtained from 

equation (10). The deviation in (DPn)expt could be either the result of 

incomplete participation or the occurrence of si de reactions, or both. 

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

and monamer can be given as: 

(11) 
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= k.[MJ[IJ + k [MJ([rJ - CrJ) 
~ p 0 

= (k. - k )[MJ[IJ + k [MJ[IJ (12) 
~ P P 0 

In these equations [rJ and CMJ are the initiator and monomer concentrations 

at time, i, and [IJ o is the initial initiator concentration. 

Bauer and Magat (98) have numerica1~ integrated equations (11) 

and (12) to give 

k 
= if {ln(l - f)-l - f J + f 

J. 

(13) 

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

reaction and Q~o is the initial monomer concentration. 

Szwarc (47) calcl.llated yalues of f. for different values of 

k /k. a..11.d ([MJ - [M] )/[rJ and showed that for k ~ k. sorne of the 
--pt ~ 0 0 p ~ . 

initiator wou Id l'emain unreact.ed aft.er aIl the monornE.:1' has been polymer-

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

living l mer, for the Inonomer. The l :TIers would compete more efficiently 

w.ith the progress of the polymerization rea,ction. This has been confirmed 

ex.perimental~ in studies of sodium naphthalene (99) and butylli thium (97) 

initiated polymerization of styrene. 

For a polymerization system, in which all the gro,dng chains 

have an equal opportunity to add monomer and in which initiation is only 

sJightly slower than propagation, Flory (100) has derived the relation, 
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where~ is the number of monomer molecules reacting with each molecule 

of initiator. 

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

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

In actual investigations, low values (close to unit y) of the heterogeneity 

index. have been obtained. These w.i.ll be discussed shortly. 

Gold (101) has derived relations to calculate molecular weight 

distributions from kinetic data and showed the nature of the molecular 

weight distribution to be dependent on [IJ ,GMJ and k /k.. Further 
·00 P 1 

for k /k. ~l, the heterogeneity index. was shown to approach a value 
. p 1 

1.4.· For k = k., the derivation by Gold (101) was identical w.i.th equation 
p 1 

(là) above. Glusker et al. (78) have showed that in a non-terminating 

polymerization, when ~ ~ ki , the value of MwlMn was equal to or Iess 

than 4/'3. 

Cow.i.e, Worsfold and Bywater (102) analyzed polystyrenes 

obtained by butyllithium initiation and found the osmotical~ deter.mined 

number average molecular weight, M , to be approximately equal to the n 

weight average molecular weight, M , determined by light scattering. The 
w 

value of the heterogeneity index. was found to be between 1.02 and 1.06 for 

different samples of anionic polystyrenes. McCormick (10'3) 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 w.i.th a narrow molecular 't.veight 

distribution, in THF at -78oe., and in benzene at OOC. By fractionation 
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of po~acrylonitriles obtained with n-BuLi, at -7SoC., Miller (105) showed 

that the heterogeneity index was 1.2 to 1.3. No heterogeneity indices have 

been reported in the literature for po~acrylonitriles obtained with 

anionic initiators at other temperatures. 

If ki <: kp' the molecular weight distribution would be broad. 

However if a seeding technique is used, a narrow molecular weight 

distribution may b~ 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 aIl the initiator is consumed. The 

reaction mixture is then cooled to a desired temperature, more monamer 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, po~soprene having a heterogeneity index of 1.20. The po~so­

prene prepared without the use of the seeding tecmlique had a heterogeneity 

index of 1.70 to 2.10. The seeding technique cannot be used if the initiator 

reacts with the functiona1 group of the monamer to give by-products or ifa 

carbanion produced is unstable. Fer example, in potassium amide initiated 

polymerization of methacrylonitrile, the anion has been shown to react with 

the nitrile group of the polymer or monamer (34). In a similar ~ay phenyl­

lithium has been found to react with the ester group of the methyl methacrylate 

(106) • 

Hsieh and McKinney (107) have determined the molecu1ar weight 

distribution in polymers of styrene, isoprene and butadiene prepared with 

buty1lithium (lOS). The heterogeneity indices calculated from analysis of 

these polymers were found to be less than 1.12 for ~/~ ~ 1. For ~/kp < 1, 

the polymers were more heterogeneous. 
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A similar finding bas been reported by Brower and McCormick 

(109), who observed tbat polystyrenes obtained from different solvents 

with different anionic initiators bad different values of the hetero-

geneity indices. When toluene was used as a solvent, the anionically 

prepared po~ethYl methacr.ylate bad a heterogeneity index of about 55 

(78). The addition of THF (20%) to toluene reduced the heterogeneity 

index of the po~er to 27. It is evident tbat in actual practice the 

experimental values of the heterogenei ty index for k. /k < 1 are in 
~ p 

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

EFFECT OF IMPURITIES ON MOLECULAR WEIGHT DISTRIBUTION IN POLYMERS 

When a solvent and an initiator are mixed, the impurities 

present in the solvent might react with the initiator to destrqy an 

equivalent amount of the initiator. If a mon amer free from impurities 

is added to the reaction mixture and if the solvent-initiator inter-

action products do not interfere with the po~erization, a po~er 

having a low heterogeneity index but (DPn) t>" (DPn) l" 't'lould be . exp ca c ." 

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 impuri ties wou Id react .oJi th the grO't·Iing 

po~eric chains to produce a po~er 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 impurities on the molecular weight distribution 

in anionic polymerization has been considered by Szwarc and Litt (110) 

and in greater detail by Wenger et al. (lll). By considering the 

probability of the reaction of an impurity with the growing anion at a 

particular impurity level, Wenger et al. (111) showed that the hetero­

geneity index deviated from unit Y 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 heterogenei ty index of 1. 02 and poly ~-methyl 

styrene having a heterogeneity index of 1.05-1.06. 

When propagation occurs at both ends of polymerie 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 polymerie chains propagating at one end wou Id be 

one half the value of those propagating at both ends. Polymers prepared 

~~th bifunctional initiators (e.g. eleetron-transfer type initiators) 

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

From a stuqy on the polymerization of st~rene in different 

solvents"Brower and MeCormiek (109) conclud~d that solvents promoting 

rapid initiation and ralativej.y slow propagation gave a pO~TIIl':!r having 

a low heterogeneity 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 > dietbylene glyeol 

dimethyl ether. 

Litt and Szware (113) have considered the effect of chain 
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transfer to mon amer on the molecular weight distributions in polymers 

prepared by the anionic mech8..11Ï.sm. From pr obabi lit y considerations, 

the degree of po~erization, (DP ), and weight average degree of 
n 

po~erizati~n, (DPw)' were given as 

DP
n 

= U?/m + (1 _ p)]-l 

DP w = ~l + p)/(l - pll - [2p(1 - ~m)/(l _ p)2~ 

(15) 

(16). 

'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 mon amer undergoes po~erization and chain transfer 

with the carbanion. When..E = l, equations (15) and (16) would give 

DP = DP = m n w 

and a monodisperse po~er would be obtained. For values of 

m(l-p) ~ 0.1, equation (16) has been approxi.mated (112) as 

'DPw = 2/(1- p) (17). 

A chain transfer to monomer has been reported for the anionic 

po~erization of acrylonitrile (42). 

Various authors have given theoretical treatments to 

diffèrent 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 ini tiators. An expanding drop model of mixing was used as a 

basis for deriving the mathematical relations. Litt (115) bas 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 

po~er 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 

irreversible termination with the chain length distribution. Stockmayer 

'(ll7) has considered the po~erization system 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 calculation of the heterogeneity index 

and ~olecular weight distribution in the po~er. 

In suromary, one can conc1ude that the probabili ty of obtaining 

polymers having a low heterogeneity index depends directly upon th~ 

attainment of the fo11owing 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 underexperimental conditions, 

(v) uniform mixing of the reactants, and 
" 

(vi)uniform conQitions with regard to polymerization temperature. 

CHAIN INITIATION BY n-BUTYLLITHIUM 

In 1917, Sch1enk and Holtz (119) prepared simple alkyls of 
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lithium from the reaction of the organomercury compounds with lithium 

metaI. These 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 hig~ ordered structures. Since then the detailed 

polymerization of alkylvinyl ketones, acrylic esters, dienes, vinyl 

nitriles, styrenes, etc., have been studied using these organometallics 

as initiators. 

In a kinetic study on the polymerization of non-polar monomers 

with n-BuLi in hydrocarbon media, a plot of the overall rate of monomer 

consumption was found to have the S-shape, characteristic of slow 

init~ation (122,68). O'Driscoll and Tobolsky (68) suggested that a 

small fraction of monomeric n-Bur~, in equilibrium with the associated 

form of n-BuLi, was an active initiator. The degree of polymerization 

calculated fram the known concentrations of the monamer and the initiator 

was lower than that of the polystyrene actually obtained (97). This 

was taken to indicate that even at the conclusion of po~erization, sorne 

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 

of disappearance of monomer and interpreted the results in terms of the 

following scheme: 

lni tia tion : 

d ~ ,1 / ri;1 ° .15 r: :1 - ~uLiJ dt = ki~uL~ ~tyrene~ 
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-d[styren~ / dt = ~[POlystyryllithiuml°·5rstyren~ 
iotat 

This scheme would suggest a mechanism of the type: 

Initiation: 

(BuLi) 
6 

BuLi + M 

Propagation: 

6 BuLi 

+ 
Bu Ml Li 

- + . - + 
(Bu(M)i Li ) • (Bu(M)j Li ) 

- -+ 
Bu(M).Li + M 

J 

- + - + 
Bu(M)i Li + Bu(M) j Li 

That the n-BuLi is associated as a hexamer has been shown from measure-

ments, in hydrocarbon solvents, of molecular weights by osmotic 

techniques (122). The viscosity and light scattering measurements 

before and after the termination of polymerization showed the polystyryl-

lithium to be associated in dimers (3,62). Morton et al. (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 assoeiated as a tetramer and polybutadienyl-

lithium was assoeiated as a hex&"Iler. 

O'Driscoll et al. (124) studied the poly,merization of styrene 

at 25 0C. in benzene and showed the initiation to be one-third order in 

@u~ and first order in [styrene). This indicates that n-BuLi exists as 

a trimerie isomer. By gas chromatographie 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 

G-nitiatoa for styrene, isoprene and butadiene. At 500 C., the rate of 

propagation of styrene was one-half order in (polystyrylli thi~ and 

first order in ~tyreneJ (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 concentration (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 cata~ic amount of a basic compound 

(ether, amine, etc.) to the reaction mixture increased the rate of 

initiation, while the addition of a Lewis acid (Bu2Zn) 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, po~erization is often accompanied 

by side reactions, which complicate the interpretation of the polymeriz­

ation data and the postulation of a reaction mechanism. 

Zilkha et al. (126) have studied the heterogeneous polymeriz­

ation of methacrylonitrile in petroleum ether. At OOC. the degree of 

polymerization increased 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 monamer concentration and hence 

in the dielectric constant of the medium. Fram the data reported in 

this paper (126) the initiator efficiency appeared to decrease to 25% 

when the monamer concentration was increased fram 0.24 mole/liter to 1.9 

mOle/liter. The overall efficiency of the initiator was found to be 

less than 7%. The molecular weight and conversion were found to be 

independent of temperature between 100 and -300C. A low initiator 

efficiency was explained by assuming association of n-BuLi and by 

. assuming the' mon amer to add to the grow.i.ng chains rather than to the 

unreacted initiator. 

Bu1i initiated polymerization of vinyl chloride (127) was 

foUnd essentia~ly to be unaffected by air and (DPn)ex:pt was found to be 

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

methyl acr,ylate, 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, ~nfrared measu~ements on polyacetone suggest the 

follow.i.ng structure (128). 

The chlorine content of polyvinylidine chloride (129) was found to be 

independent of the temperature of polymerization but did decrease w.i.th 

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 

polymer. In fact n-BuLi. has been found to react with polymers. In THF, 

polyvinyl chloride (PVC) reacts with n-BuLi to give a graduaI color 

change from deep purple to blue, green and pale yellow. Butylation, 

dehydrochlorination or partial li "t!hiation were considered among the 

pcssible reactions (130) between PVC and n-BuLi. Polyisoprene reacted 

with n-BuLi lowering both the molecular weight and tl.nsaturation (131). 

By employing labelled terminators in 9-fluorenyllithium initiated polymer­

ization of methyl methacrylate (MMA), Glusker et al. (78) showed 98% of 

the initiator to be consumed in reactions with MMA in five seconds and 

about 80% of the total propagating cent ers 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 po~erization of MMA in toluene between -500 and -80oC., and 

pointed out that three modes of n-BuLi addition to MMA (1,2; 3,4 and 1,4) 

were possible. The usual po~erization proceeds by 1,2 addition. The 

carbanions obtained by 1,2 addition may however react with the monomer 

to givethe 1,4 or 3,4 adducts. 

Wiles and Bywater (134) investigated the polymerization of MMA 

with n-BuLi in toluene at _50 and -30oC. The po~er contained a low 

molecular weight component, the proportion of which increased with an 

increase in the initiator concentration, and with the temperature. The 

first order reaction plots for this po~erization were not ~near. 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: 

rH3 

CH2=C-y=O + C4H9Li ~ 

OCH3 

A similar reaction may also occur between the growing carbanion and an 

ester group of monamer or polymer. The lithium metho~de would react 

with acetic acid to give methanol. 

After the reaction was ter.minated, methanol was detected by gas chromato­

graphie 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 Mw reached a minimum when the 

concentration 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 methacryloni trile, 

(MAN), in both n-hexane at 30oC., and THF at _7aoC. 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 >HA > AN > MAN 

l.fA > AN > MMA > MAN 

in hexane and 

in THF. 
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The n-BuLi initiated poly.merization of acr,ylonitrile has been 

investigated in petroleum ether (42), dimethyl formamide (69), toluene 

(105), tetrahydrofuran (69), etc., and ~dll be discussed in detail in the 

fOllowing section. 

POLYMERIZATION OF ACRYLONITRILE 

Although Moureu (137) first prepared acr,ylonitrile by the 

dehydration of ethylene cyanohydrin and acr,ylamide with phosphorus 

pentoxide in 1893, acr,ylonitrile is manufactured today fram propylene, 

. ethylene oxide, acetylene, ·acetaldehyde, etc. (138). Chemically, 

acr,ylonitrile is a ver,y 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 poly.merize 

acr,ylonitrile by a radical or anionic mechanism (139,140). The radical 

mechanism of acr,ylonitriJ_e polymerization iS'probably better understood 

than the anionic mechanism and the kinetics of the radical poly.merization 

seems to have been studied in greater detail. 

I. Radical Polymerization of ACrYlonitrile 

The poly.merization of acrylonitrile by radical initiators has 

been studied under both homogeneous and heterogeneous conditions. With 

ethylene carbonate as solvent, the initial rate of poly.merization (at 

50-60oC.) was found to be proportional to the monomer concentration and 

was approximately 0.6 order in initiator (azo-ois-isobutyronitrile) 
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concentration (141). The solvent acted as a diluent and a transfer 

agent. A first order dependence of the po~erization 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 U11der 

conditions of hamogeneous po~erization seemed to be negligible. 

Polymerie radicals have been found to undergo chain ter.mination by both 

recombination (142) and a chain transfer (143) in homogeneous polymeriz­

ation. 

The bulk po~erization of acrylonitrile is autocatalytic and 

can be explosive (144). During bulk or suspension polymerization, poly­

acr,ylonitrile precipitates together with some active radicals. The 

bul~ng of radicals reduces the apparent pO]Jmerization rate, but the 

intrinsic reactivity of the trapped radicals seems to be unchanged. 

Peelbes (145) has discussed the heterogeneous po~erization 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 po~er, and (iii) in the interior of the po~er. Each 

site had its own characteristic rate of polymerization. 

-II. Radiation Induced Polymerization 

Po~erization by radiation seems to occur by both a radical 

and an anionic mechanism. Copolymers of styrene and acrylonitrile 

obtained at -78oC. byy-radiation contained only a small fraction of 

styrene, but those obtained at OOC. 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 po~erization occurs by anionic 

mechanism at low temperature and by radical mechanism at high temperature 

(146,147). On irradiating acrylonitrile at -78oC. in ethylene, Sobue et 

'al. (146) observed that polymerization occurred by a vinyl and a nitrile 

additio~. This indicated that the pûljïnerization proc~eded 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 po~erization 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 Po~ymerization of Acrylonitrile 

Acrylonitrile is an acidic monomer, which can be p~lymerized 

anionically by basic initiators. Beaman (150) reported the ar~onic 

polymerization of acrylonitrile initiated by' but yI magnesiurrl bromide in 

ether to give a low molecular weight polymer. In the po~ymerization 

initiated with potassium metal in liquid ammonia, the molecular weight 

of the poly.mer obtained varied inversely with temperature (30). 

Termination was by chain transfer to the solvent. The polyacrylonitrile 

was yellow 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 reaction mixture and ms shown to be related to a cyanoethylation 

reaction (48). In petroleum ether the molecular weight of the polymer 

increased with monamer concentration but decreased with alcohol concentrat-

ion indicating that termination ms by chain transfer to the alcohol. 

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

the temperature (48). In DMF the molecular weight of polyacrylomtrile 

was shown to be independent of mon amer concentration, reaction temperature, 

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

Zilkha and coworkers (43) found metal ketyls of the sodium 

. benzophenone type to initiate the polymerization of acrylonitrile and 

other monamers in THF. The molecular weight of the polyacrylonitriles 

was found to be independent of monomer and initiator concent~ation while 

that of polystyrene and polymethyl methacrylate was round to vary 

inversely with the initiator concentration and directly with the monomer 

concentration. Neither a hamopolymer nor a copolymer of st~-rene was 

obtained "{Then styrene was added to a reaction mixture of acrylonitrile, 

monosodium benzophenone and THF (43). Apparently aIl the initiator ms 

consumed in chain initiation and si de reactions with ~crylonitrile 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 ''laS independent of the monomer concentration. 

Further evidence of a chain transfer mechanism in ter.mination was found 

in the infra-red absorption at 5.9 ...... 6.111 (assigned to =CH2) (43). 
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~CH2-~H-CH2-yH + CH2=yH - ~CH2-yH-CH2-~H2 + 
CN CN CN CN CN 

po~er 

Furukawa et al. (151) observed that lithium benzophenone does not 

initiate po~erization of acrylonitrile but sodium and potassium: 

benzophenone does. 

In the presence of water acrylonitrile was po~erized with 

quaternary ammonium bydroxides 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 polyacrylonitrile 

obtained varied with different quaternary ammonium hydroxides in the 

following order: 

No explanation for chain transfer to monamer in the presence of water 

has been offered but a cyanoethylation reaction between 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 disodiomalonic ester in ~œ. 

At -40oC., the rate of disappearance of monomer was found to be 

proportional to ~J2[IJ. The molecular weight was independent of the 

monamer 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 monamer and random splitting of the po~er chains by the growing 

carbanions were proposed to explain these findings (.37). 

In another investigation (77), acrylonitrile was polJm,erized 

in DMF with sodium triethylthioisopropoxyaluminate~ The molecular 

weights calculated fram light scattering measurements and from the sulfur 

content of the polJm,ers (assuming one sulfur atam per po~er molecule) 

were approximately equal for po~ers obtained at -7SoC. For polJm,er­

ization at -.30
o
C., the molecular weight based on sulfur content was 

higher than the experimentally determined value. This was taken to 

imply that more than one polymerie chain was produced per initiator 

molecule. Since the sulfur content of the polymer was less than that 

of the initiator same of the initiator was consumed in reactions other 

than the chain initiation. The polymerization never l'lent to campletion 

at -.30oC. because of the short life time of the carbanions at this 

temperature. At -7SoC., 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 (44,49). 

The conversion was found to increase with initiator concentration. The 

polJm,erization with lithium as the counterion gave a polJm,er l'r.i.th higher 

molecular weight than that obtained with sodium as the counterion. A 

decrease in the reaction temperature (0 to -50oC.) increased both the 

po~er yield and the molecular weight, implying that the carbar~on 
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stability varied inversely with temperature. Further·, the polymers 

prepared at 000. cantained less nitrogen than the theoretical nitrogen 

content of the polyacrylonitrile. 

Since the viscosity average molecular weight of polyacrylo­

nitrile obtained with biphenyl sodium, at -7800., 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 white and gave an 

IR-spectrum similar to that obtained from a polymer prepared by a 

radical mechanism. The polymer obtained in DMF alone was colored 

probably because of participation of the nitrile group in the reactian. 

Acrylonitrile, when polymerized with aryl and alkyl compounds ~f 

lithium and sodium in THF, THF + DMF, toluene (at -780 0.) and DMF (at 

-500 0. ), 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. po.ly-

~ fttnctional initiator was shown by the ozonolysis of the polyacrylo­

nitriles produced by these initiators in THF (49). Isolation and 

characterization of the cyanoethylation products fram the reaction mixture 

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

IV. Polymerization of Acrylonitrile with n-Butyllithitun 

When acrylonitrile was polymerized with n-BuLi in different 
. . 

solvents, the molecular weight of the polymer increased as the dielectric 
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constant of the solvent decreased (69). This has been relatedto an 

increased initiator efficiency with, dielectric constant. An increased 

rate of chain transfer or chain ter.IDination with dielectric constant 

could also expIa in this behavior. 

In the heterogeneous n-BuLi initiated po~erization of aCrYlo-
"1:"'-'" 

nitrile in petroleum ether at OoC., the molecular weight of po~er 

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 mechanism, in which the growing carbanion of AN, 

-+ 
--GH2-ÇH Li, was solvated by the monomer, was proposed to explain these 

CN " 
findings. Under identical experimental conditions, the molecular weight 

was higher, the lower the monomer concentration at a given [M]j[rJ ratio. 

The molecular weight of the polymer increased with a decrease in initiator 

concentration or reaction temperature (OOC to -50oC.), indicating an 

increase in carbanion stability at lower temperatures. The molecular 

weight of polymer obtained under homogeneous conditions '(in DMF) was' 

independent of the mon omer and initiator concentration at high initiator 

concentration, but increased with decrease in temperature of polymerization 

(155)., Although the degree of polymerizat~Qn calculated from viscosity 

measurements was found to be higher than (DP) l' a chain transfer to n ea c 

monomer '\-/aS considered to be the termination mechanism. The chain 

transfer mechanism was supported by the infrared meas~rements on poly-

acrylonitriles where the absorption at 6.03)(was related to terminal 

unsaturation. To account for aIl the initiator it '\-~s necessary to assume 

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

participated in chain initiation while the associated form r~mained 
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unreacted (42,155). At low initiator concentrations the molecular weight 

increased directly with monomer concentration and inversely with the 

initiator concentration (155). The variàtion of temperature (00 to -500C.) 

had essentially no effect on the molecular weight of polyacr,ylonitrile 

(155). For polymerization at low initiator concentrations a monamolecular 

chain terrnination mechanism was proposed in which the carbanion was shawn 

to cyclize to an imine ion incapable of adding a mon amer 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 tsmperature 

lowered the polymer yield (155). 

Miller (105) found, at initiator concentrations in excess of 

2.4 meq./liter at -7SoC. in toluene, the percent polymerization to be 

independent of initiator concentration and to varJ inversely with the 

monamer concentration. The molecular weights of polyacrJlonitriles, 

formed CN'er a three-day reaction period at -:7SoC., as reported by Miller· 

'(105) are given in Table 0-11. This table demonstrates that there is 

actually little experimental evidence of any relation GXÏsting between 

molecular weight and monamer or initiator concentration. In polymeriz­

ation experiments of short reaction times, the percent conversion was 

independent of monamer concentration up to 13% acr,ylonitrile. A polyrrler 

obtained after 24 hours had a low heterogeneity index. However the 

molecular weight distribution plot of the po~~er sample indicated the 

presence of a srr~11 amount of Iow and a high molecular weight fraction. 

The polymer cbtained by reaction terrnination immediately after the mono­

mer addition showed a bimodal molecular weight distribution. These 
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TABLE O-II 

Viscosity Average Molecular Weights of Polymers Formed 
in the Three Day POlymerization Experiments* 

Molecular.Weight x 10-3 

lnitiator concentration Monamer; volume - % 
(mole/liter) x 100 27 13 

0.24 125 ll50 

0.49 1300 

1.01 725 720 

1.48 780 564 

)\- Ref erenc e 105. 

5.7 

J350· 

940 
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molecular weight distribution data suggested a slow initiation of new 

. polymerie chaîns and a slow chain growth. GraduaI chain termination 

by impurities present in the mon amer may be an alternate explanation 

for the observed molecular weight distributions. 

In all the work reported on n-BuLi initiated acr,ylonitrile 

polymerization, the observed low initiator efficiency has been explained 

by assuming n-BuLi to be associated and by assuming monamer addition to 

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

The po~erization of acrylonitrile, at different temperatures 

(0 to -7SoC.) in toluene, with n-BuLi as the initiator, is reported in 

the present thesis. The object was to study the effect of time, 

temperature, monomer concentration, and initiator concentration on 

polymerization and molecular weights of polyacIJ-lonitriles. An attempt 

has also been made ta trace the initiatoT unaccounted for in initiation. 

The effeet of tGmperature on pO]Jiller 5tructu~e &nd molecular weight 

distribution is investigated. 

THE MOLECULAR WEIGHT A VERAGES 

Since the polymer molecules in a given preparation caver a 

large range of molecular weights, the entire distribution of molecular 

weights would be required for the complete description ot the po~er 

sample. This is usually not done. In practj.'~e molecular vTeight 

averages are employed. 

If f(M)dM represents the fraction of the material having a 
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molecular weight between M and M + dM, seme of the molecu1ar weight 

averages are given as, 
_ ~ Ct! 

~ = ! f(M) dM/! (f(M) lM) dM 

_ ~ ct: 

M = J f(M)M dM/ f f(M) dM w 0 0 

~ _2 '" M = f f(M)M-dM/ f f(M)M dM 
Zoo . 

where ~, Mw, Mz' and Mv are the number average, weight average, z­

average and the viseosity average moleeular weights respeetively; § 

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. 

[r]] = kif" (18t ) 

In this relation ~ is a constant for a given solvent-poJ~~er system at 

a given temperature. The coefficient § is conveniently taken as a 

constant in the range of mo1ecu1ar weights usua1ly studied, a1though 

the value of § for a given system varies fram 0.5 to 1.0 as the 

mo1ecular weight increases frem zero to infipity (157). The above relation 

was derived theoretica1ly by Kirkwood and Riseman (158), Buehe et al. 

(159) and Brinkman (160) from mode1s of polymerie chains in sO~ltion. 

In aetua1 practice ~ and § are eva1uated from intrinsic viseosity 

measurements on a series of monodisperse fractions of knovm mo1ecu1ar 

weights. 
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The experimental values of ~ and ~ for polyacr.ylonitriles 

are collected in Table G-III. Since the polyacr.ylonitrile obtained by 

radical initiators may differ in structure and molecular weight ' 

distribution and since the fractionation of polyacrylonitrile is often 

poor (11,161) the values of ~ and ~ show poor correlation. The values 

of the constants deter.mined byStoekmayer et al. (161) appear to be the 

most reliable (140). A relation equivalent to that of St,oc~yer et al. 

(161) was derived by Miller et al. (162) from light-scattering and 

viscosity measurements on high molecular weight polyacr.ylonitriles at 

o 29.9 C.This relation has the form 

2.27 x 10-4 M 0.75 
v 

(18) 

This relation would not hold if the polymer structure is branched as is 

sometimes the case for polyacrylonitriles prepared anionically (74,153). 

A relation between the sedimentation coefficient and molecular 

'\"leight (163) CB...'1. be derived in a manner analogous to the relation 

between intrinsic viscosity and molecular .... leight.~ For a given polymer­

solvent system at a given temperature the relation has the form, 

So = kM b 
o 2 

where'S~ is the sedimentation coefficient 'corrected for pressure and 

concentration effects. The constants k2 and È can be evaluated from the 

known values of ~ and §:. Elimination of M from the equations (lg) and 

(19) gives the relation: 

A plot of log s~ against logea] should be a straight line with a slope 

equal to b/a and a11 intercept equal to log k2 -~ log k. From the knom 
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TABLE G-III 

Camoarison of Mark-Hou'WiIik Constants for PAN Solution in DMF** 

Author 

Houtz· 

. Frind 

Bisschops 

Stockmayer 

Onyon 

Ciampa 

Kobayashi 

Miller***' 

k x 103 

1.750 

2.500 

0.166 

0.243 

1.970 

. 0.040 

0.278 

0.227 

0.660 

0.660 

0.810 

0.750 

0.625 

1.000 

0.770 

0.750 

.1~ x Molecular weight 
range 

18-135 

9- 69 

48-270 

15-132 

177-1000 

12- 61 

28-575 

65-202 

* Abbreviations: 0 : Osmcmetry; S: Sedimentation velocity; 
L ~ Light scattering; Dv: Diffusion and 
viscametry; f: fractionated polymer; 
p : Po~disperse polymer. 

Method 

O.f 

O.p 

S.f 

L.p 

O.p 

O.p 

Dv.f 

L.f 

** Taken from Kawai, T and Ida, E., Kolloid. Zeit & Zeit Polymer 
194, 40 (1964). 

*** Reference (162). 
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values of ~ and~, the constants B and k2 can be evaluated. Once the 

constants k2 and B are known, the molecular weights could be calculated 

fram the sedimentation coefficients. 

THE MOLECULAR WEIGHT DISTRIBUTION FROM SEDIMENTATION 

VELOCITY 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 tram the measurements of 

sedimentation velocity gradient curves and the requisite corrections for 

diffusion, concentration arld pressure effects. Gupta, Robertson and 

Goring (165) have evaluated the sedimentation coefficient distributions 

for alkali lignin fractions. McCormick (103) has studied the molecular 

weight distribu.tions in anionically prepared polystyrenes using the 

sedimentation velocity.method. The concentration effects were minimized 

by working under theta conditions. 

The c:ampressibility 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 onl.,he observed sedimentation 

coefficients 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 So from the relation, 

° 2· 2)2 ln r· = ln r + S CI.) t. + B( w t. 
~ ° ~ ~ 

(21) 

in which ri.is the position of the maximum at time t i (sec.), SO is 

the sedimentation coefficient corrected for the pressure effects and ~ 

is the angu1ar velocity (radian/sec.) •. The parameter 12 was shown to 

be re1ated to the pressure dependence parameter (168). Blair and 

Williams (169) showed that the value of SO ca1cu1ated by using the 

1east square technique was not affected by any sma11 inaccuracies in 

the measurements of time. 

Wa1es and Rehfe1d (170) have developed a method of calculating 

the mo1ecu1ar weight distribution which corrects for diffusion, 

concentration and pressure effects. The procedure for pressure effect 

corrections invo1ves the ca1culation of the pressure parameter by 

eva1uating the sedimentation coefficient at a series of angular ve1ocities. 

For each given polymer concentration the pressure parameter can be 

deterrni.ned by Bi1lick's method (168) and can be substituted in the 

equations derived by Wales et. al. (170) to calculate the mo1ecu1ar 

weight distributions. This method ~~s used in the present work. Neither 

. sedimentation coefficient distributions nor the mo1ecular weight 

distributions from them are available in the literature for polyacr,ylo-

nitriles. 
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EXPERIMENTAL 

A-I TREATMENT OF GIASSWARE: 

AlI 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 200oC. The standard-taper round bottom 

flasks and tubes "lere transferred while hot to a vacuum desiccator, 

evacuated for 30 minutes and flushed with dry nitrogen. The object of 

this treatment was to r~ov~ surface films of water, gases, etc., which 

are usually adsorbed on the glass. In the present work, round bottam 

flasks treated in this marmer will be referred to as t dry nitrogen 

flushed flasksf. ThE: graduated ampoules: eqù.ipped with break-seals 

shown in Figure 1, and reacticn flasks were attached, before use, to the 

appropriate sections of the yacuum line described in Figure,6, evacuated 

overnight, heated gently with a hand torch for about 15 minutes a.'l'J.d 

allowed to cool under continuous evacuation. 

A-II .THE VACUTlM APPARATUS: 

It is no\'; '\'Tell recognized that ·anion:ic initiators (e.g. 

campounds of hydrocarbons with alkali metals) and polymerie anions are 

quite sensitive to traces of ox;ygen" carbon dioxide, \'œ.ter and to the 

impurities containing active hydrogen. The vacuum apparatus illustrated 

in Figure ,6 \'œ.s used to minirrd.ze such impurities. The apparatus 

consisted of an oil pump (Fig. 2, A) '\'Thich in combination wi th the mercury 
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FIGURE 1 

AMPOULES 

A Monomer ampoule 

B Initiator ampoule 

C Solvent ampoule 

D Di-n-butylmercury ampoule 
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FIGURE 2 

THE VACUUM APPARATUS 

l Monamer degassing ~d distillation section 

II Solvent degassing and distillation, initiator 
preparation and dilution section 

III PolYmerization reactors evacuation section 

A Vacuum pump 

B . Diffusion pump 

C Liquid air trap 

D Monamer ampoules 

E Monamer container 

F n-Hexane container 

G Toluene container 

J McLeod gauge 

K Solv~t ampoules 

R Pressure release 

T Silica gel trap 
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diffusion pump (B) reduced the pressure in the system to 10";'5 to 10-6 

'm. Hg as measured by the McLeod gauge (J). The liquid air cooled trap 

(C) was used to remove condensable gase~'fram the mànifold and to 

prevent contamination of the manifold by mercur,y vapor from the diffusion 

pump. The mà.in manifold was divided into three sections: section l _was 
-, 

used to degas and distill the monomer; section II to degas and distil:' 

the solvents, to prepare the i~tiator and to dilute the initiator 

solution; and section III, to evacu.ate the reaction flasks. The pressure 

release (R) prevented excess helium pressure build-up. Condensables 

frœ ,helium gas were removed by the dry silica gel trap (T) immersed 

in liquid air. 

A-III REMOVAL OF AIR FROM LIQurDS: 

The flask containing the matel'ial to be degassed was connected 

to an appropriate outlet on the vacuum line. The manifold was evacuated 

to 10-6 nnn Hg. The contents of the f1ask were froz,en by a liquid air 

cooli~ bath, and the flask was eva_cuated by opening the stopcock to 

the vacuum line. After 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 minutes 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 MA.TERIALS: 

Toluene (Fisher - Certified Reagent) was refluxed over sodium 

metal for more than 24 hours. It was distilled fractionally, under 

slightly positive nitrogen pressure, into a dr,y nitrogen flushed flask 

containing sodium metal. This flask was attached to the refluxing 

system, shown in Figure.2" which had been previou sly. flushed with dry 

nitrogen. The contents of the flask were boiled gently for two hours, 

the heater was removed, and tho mixture was stirred vigorously to disperse 

the liquid sodium (m. p. 97. 50 C.) as fine particles. The stirring was 

stopped aft;r the temperature dropped to 900C. These operations 

were perfor.med under positive nitrogen pressure. The ccol flask 

containing sodium dispersed in toluene was attached to an outlet of the 

, vacuum apparatus (Fig. 2, G). The toluene, degassed as described above, 

was vaëuum distilled into evacuated ampoules. 

n-Rexane (B.D.H. - AR) was refluxed over so~um metal, distilled 

fractionally under nitrogen into a flask coated with a sodium mirror, 

degassed by freezing-thawing and distilled'into ampoules or a reaction 

vessel. 

Benzene (Fisher - Certified Eeagent) was purified in the sarne wznner 

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 fram P205' degassed and collected in~o 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 3 

UNIT FOR PREPARATION OF SODIUM DISPERSION 

G Toluene container 
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was stored under nitrogen until used. 

N,Nt -dimethyl formamide (DMF) (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. 

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

used in the present work. The main impurities in the acrylonitrile were 

acetone, acetonitrile, aldehydes, water and inhibitor (hydroquinone 

monomethyl ether). Most of the acetonitrile was removed from acr,ylo­

nitrile by washing with distilled water. Acetone and aldehyde distilled 

over first and were rejected with the forerun during the azeotropic 

distillation of acr,ylonitrile with water (171). The portion left in the 

distillation flask contained traces of acetonitrile, inhibitor, water 

and a portion of acrylonitrile and was rejected. The azeotrope (b.p. 

70.7°C.) containing 85.7% acr,ylonitrile and 14.3% water ~~s collected 

'in a round bottom flask, cooled to -lOoC., 'and decanted to remove the 

ice phase separating ~t this temperature. The acr,ylonitrile so treated 

contained about 1. 5% water. The solubility of water in acr,ylonitrile 

as a fun'ction of temperature is plotted in Figure l± (1.38).' By reference 

to this plot approximately 0.02% water is soluble in acr,ylonitrile at 

-800 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 2. A liquid air-cooled silica gel trap (D) was used to 

remove traces of moisture present in nitrogen. An adjustable pressure 
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FIGURE 4 

SOIlJBILITY OF WATER IN ACRYLONITRIIE (138) 
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FIGURE 5 

APPARATUS FOR DRYING ACRYIDNITRILE 

A Acrylonitrile container 

B Acrylonitrile reeeiver 

C Oil trap 

D Silica gel trap 

E Fritted dise 

F Pressure regulator 

G,H,J Stopeocks 

K Transfer tube 
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release (F) allowed the pressure in the systffin 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) and (H) were opened. 

The AN flask was maintained at -7SoC. by ~~ ethanol-dr,y 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 CC). By increasing the nitrogen pressure, the acr,ylonitrile was 

transferred to flask (B) leaving behind the ice in (A). Once AN had 

attained the roam temperature, the flask (B) was transferred to a 

fractional d:l,.stillation 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 -.. Tater. This gave a 

double check on the p~rity of the monomer. For polymerization experiments, 

the monomer thus purified was distilled as required L~to the graduated 

ampoules· as shawn in Figure l,A. 

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

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

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

Pyridine (Fisher - Reagent), rodine (Fisher - Reagent), Zinc chloride 

(Fisher - Reagent), Sulfur dioxide (Matheson of Canada Ltd.) l'Tere used 

without further purification. 
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A-V n-BUTYLLITHIID\f (n-BuLil: 

a. Preparation of n-Butyllithium 

The procedure described here is a slightly modified version of 

that employed by Morton et al. (104). The flask (n), shown in Figure 1, 

was connected to the vacuum line (Fig. 2, sect. II), evacuated and flushed 

wi th helium. The desired amount of vacuum-distilled di-n-butyl mercury 

was added to the flask (n) 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 BO 

ml. of dry, thoroughly degassed, n-hexane was collected. The flask (n) 

containing di-n-butyl mercury solution was sealed to the apparatus, shown 

in Figure 2, for the preparation of n-BuLi. The apparatus was connected 

tothe vacuum line through (Hf), evacuated to 10-6 mm Hg, flamed gently, 

cooled and flushed wi th helium. Li thium, cut in very small pieces under 

paraffin, was transferred to flask (A), by opening the side arm at (B). 

The helium flo\'r was stopped after the side arm "wa.s resealed. The apparatus 

was then evacuated overnight to 10-5 mm Hg 'and 40 to 50 ml. of degassed, 

anhydrous n-hexane was introduced by flash distillation. After re."Iloving. 

the. apparatus from the vacuum line, the contents of the flask (A) were 

stirred for sorne time to dissolve the petrolatum coating from the lithium 

illetal. 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 CE), containing petrolatum 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 Cn) was added to reaction flask CA). A small portion of lit~ium 



- 71 -

FIGURE 6 

APPARATUS FOR PREPARATION OF n-BUTYLLITHIUM 

A Reaction f1ask 

B Side arm end 

C n-Buty1lithium receiver 

D Di-n-butylmercury solution 

D' Fritted disc 

E Receiver for lithium washings 

H Side arm 

H' Vacuum out1et 
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was added to (A) and the contents were stirred continuously by a 

magnetic stirrer. As the reaction 

(XI) 

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 lithium was added to the solution from the aide 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 solution was collected in 

flask (C) by filtration through the fine porosity disc (Dt). The flask 

(A) was rinsed three times by back disti11etion to insure quantitative 

transfer. Flask (C) wns cooled in an ethanol-dry ice beth and sea1ed off 

the apparatus. 

When aIl the lithium rep.tal ~s ~ddaj in one portion as suggested 

by-Morton et al. (104), the- reaction vias -not complet.e even after 4 days 

and gave a yield of 80 to 85 percent n-BuLi. The modification of this 

method used in the present work gave yie1ds of more than 99 percent n-BuLi 

(in both cases the percent yield is based on di-n-buty1 mercury). 

b. Subdivision of n-Butyllithium Solution 

Since n-BuLi is very reactive, and the re~ctiol1 products of 

n-BuLi with impurities may also react directly or indirect1y with active 
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propagating centers during po~erization, it is essential to handle 

n-BuLi solution in the absence of ox;ygen, moi sture, 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 ls shown in Figure 1. In this figure the flask (C) containing 

n-BuLi solution was connected to the manifold CT), which in turn was 

sealed to the vacuum line at CV). The manifold was evacuated to 10-6 

mm Hg with thorough outgassing and was finally sealed off. l lhe break 

seal of the flask CC) was opened to allow the solution to enter the 

tube CT) which was aligned and clamped in a hor.izonta.l. plane. After a 

l,5-minute interval C to attain equilibriumL. the tube CT) .... Ias rotated to 

allow the solution to flow and to be divided ur.ii'ormly among t.he 

ampoules. Arter two hours at room temperature th'5 ampoules Ï'lere cocled 

in an ethanol-dry ice bath, and finally sealed off the ma:i..n ma.nifold (T). 

The volume of n-BuLi solution in each ampoule was. determined at room 

temperature. 

c.The Ana~ysis of n-Butyllithi1.1m Solution 

The solution of n-BuLi was analyz€d by the double titration 

method of Gilman et al. (172). In this double titration techr.ique the 

total hydrolyzable lithium is determined by direct hydro~~sis and sub­

sequent titration with standard HCI 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 7 

APPARATUS FOR SUBDIVISION OF n-BUTYLUTHIUM SOLUTION 

C n-Butyllithium container 

T Main manifold 

V Vacuum outlet 
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the amount of n-BuLi. The reaction 

is rapid and quantitative at room temperature. 

Despite aIl the precautions taken, the complete exclusion of 

impurities was never attained when a dry nitrogen glove box was 11sed 

to establish an inert atmosphere. The results were inconsi.stent and 

only 65to 70 percent of Li was found as n-BuLi. Tc improve the 

technique, the apparatus described in Figure ~ was employed. This 

apparatus was connected to the vacuum line at (V)~ evacuated to 10-6 nro 

Hg, degassed in ~ and sealed off. The n··BuLi. solution (C) i.'1'd.S added 

to flask (A), cooled to -78 oC. 1 and benzyl chloriàe and. cO'ld (-78°0.) 

diethyl ether (E) wcre added to (A). The reactants were allo'\lled to 

attain room temperature and were stirred. The flask was opened~ t.he 

contents were hydrolyzed and ti.trated lh'ith standard hydi:'ochloric acid ta 

determine hydrolyzable lithium other than n-BuLi. The total :\:1.ydrolyzabls 

Li was determined irem direct hydrolysis and U.tra.tion with standard acid. 

The n-:-BuLi used in the present work cont.ained more than 97% C-U. bonds. 

A-VI POLYMERIZATION PROCEDUR~: 

In the present polymerization study, tolue:rle, n-Buli, and 

acrylonitrile were used as the solvent, initiator (1) and monomer (1-1) 

respectively. The monamer was poly~merized in 300 or 500 ml. round 

bottom flasks, equipped with five outlets, as shown in Figure 52.. A 
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FIGURE 8 

APPARATUS FOR ANALYSIS OF n-BUTYLUTHImr 

A Reactor 

B Benzyl chloride ampoule 

C n-Butyllithium ampoule 

E Di-ethyl ether ampoule 

V Vacuum outlet 
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FIGURE 9 

THE POLYMERIZATION APPARATUS 

A Reactor 

. . B Solvent ampoule 

C Initiator ampoule 

D Monomer ampoule .. 

E Acidified acetone ampoule 
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teflon coated magnetic stirring bar (inert to n-BuLi solutionat 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 flask (A) from (C) and (B) respectively, and maintained 

at a desired temperature. After 15 minutes the monamer at the sarne 

temperature was added to the initiator solution from CD) with stirring. 

The reaction was instantaneous as evidenced by the yellow color 

characteristic of the carbanions derived fram acrylonitrile. The 

reaction was stopped by the addition of the acidified acetone from (E) 

to the reaction mixture with rapid shaking of 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 1'laS calculated from the known weight of 

acrylonitrile and the polymer obtained. 

relation, 

The kinetic molecular weight, Mk' was calculated from the 

M
k 

-- Weight of the polymer obtainedjnumber of moles of 
initiator taken. 
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RESULTS 

POLYMERIZATION OF ACRYLONITRILE 

B-I REPRODUCIBILITY OF P01YMERIZATION DATA: 

In the present work, the reproducibility of the po~erization 

data depended upon the initiator concentration, monomer concentration, 

the rate of addition of the mon omer to the reaction mixture and the 

reaction time. The reproducibility was poor at high initiator and 

rnonomer concentration. At high initiator and monomer concentration, 

the reactionmixture became highly viscous or almost solid, before 

complete addition of the monomer. TIns led to difficulties in stirring 

and in sorne cases to complete separation of a solid phase in contact 

w.i..th a clear supsrnatent llquid phase of the monomer. Under such 

conditions the addition of acidified acetone to the reaction mixture 

did not lead to instantaneous deactivation of the propagatL~g cent ers 

and consequently the "Lime of reaction coulq only be eGtima,ted approximately. 

Occasionally the reaction mixture was so dense, that the propagation 

centers remained active (as evidenced by the yellow color of the active 

carbanions) 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 monomer and the size of the orifice obtained on opening the 

break-seal of the monomer ampoule. The results presented in Table l 

illustrate the lo .. ! reproducibility obtained at relatively bigh ini.tiator 

concentration. 
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.TABLE l 

Rate of Po~erization at High lnitiator 
Concentration - Reproducibility 

Temperature: - 780 C. 
Solvent : Toluene 
lnitiator Concentration = 20 x 10-4 Mole/Liter 
Monomer Concentration = l Mole/Liter 

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 45 



.- 81 -

In the initial stages of pol~~erization 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 reproducibilit;}r, as seen in Table II. In the major 

portion of the kinetic studies made, the initiator concentration was 

ver,r 10w and the reproducibility was better than ± 2% from the arithmetic 

mean. 

B-II EFFECT OF DIFFERENT VARIABLES ON POLYMERIZATION: 

a. Efi'ect of Time on Polymerization 

The polymerization w~s studied over intervals of five minutes 

to fifty hours at -78oC. and at varying levels of monomer and initiator 

concentrations. The yellO't! color- of the carbanions persisted throughout 

the reaction period. T~e conversion and viscosity average molecular 

weight (~) increased with time as seen in Table III. As the reaction 

proceeded, the reaction medium became highly viscous or solid. As a 

result of this the rate of propagation vmich was rapid in the early stages 

of polymerization, levelled off gradually. The detailed data on 

polymerization experiments are presented in Tables A-I to A-IV of 

Appendix A. 

b. Effect of lnitiator Concentration on Polymerization 

In the present study, the initiator concentration was varied 

from 0.167 t02.0 meg/liter of the reaction mixture at four different 

mon omer concentrations. The percent conv6rsion data, as a function of 
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TABLE II 

Rat.e of Po13merization at Low'lnitiator 
Concentration - Reproducibility' . 

Temperature.: -78oC. 
Solvent : Toluene 

lnitiatorConc. . 
(Mole/Li.ter)x Id+ 

10.00 
Il 

5.00 
Il 

2.50' 
Il 

1.67 .. 
Il 

10.00 
Il 

5.00 
Il 

2.50 . 
Il 

5.00 
ft 

Monomer Conc. 
(Mole/Liter) 

1 
ft 

n 

ft 

11 

" 
11 

ft 

2 

" 
Il 

Il 

1 
ft 

It 

11 

-, 

Polymer 
yield 

(Per Cent) 

28 

31 
11 

13 
7 
8 

5 
6 

25 

27 

15 

18 

10 

12 

24 
27 
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TABLE· III 

Effect of Time on Conversion and Mo1ecular Weight 

. 0 
Temperature: - 78 C. 
Sol vent : To1uene. 
lnitiator = 20 x 10-4 Mole/Liter 
Monomer = 0.5 Mole/Liter . . 

Elcpt. No. Reaction time Polymer Molecular weight 
(Minutes) yield 

(~) x 10-5 (Per Cent) 

Av-l 5 28 1.72 

Av-2 10 30 2.19 

Av-3 20 33 2.93 

Av-4 60 36 3.82 

Av-5 300 40 4.50 

Av-6 3000 50 5.70 

" 



• time at different initiator concentrations but a constant monomer 

concentration of 0.5 mole/liter, given in Table IV, a~e plotte~ in 

Figure 10A to illustrate the effect of the initiator concentration on 

the rate of po~erization. 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 

polymerization data from Appendix A. the percent polymerization versus 
. . 

time is plotted in Figures 10B,C,D for 1, 2 and 4 mole/liter monamer 

respectively. A similar time dependence of polymerization rate is 

found in these plots. From these results (Appendix A) it could be noted 

that the percent conversion decreases less rapidly than the decrease in 

the initiator concentration (Table I). 

Miller (105) using the sarne toluene-n-BuLi-acr,ylonitrile 

system observed that below 1 meg/liter of initiator concentration no 

polymerization occurred. He studied the effect of varying the initiator 

concentration (from 2.4 to 10.0 meqfliter) 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. Po~erization data 

for 0.5, 1.0, 2.0 and 4.0 mOle/liter monomer and 1.0 meg/liter initiator 
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TABLE IV 

Polymerization Data for Various lnitiator Concentrations 

Temperature: -78oC. 
Solvent: . Toluene 
Moncmer . 
concentration = 0.5 Mole/Liter 

Reaction time Conversion 
(Minutes) lnitiator Concentration (Meq Liter 

2.00 1.00 0:50 0.25 0.166 

5 28.2 18.8 13.7 11.1 3.4 

10 30.0 21.9 16.4 12.3 

20 33.0 24.5 18.5 16.6 

40 35.9 16.5 

60 40.3 26.6 22.8 18.6 

120 8.9 

300 49.9 32.5 24.1 21.7 11.1 
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FIGURE 10 

EFFECT OF !NITIATOR CONCENTRATION ON POtrMERIZATION 

Temperature: -7SoC. 

Solvent: Toluene 

Figure: A B C D 

Monomer 
(mole/liter) : 0.5 1.0 2.0 4.0 

LEGEND: 

Initiator 
(meq /liter) 

b. 0.167 

0 0.250 

• 0.333 

0 0.500 

• 0'.667 

0 1.000 

• 2.000 
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are plotted in Fig. llA. If thè reproducibility is taken in the 

present study as approximately ± 2%, the percent conversion at a 

. particular initiator concentration, seens to be independent of monomer 

concentration. Thus when the monomer concentration is varied from 

0.5 to 4.0 mOle/liter the rate of polymerization is proportional to 

monamer concentration, indicating a first-order reaction in monamer. 

Similar results were obtained at other initiator concentrations and are 

plotted in Figures llE-llD. As seen From Figure llD, the plot of 

conversion against time for 0.5 mole/liter mon omer concentration 

deviates more than ± 2% at long reaction intervals. 

(ii) Constant monomer to initiator ratio o([MJ o ! [I~.o): 
Polymerization data (Appendix!) obtained by varying the monomer 

concentration at constant [MJo/[IJo a~e plotted in Figure l2A. These 

data indicate that the percent conversion increasf.S with the monomer 

concentration at a fixed ratio. This was found to be the case when the 

ratioD~o/[r1 was varied from 500 to 12000 at four' rii.fferent monomer 

concentrations as shawn in Figures l2B-12F. 

d. Effect of Long Reaction Time on Polymerization 

These experiments were formed by varying the initiator and 

the monomer concentration at -7SoC. in toluene. In aIl except two 

to three long polymerization experiments, the reaction mixture was in 

the form of a solid gel, yellow in color. The exceptions '1lere noted at 

low initiator and lowmonomer concentrations. The color of the 

carbanions indicated that most of the propagating cent ers were active 

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

experiments is given in Table 1. From these data it is apparent that 
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FIGURE Il 

EFFECT OF MONOMER CONCENTRATION ON POLYMERIZATION 
(constant initiator concentration) 
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Figure: A B 
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FIGURE 12 

EFFECT OF MON OMER CONCENTRATION ON POLIMERIZATION 
(constant monamer to initiator ratio) 

Temperature: -78°C. 

Solvent: Toluene 

Figure: A B C D E F 
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Expt. No. 

Av-6 
Au-6· 
As-6 
Aq-6 

Bv-6 
Bu-6 
13s-6 
Bq-6 
Bp-6 

Cs-6 
Cr-6 
Cq-6 
Cp-6 

Du-6 
Dt-6 
Ds-6 
Dr-6 

- 90-

. TABLE V , 

Pobmerization' Data - SD-Hour Experiments 

20.00 
10.00 
5.00 
2.50 

20.00 
10.00 
5.00 
2.50 
1.67 

5.00 
3.33 
2.50 
1.67 

10.00 
6.67 
5.00 
3.33 

Temperature. -78°C. 
Reaction time: 50 Hrs ~ 
Solvent: To1uene 

[MJo/[rJa 

0.5 250 
0.5 500 
0.5 1000 
0.5 2000 

1.0 500 
1.0 1000 
1.0 2000 
1.0 4000 
1.0 6000 

2.0 4000 
2.0 6000 
2.0 8000 
2.0 12000 

4.0 . 4000 
4.0 6000 

.4.0 8000 
4.0 12000 

49.9 . 0.250 
39.3 0.197 
29.,8 0.149 
28.1 0.140 

45.0 0.450 
36.5 0.365 
29.6 0.296 
20.4 0.204 
19.0 0.190 

33.5 0.670 
29.0 0.580 
26.0 0.520 
19.9 0.398 

29.7 1.188 
28.6 1.414 
26.4 1.056 
19 .. 8 0.792 
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the percent conversion is not independent of monomer concentration 

w.i.thin the limits of reproducibility (± 2%). From a plot of percent 

conversion as a function of initiator concentration given in Figure 13A, 

it is evident that the deviation from± 2% reproducibility is irregular 

and independent of monomer concentration. In Figure 13B, the data of 

Table y are plotted as conversion (mole/liter) against initiator 

concentration. At ~ partic~lar CM]oI[r]o ratio the percent conversion 

increases with the monomer concentration, but tends to approach the same 

percent conversion at lower rMI /[rJ ratios (" 250) as seen from Figure L.:~o 0 . 

1d±. 

e. Effect of Temperature on Polymerization 

The effect of temperature on polymerization was studied over 

the range -780 to OOC., 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 0 and -780 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 li. As 

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

an irregular fashion with respect to monomer concentration. 

At aIl the polymerization temperatures investigated, before 

termination, the reaction mixture was yellow in color. Upon terminating 

the reaction, the color disappeared at -780 and -600 c. and a white 

polymer was obtained. Since the polyacrylonitrile (PAN) obtained at 
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FIGURE 1.3 

CONVERSION AS AFUNCTION OF INITIATOR CONCENTRATION 

Temperature: -78°C. 

Solvent: Toluene 

Reaction time: 50 Hours 

Figure:. A B 

Conversion: percent mole/liter 
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FIGURE 14 

CONVERSION AS A FUNCTION OF MON OMER TO INITIATOR RATIO 

Temperature: -7SoC. 

Solvent: Toluene 

Reaction 
time: 50 Hours 

LEGEND: 
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TABLE .VI 

Temperature Dependance of Po~ymer Yield 

Reaction time: 60 minutes 
Solvent: Toluene 

Initiator Conc. Monamer Conc. 
(Mole!Liter)x104 (Mole/Liter ) 

10 2.0 

10 2.0 

10 2.0 

10 2.0 

10 2.0 

5 0.5 

5 0.5 

5 0.5 

5 0.5 

5 0.5 

20 0.5 

20 1.0 

20 2.0 

20 4.0 

40 4.0 

20 4.0 

10 4.0 

Polymer Yield 
(Per Cant)-

2B.2 

14.4 

6.B 

3.B 

3.5 

22.B 

12.9 

5.0 

3.5 

3.0 

9·9 

10.5 

B.O 

9.4 

6.9 

4.3 

2.3 
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_400 ta OOC. was yellow, it was impossible ta 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 

ter.mination could be evaluated from. the slope of the semilogarithmic 

plot of molecular weight, ~, against liT, where ï is the temperature 

in~. These plots for PAN are given in Figures l5A-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 using different diluents differ in yield, 

color and molecular weight. 

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

The logarithm of monomer concentration ~]t against time, ~ 

is a non-linear function as given in Figures l6A-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 ~Jt against ~ 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 15 

SEMILOGARITHMI C . PLOTS OF MOIECULAR WIGHT VERSUS 

RECIPROCAL OF POLYMERIZATION TEMPERATURE (oK) 

Solvent: Toluene 

Figure: A 
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TABlE·VII 

Difference inActivation Energy (E~l 

lnitiator Concentration 

(Mole/liter) x 104 

20 
10 

5 

20 
10 

5 

20 
10 

5 

20 
10 

Monomer·Concentration 

(Mole/Liter) 

0.5 

" 
fi 

1.0 
ft 

2.0 
Il 

Il 

Il 

E -E * 
P t· 

(K.Cal/Mole) 
A B 

2.76 7.63 

3.43 3.43 

2.97 2.97 

3.24- 2.01 

4.48 0.58 

.2.61 0.57 

2.87 1.99 
·4.98 . 1.56 

4.82 1.46 

2.49 0.29 

2.69 0.13 

* The values listed lIDder A and B are calculated frem.: higher and lower 

tempe rature parts respectively of the semilogarithmic plots ·(Fig. l' -
A to D). . 



- 98 -

TABLE VIII 

Effect of Different HYdrocarbon Solvents on Poly.merization, 
and Properties.of the Resultin~ Pobyactylonitriles* 

Hydrocarbon Monomer Conc. Initiator Conc. Poly.mer 
[~J25 solvent . (Mole/Liter) (Mole/Liter)x10 3 yield Color· 

(%) 

Benzene 2.00 40.0 41.7 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 tempo was 20 C. Reaction time was one hour. 



• 
- 99 -

FIGURE 16 

SEMIIDGARITHMIC ProTS OF POLYMERIZATION RATE DATA 

Temperature: -7SoC. 

Solvent: Toluene 

Figure: A B C 

Mon amer 
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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 rate constants calculated for 

a time interval between 5 to 10 minutes are presented in Table IX for 

four different initial monamer concentrations. However the propagation 

rate constants thus èalculated are of little value, as their magnitude 

may var,y 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 INITIATION AND PROPAGATION TEMPERATURE: 

In a few experiments the po~erization was initiated at 

higher temperatures (-400 or oOe.). After a short time interval, t
l

, 

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

continued, at -780e., for a time interval, t
2

• The results of these 

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

purposes of camparison, are the data on po~erization at 00 and -40°C. 

without a subsequent change in temperature to -780C. 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 dr,yness at room temper-

ature. The white, soluble residues from the filtrate of the experiments 

° 0 at -60 and -78 C. were identified as lithium chloride. The residues 

from the filtrate and washings of the experiments at -400
, _20° and oOC. 
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TABLE IX 

The Rate Propagation Constant, \ x 10
3 

min:-1 

(React1onInterva1 5 to 10 Minutes) 

Initiator Concentration k x 103 (min:-l ) Av. k x 103 

(Mo1e/Liter)xl04 
p p 

Monamer Concentration 
(min:-1) , (Mole/Liter) 

O. 5 1 2 4 

20.00 5.15 4.05 4.60 

10.00 6.95 1.52 10.59 6.18 

5.00 6.35 5.52 4.60 5.06 5.38 

3.33 3.68 5.52 4.60 

2.50 2.85 5.43 5.52 4.60 

1.67 3.68 2.76 3.22 
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T~LE X 

Po~ymerization at Different Initiation and Propagation Temperatures 

Ex:pt. Initiation Propagation Reaction time Monomer Initiator Polymer 
No. 'remp. (oC) Temp. (oC) (Minutes) (Mole/Liter) (Mole/Liter)xl04 yield 

t l t 2 (per Cent) 

6 0 -78 5 120 1 20 7.6 

7 0 -78 5 120 1 20 4.5 

10 0 -78 1 600 1 20 4.0 

156 0 0 60 ·1 20 7.0 
1-' 
0 

12 -40 -78 5 600 1 20 8.6 l\) 

1 

9 -40 -40 60 1 20 10.5 

27 -78 -78 60 1 . 20 37.6 

13 -40 -78 5 600 2 40 6.7 

15 -40 -78 5 960 2 40 8.6 

162 -40 -40, 60 2 40 8.0 

109 -78 -78 60 2 40 23.4 
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were yellow and contained water-so1ub1e lithium chloride and trace 

amounts of po~er. The infrared spectrum of the water-insoluble 

residue is given in Figure 11. 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 

po~erization the nitrile group participated in the reactions. 

The po~er obtained at -780 and -600c. was white in ~olor 

and insoluble in acetone. The po~er obtained at _400 to OOC., 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 

po~erization temperature. 

B-VI THE KINETIC MOLECULAR WEIGHT, Mk: 

The kinetic molecular weights calculated fram the polymerization 

data obtained at -780C. are tabulated in Appendix A. A comparison 

between the viscosity average molecular weight, M , and M show that 
v k 

thè former is always higher than the latter, and both increase with 

. pol.vmerization time. In general the kinetic molecular weight is found 

to increase with an increase in monomer concentration or decrease in an 

initiator concentration as given in Table XI. 

B-VII COMPARISON OF EXPERIMENTAL DEGREE OF POLYMERIZATION, (DP nlexpt, WITH 
THEORETICAL DEGREE OF POLTI~RIZATION, (DPnlcalc: 

During a study on anionic polyw.erization of acr.ylonitrile with 
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FIGURE 17 

INFRARED SPECTRUM OF BYPRODU CTS OBTAINED DURING POIXMERIZATION 
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low, being in the range of 2 to 4 percent ,for 0.5 mOle/litermonamer;' 

3 to 5 percent for 1.0 mole/liter monamer; 4 to 7 percent for 2.0 mOle/ 

liter monamerj and 6 to 10 percent for 4.0 mole/li~er monamer. Although 

the percent ~tiator consumed in the initiation reaction is small, it 

increases with an increase in monamer con~entration. The quanti.t;r. .. , 

of the initiator does not vary regularly w.i.th a change in the initiator , 

concentration, but depending upon the mon amer ,concentration, fluctuates 

over a narrow range. 

The data for other temperat~'es have not been treated by these 

calculations, since the assumption Mn~ Mv will no longer hold, and, as 

will be seen later, the polyacrylonitriles obtaine~ at other temperatures 

are branched as well as polydispersed • 
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THE CHARACTERIZATION OF POLYACRYLONITRILES 

C-I VISCOSITY MEASUREMENTS: 

a. Procedure 

The po~er solution was prepared with freshlY vacuum distilled, 

N,N'-dimethyl formamide (DMF). The solution was filtered through a 

medium porosity fritted dise. The dise was washed with pure DMF to 

insure the quantitative transfer of po~er (174). The filtrate and 

washings were collected in a stoppered flask. As DMF is very hygroscopie, 

aIl 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. 

Altho~h as shown in Table YJI the viscosity measurements made 

at intervals over a period of one week indicated the viscosity of the 

solution to be constant within experiruental error, aIl the viscosity 

measurements were rr~de within 48 hours of 'the time the po~er was 

completelj- dissolved in DMF. Viscosity measurements were made at 25 ± 
o 

0~05 C. wi'th the Ubbelohde type viscomete,r ,described 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 

~~s then àra~n above the mark in the capillary and the efflux time noted. 

This process was repeated four times and an average time was recorded. 

The sarne procedure ~aS repeated for three ta 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 XII 

Flow Time of Polyacrr1onitri1e Solution 

Time Flow time (seconds) Av. Flow time 
(heurs) ( seconds) 

0 210.4 210.5 210.2 210 • .36 

28 210.3 210.2 210.4 210.30 

46 210.4 210.4 210.5 210.43 

74 210.2 210.4 210.5 210.37 

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 initial 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-dr,y 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 applied (177). 

If ~o and to are the viscosity and the flow time of the 

solvent through the viscometer,!1., 1 and .Q. are respectively the 

viscosity, flow time and concentration in gm/lOO ml(dl) of the polYmer 

solution, then the relative viscosi ty, 7Jr' specifie viscosity, '1sp ' 

and reduced viscosity, ~sp/C' are given as, 

I\r = 'l/"IJ. o = 

llsp = J!. - 1 = 11-1 
to r 

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

typical Huggin's plot, following the relation, 

11 - ~J + kt [1]J 2C spIc - (22) 

Such plots of ~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 ~J, and represents the contribution of the polynler 

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 

ProTS OF REDUCED VISCOSITY AGAINST CONCENTRATION 

. FOR 

DIFFERENT POLYACRYLONITRILES 
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kt = slope/[71]2 (23) 

Using the equation (24) for the temperature dependence of 

of polyacrylonitrile solution (17S), the value of [11] at 25°C. was 

correcte~ tp the appropriate value at 30oC. 

à'Jn [!l] /àt = 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 

(25) 

where k and ~ 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, Mv' for polyacrylo­

nitrile was determined from the relation (162), 

(lS) 

b. Results 

Under the various conditions of polymerization, employed in 

the present work, the polymers obtained had intrinsic viscosities as 

lowas 0.2 dl/gm and as high as Il.0 dl/gm. The initiator concentration, 

the monom~r concentration, reaction temperature and other variables, 

affected the intrinsic viscosities of the po~ers. 

(i) Effect of monomer concentration at -7SoC.: 

The results of viscometry on these polymers presented in 
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Tables A-I to ~ of AppendixA, indicate that although under identical 

conditions ~J and hence Mv increases with monamer concentration, there 

is no apparent simple relation between the molecular weight and the 

monamer concentration. At constant initiator concentration, if a 

definite percent conversion is considered, then theoreticallY an x-fold 

increase in monamer concentration should lead to an x-fold increase in 

the molecular weight. 

(ii) Effect of initiator concentration at -7SoC.: 

Results of molecular weight measurements fram AppendixA are 

plotted in Figures 19A-l9D. 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 polymerization: 

The molecular weight as a function of percent conversion plotted 

in Figures 19A-l9D shows the. molecular weight to increase with conversion 

in a linear fashion. In some cases deviation from linearity is found to 

occur at higher conversions, which corresponds to a reactionperiod 

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/lit~r monamer and 2.0 

meq/liter initiator concentration~ the molecular weight increases less 

rapidly than the corresponàing conversion (Fig. 19A) at longer reaction 

intervals. 

(iv) Effect of long polymerization time on viscosity (intrinsic) and 
molecular weight of oolymers: 

The intrinsic viscosity and molecular weight data for polY-

acr,ylonitriles fOrilled over a 50-hour reaction period are given in Table XIII. 
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FIGURE 19 

VARIATION OF MOIECULAR WEIGHT WITH PERCENT CONVERSION 
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• TABLE .:utI 

Viseosity and Mo1eeular Weight of Po~yaery10nitri1es 

(50-HOuR POLYMERIZATION AT -78°C.) 

Initiatol- Cone •. Monomer Cone. 
[11]25 Mv x 10-5 

(Mo1e/Liter)xlO 4 (Mole/Liter) 

20.00 0.5 4.765 5.70 
10.00 Il 4.970 6.04 
5.00 ft 4.873 . 5.90 
2.50 ft 4.940 6.00 

20.00 1.0 5.045 6.08 
10.00 It 6.070 8.00 
5.00 ft 5.580 7.10 
2.50 ft 7.010 9.61 
1.67 ft 7.952 11.40 

5.00 2.0 8.140 li.75 
3.33 ft 8.210 li.80 
2.50 ft 9.100 13.70 
1.67 Il li.050 17.50 

10.00 4.0 7.150 9.80 
6.67 Il 8.800 13.20 
5.00 ft 10.260 16.00 
3.33 Il 10.020 15.50 

• 
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The ['Tl] and therefore My. are higher than for po~~C?ryloni~riles obtained 

from shorler reaction periods C:A.ppen~ A). UIl;der similar' ex:perimental 
" .--. . 

conditions, the molecular weight increases with a decrease in initiator 

concentration or an increase in mon omer concentration. In a few 

experiments at 0.5 and 1.0 mole/liter monomer concentration, the 

molecular weight of po~er obtained didnot increase with decrease in 

the initiator concentration. 

(v) Effect of varying polymerization temperature on [~J and Mv 
of po~ymers: 

The data in Appendix 12, Tables B-I toB-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 mon amer 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 VELOCI'IT I..fEASUREMENTS: 

a. Determination of Sedi~mentation Coefficients 

The sedimentation yelocity measurements were made on a Beckman 

Spirico :È Ultracentrifuge equipped with r"otor temperature indicator and 

control unit, (RTIC), and Walter phase plate Schlieren optics. In 

the sedimentation velocity experiments the rotor speed was 56100 RPM, 

o 0 
temperature 25 ± 0.5 C. and the phase plate angle was 50, 55 or 60 • 

Kel-F coated double sector, 12 mm cells were used for aIl sedimentation 

studies. The solutions employed for these experiments "\-Teré 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 a'\'m.y 

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). 

T,ypical 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 po~ers prepared 

at -40oC. 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 correctir~ for the magnification of the 

enlarger and the camera lens. The dist~~ce between the center of 

rotation and the maximum of the ordinate was taken as the position of 

the moving boundary, .1:. 

The sedimentation coefficient, 2, is usually defined as 

1 
S = cu2 

d ln r 

dt 
o ° 

(26) 

where ~ is the position of the moving boundary from center of rotation, 

expressed in centimeters, 1, 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 (164) 
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FIGURE 20 

SCHLIEREN PHOTOGRAPHS OF SEDIMENTATION VELOCITY GRADIENTS 

PAN Polymerization Polymer 
# No. tem.perature concentration 

(OC. ) (gm !d1) 

A 17 -78 0.2727 

B 214 -60 0.2484 

C 261 0 0.2220 
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(27) 

5 = 5 (1 - k 0) 
o s 

(28) 

where 50 is the value of sedimentation coefficient corrected for 

concentration, k is an empirical constant and ~ is the concentration s . 

of the po~er solution (gm/dl) •.. 

From equation (27) the concentration dependence of polyacr,ylo-

f',' nitrile could be corrected for by plotting 1/5 against ~ and extrapolating 

the plot to zero concentration to give (1/5)0=0· = 1/5. The constant 
o 0 

ks could then be calculated from the slope of this plot from the simple 

relation, 

rf the pressure dependence of the viscosity (~ ) and density o 

(Po) of the solvent is known, then the effect of pressure on..§. could be 

corrected for by the method of Oth and Desreux (167), provided the 

variation of the partial specifie volume, 0]1, of the polymer is constant 

or assUJ.ïted to be 50. Since othese requisi te data for DMF are not 

available, the least square tecmlique cf Billick (168) ~ms used to calctùate 

tOhe pres~ure corrected sed~entation coefficient, So. The quantity l/So 

was plotted versus ~, to give on extrapolation to zero concentration, 

(l/SO)o=o = l/S~. Using the value of pressure and concentration 

correcte~ sedimentation coefficient, ks was calculated as 

ks ~ slope.S~ 

The relation derived by Billick (168) for pressure correction 

of the sedimentation coefficient is given as 



;.. 120 -

(21) 

where ri is the position of the maximum of the ordinate of the boundar,y 

at tinte t i , and 

(30) 

where oc: = ks x C 

m = 1/2 P or~ 4J2,1( (31) 

and where~is a constant characteristic of a given solvent-polymer 

system. The equation (21) ms solved num.erica~ by computer using the 

following relations to calculate ro' SO and ~. 

n n n 
nr + SO Ltu2t. + B L ( ",2t.)2 =L Jn r. 

o i=l J. i=l J. i=l J. 

n 2 n 2 2 Il 2 3 
r L 6) t. + SO L (W t.) + B L (W t.) 
o i=l J. i=l J. i=l J. 

n 2 
= L Jn r.CV t. 

i=l J. J. 

n 
'\' ( 2 )2, i..J Jn r. W t. 
i=l J. J. 

where n - 6'. 

Takingpo (DMF) = 0.9445 gm/ml at 25
0

C. (180), .Ji was calculated. 

The pressure corrected sedimentation coefficients, obtained at 

different concentrations for different po~acr,ylonitriles are tabulated 

in Appendix Q along with the values of S~, ks ' ~, ~ etc. Sample plots 

of l/So versus Q for four different po~acF~lonitriles are plotted in 

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

SEDIMENTATION COEFFICIENT AS A FUNCTION OF CONCENTRATION 
( cf. Appendix C) 

. LEGEND: 

Polyacr,r1onitri1e 
samp1e No. 

• 89 

6 152 

o 214 

o 261 
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increase in .the magnitude of sedimentation coefficients •. As sh~w.n in 

Appendix Q, the value of ID which depends on concentration, pressure and 

interaction between solvent and polymer is different in each case. The 

value of li, which is a characteristic of a solute-solvent syst.em, has 

approximate~ the same order of magnitude _10-9 for aIl polymer 

-9 solutions. The average value of H was found to be 1.36
30 

x 10 • 

b. Interdependence of Sedimentation Coefficient and Intrinsic 
Viscosity 

The viscosity and sedimentation data for po~acr,ylonitriles 

obtained at different temperatures are given in Table XIV. By reference 

to this table the sedimentation coefficients for po~acr,ylonitriles, 

prepared at -780C., increase with [1J and hence with the molecular weight. 

The value of k also increases with So. From the theories of Flor,y (181) s 0 

and Burgers (182), Wales et al. (183) have derived a theoretical relation 

between [Tij and ks ' 

k = 1.66[11J 
s 

(32) 

The experimental results of others (184,185) cast considerable 

doubt on the general applicabi1ity of this relation. In the present 

work·theproduct 1.66~ given in Table XIV is 1arger~than the experimenta1 

value of ks for polyacr,ylonitrile prepared at _78°c. ,but the. 

product is smaller than ks for polymer prepared at _600 to OoC . 

. In the case of polyacr,ylonitri1es obtained at different 

te!llperatures and having approximately the same [rD, the value of S~ is 

found to increase with increase in temperature of polymerization (T~ble 

XIV). 



• 

PAN 
# 

1 

17 

21 

89 

152 

214 

217 

261 
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TABLE XIV 

Solution Properties of Polyacr,ylonitriles Obtained 
at Different Temperatures 

Polymerization 
. temperature 

0]25 Log[!1J 1.661!ù (OC. ) SO Log SO 
0 0 

-78 3.480 0.5416 3.92 0.5933 5.777 

" 5.020 0.7007 4.84 0.6848 .8.333 

" 3.723 0.5708 3.96 0.5977 6.180 

" 8.620 0.9355 6.61 0.8203 14.309 

" 2.320 0.3655 3.19 0.5038 3.8.51 

-60 2.450 0.3874 4.01 0.6030 4.067 

-40 2.300 0.3617 3.98 0.5999 3.818 

0 2.300 0.3617 10.04 1.0017 3~818 

. ks 

3.714 

6.822 

5.923 

10.856 

3.504 

4.445 

5.009 

13 .636 
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For po~acr,ylonitriles prepared at -78°C., the plot of log SO 
o 

versu~ log~ is linear as seen in Figure 2a. The data of Bisschops 

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

Using the data of Figure 22, the dependence of S~ on[ti] could 

be given as, 

o rnD 0.564 
S = 1.95 L.:I o 

which upon substituting for Œ1J gives, 

This is an empirical relation of th~ type, 

c. Branching in PolyacI7rlonitriles 

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

relation, 

where li, ~ and Msv are respectively Avogadro's number, the universalo constant 

and sedimentation viscosity average molecular weight. 

The value of ê 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 tha t the value of ~ does not varJ "\'Ji th branching. The 

additional ass1l.'llption could be made that 1l does not vary wi th branching 
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FIGURE 22 

!DG SO VERSUS !DG [1Ü 
o 

IEGEND; 

() Data of the present work (Table XIV) 

[] Data of Krigbaum and Kotliar (lB6) 

~ Data of Bisschops (177) 
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for a particular polymer-solvent system. Using the above relation 

(35), onecan dèrive a further relation for two polymer samples of 

identical molecular weight, bu.t one having a linear and the other having 

a branched structure. 

50 [lj)1/3 = M~ (1 - V;o)!> = 

01 l 11 N o 

SO [ri] 1/3 
~ b 

(36) 

where the subscripts .1 and 12 refer to the linear and branched forms 

respectively. 

Substituting equation (33) for linear polyacrylonitrile in 

relation (36) one obtains, 

ri 0°· 897 0 li ~,1/3 
1. 95 Ll} = S L"'ù 

l op b 

From relation (37), using knom values of ~J b and S~b' a value of [!J]l 

for non-linear polymer could be determined. Once this is done, the number 

of branched units per polymer molecule, ~, could be evaluated using the 

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

The present data were trea~ed 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, ID, 

increases with increase in the polymerization temperature. 

d. The Molecular Weight Distribution in Polyacrrlonitriles 

Following a velocity ultracentrifugation method proposed by vJales 

et al. (170), the molecular weight distribution in polyacrylonitriles obtained 
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• TABLE X!J 

. Degree of Branching in Po~yacEY1onitri1es 

Polymerization 
[fJ]b s~1l]~/3 [l1J

1 
l!:lJb No. of branched 

temperature 

I!ù} 
units per mo1ecu1e 

(oC. ) (gt m. 

-60 2.45 5.397 3.111 0.7~5 8 
, 

-40 2.30 5.251 3.017 0.7623 10 

0 2.30 1,3 .253 8.422 0.2731 89 ? 

• 
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at different temperatures was computed. Tc make this calculation, 

the concentration gradient (dc/dx). was calculated at each point from 
1. 

the relation; valid for a Schlieren optical syst-em: 

where 

(dx
dC). = Yi (x) • tan ï an = 

ml.E.a.L âë 
. 1. 

m is the magnification by"the cylindrical lens = 3.416 
1 

J.. is the magnificaticn by the enlarger = 5.000 

~ is the cell thickness (cm.) = 1.200 

.k is the length of the optical level arm (cm.) = 57.860 

an/ac is the refractive index increment for polymer 

solution (0.083 ml/tm) (161). 

Therefore Ak = 1.0159 x 10-2• 

CP is the phase plate angle (50, 55 or 600
). 

Y.(x) is the height of the refractive index gradient curve at 
l. 

a distance x. from the center of l'ctation. 
l. 

The Y. values were measured at 1 mm interva1s alop~ the X-axis 
l. 

(distance from center of rotation) on the enlarged photographic prints 

of the refractive index gradient curves recorded during sedimentation 

velocity experiments. 

The dx was converted to x, the distance fram center of rotation, using 

the relation, 

x. = 7.3 - dx./m .E. 
l. l. 2 

where m2 is magnification by the camera lens 

The sedimentation coefficients at each point Xï were ca1cu1ated 

using the following relation deri ved by ~l}'a1es (170). 
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(40) 

where the values of 0' and.!!!. used are from Appendix Q, and Y. = (x~ lx )2. 
~ .... 0 

where x is the position of the memscus 'Wit.h respect to the center of 
o 

rotation. 

The function ~~(S) was calculated from the relation, 

__ Jt~3(dc/dx)i (1+m-rriy)2~ (1+<>') 
g>~(S) ~ (41) 
i Coxo (l-t«!Yi (l+m-rnYi )) 

Where ~~(S)dS is the fraction of the material having sedimentation 

coefficient be'l:.ween.§. anC: S + dS. 

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

(42) and (43) respectively as, 

(42) 

(43) 

The above calculations were made on IB1-1 7090 computer. The 

values of H.(Z) were plotted against Z. for each tracing. For each 
~. ~ 

concentration of the polymer solution six plots were obtained for six 

different time intervals. From these plots the values 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 AlI should be corrected 

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

He Z)· for Different-iE- Sedimentation Times and H( Z) . av 

H{Z~ . 
Time in minutes HeZ) 

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.p02 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 0.840 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 0.185 0.225 0;190 0.210 0.222 
1.150 0.160 0.il7 0.090 0.080 0.040 0.100 0.083 
·1.200 0.087 0.072 0.060 0.045 0.012 0.005 0.047 
1.250 0.050 0.045 0.0.35 0.027 0.004 0.027 
1.300 0.030 0.025 0.oi7 0.014 0.014 
1 • .350 0.018 O.Oil 0.005 0.005 0.006 
1.400 0.010 0.003 

~E- PAN 17; poly.mer concentration = 0.2727 gm/d1. 

• 
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diffusion is less than the precision with which the (refractive index) 

gradient cunes can be located. Consequently six values of Hi(Z), 

determined at each Zi were averaged. The Hi(Z)av was then plotted 

against Zi as given in Figure ~. Four plots were made at the four 

different po~er solution concentrations for each po~er sample. From 

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 .Q. 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 cune in Figures 24A,B for two different polymer samples. 

The magnitude of the correction due to concentration effects could be 

estimated from the values of ~ at other concentrations, included in 

these plots. From the solid lines of these plots (Fig. 24A,B), the 

values of H(Z ) \-Iere tabulated at d:i.fferent Z • 
o 0 

Using the values of Z and H(Z ), for four polymer samples, o 0 

the differential molecular weight distribution function f(M) "and various 

molecular weight averages were computer càlculated using the following 

relations: 

- 9.47 x 10
15 

where k and k
2 

are the coefficients in the empirical equations relating 

viscosity and sedimentation coefficient respectively to molecular 

weight. 

The sedimentation-viscosity average molecular weight, Msv, is 

given by the relation, 
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FIGURE 23 

PLOT OF DATA OF TABLE X11JC 

H{Z) = feZ) 
av 
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FIGURE 24A 

Concentration of 
po~er solution 

(gmjlOO ml. ) 

o 0.0000 (extrapolation) 

o 0.1997 

6 0.2379 

o 0.3808 
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FIGURE 24B 

PLOT OF HeZ) = f~Z) 
(polyacr,ilonitrile 17) 

Concentration of 
po~er solution 

(gm/100 ml. ) 

o 0.0000 (extrapolation) 

o 0.1887 

6 0.4912 

o 0.7674 
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_ ( ~oN 'V/2 [ il l / 2 0'3/2 _ 
Msv - (l-VP)p,) TlJ S -

o 

3/2 03/2 1/2 
0" S [Til 

o 
(44) 

The mo1ecu1ar weight, M, for each value of Zo' and a fraction 

of a polymer samp1e, f(M)dM, having the mo1ecular weight between!:! and 

M + dM were ca1cu1ated from, 

(45) 

f(M) = 
2-a Ho 1 

-Z -::(:--a:--+ 1~)-::7~( 2---a~) • M sv • (46) - . 
o 

Where ~= 0.75 for polyacr.y10nltri1e in DMF at 25
0C. (162). 

The number average molecular weight, M , was calculated from, 
. n 

M 
n 

= 
[i 

o 

M CÎ (Ho dZ 1/2 

sv 0 0.1 
(47) 

-3/(2-a) ][/oc 3a/(2-a) )/2 
Z H dZ Z H dZ o 0 0 0 0 0 

where the weight average molecular i'1eight, Mw, was calculated from, 

M = 
w 

From the calculated values of Mw and Hn' the heterogeneity index, 

o:ç/iÇ), \-ras calculated. 

(48) 

The values of the differential molecular weight distribution 
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function, f(M), are plotted against mole~ar weight, M, calculated 

fram equations (45) and (46). The four molecular weight distribution 

curves given in Figures 25A-25D for po~ers obtained at different 

temperatures, show the heterogeneity in molecular weight of a po~er 

to increase with an increase in po~erization temperature. The 

molecular weight distribution is narrow in a polyacrylonitrile obtained 

o at -78 C. The different molecular weight averages and heterogeneity indices 

for these po~ers are tabulated in Table XVII. It can be seen fram this 

table that the heterogeneity index, MwlMn' for polymer obtained at -78
o
C. 

is very low (1. 08), and increases with the po~erization temperature. 

The value of ~ at OOC. corresponds to the most probable distribution. 
~ 

C-III THE SPECTROSCOPIC MEASUREMENTS: 

a. Infrared (IR) 

The IR spectra of polyacrylonitriles were measured by the KEr 

disc, technique. ~pproximately 3 ta 4 mg of polymer sample was ground 

intimately \ri.th KBr and transforme.d'to a s8lI1itransparent disc in the 

press,under vacuum. The IR spectrum of this disc was measured on a 

Perkin Elmer Model 137 or Model 257 spectrophotameter. Typical spectra 

of the polyacrylonitriles 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 2.85-3.25~ and 5.70-6.6Qu 

present in the spectra of anionically prepared PAN (Fig. 26A-26C) seent 

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

DIFFERENTIAL MOLECULAR WEIGHT DISTRIBUTION FUNCTION 

AGAINST MOLECULAR WEIGHT FOR POLYACRYLONITRILES 

Polymerization 
Samp1e temperature 

Figure No. ( oC.) 

A 17 -78 

B 214 -60 

C 217 -40 

D 261 0 



25 A 

2·8 

2·4 . 

2·0 

<D '·6 
0 -)i( 
~ 

:E 1· 2 --.... 
0·8 

0·4 

0·2 0·4 o· 6 o·a 1·0 1·2 

MOLECULAR \VEIGHT X 10-
6 



> '-,"', 

3·6 

3·2 

2·8 

2·4 

U) 2·0 
0 -)C -:lE 1·6 .......-.... 

1·2 

0-8 

0-4 

2 3 4 5 6 7 

MOLECULAR WEIGHT X 10-5 



CD 
o -)C 

2l ~--~----------------------~-

2·0 

1·8 

1·6 

1·4 

1·2 

1·0 

~ 0·8 -~ 
0·6 

0·4 

0·2 

2 4 6 8 10 12 

. MOLECULAR WEIGHT X 10-5 



CD 
6 

q- te') N 
666 

gOIX(W)1 
o 

CD 
~. 

CI) 

· N 

• N 

0 · N 

CD · -
N 
.0 

CO 
6 

CD 
1 
0 ->C 
1-
::t: 
t!) -LLJ :. 
Cl: 
ct 
.....J 
::l 
U 
LLJ 
.....J 
0 
:le 



- 138 -

• TABLE XVII 

Mo1ecular Weight Averages and the Heterogeneity Index 

PolJmer PolJmerization Mo1ecular weight x 10-5 

i\lMn # temperature - - - -(OC. ) My Msv Mw ~ 

17 -78 6.10 6.95 6.71 6.21 1.08 

214 -60 2.42 .3.66 .3.51 2.72 1.29 

217 -40 2.17 .3.51 .3.5.3 1.97 .1.79 

261 0 2.17 13.97 13.2.3 6.12 2.16 

• 
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FIGURE 26 

INFRARED SPECTRA OF POLYACRYLONITRIIES 

Diagram Polymerization Nature of 
temperature (OC.) initiation 

A -78 Anionic 

B -40 fi 

C 0 fi 

D 60 Radical (191) 



• 
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Upon examination of these spectra, of polymers obtained with n-BuLi, 
1 1 

the presence of structural units such as -C=C-(-'5.9-6.~)(43), 

-(~=N) -( -- 6.25)1) (192) >C=N- (-6.0)1), >C=O (-5.85)1), =NH n . , 

('-'''J.08,Xt; 6.00)1) (193) could be detected over and above the usual, 
H· . 

-9- (--3.3.8 u, 3.5)1, 6.88u), -CiON (-4.42)1) and -ç- (-3.41)1, 7.3511) 
H H 

(191) units encountered in polyacr,ylonitriles 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 ZnC12 solution on a Unicam SP500 spectrophotometer. Fused 

silica cells wi th 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, fram 

the equation E = kcl'. 

where ~ is the concentration of polymer solution in gmjliter and l' 

is the path length in centimeters. The plots of the UV spectra of PAN 

solutions treated in this manner and given in Figure 21 show an 

absorption maximum at about 266-270 mJl. The magnitude 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 maxL7La, as 

shown by the absorption coefficient values given in Table XVIII for 

several PAN samples. 
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FIGURE 27 

ULTRAVIOlET SPECTRA OF POLYACRYIDNITRIIES 

IEGEND: 
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TABLE XVIII 

The Absorption Coefficients of POlyacrylonitriles 

Solvant: aq. ZnC12 (63% w/v) 

= 268 m.,l{ 

Absorption coefficient, k 
Polymerization 
temperature 

Monamer concentration (mole/liter) 
, , -

( oC.) o. 5 1.0 2.0 

(i) Initiator concentration = 4 x 10-3 mOle/liter 

-78 
-60 
-40 
-20 

o , -' 
(ii) Initiator concentration = 2 x 10-3 mole/liter 

-78 0.4493 0.3506 0.1032 
-60 1.2660 1.0820 0.7517 
-40 4.7370 4.0820 2.5130 
-20 _ 5.3101 4.6290 4.4759 

0 7.0000 5.3960 4.8730 

(iii) Initiator concentration 1 x 10-3 mole/liter' 

-78 0.4038 0.2612 0.1982 
-60 1.1144 0.6248 0.4281 
-40 2.0950 1.6110 1.3458 
-20 4.4210 4.0770 3.8620 

0 5.6461 5.2690 3.2520 

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

-78 
-60 
-40 
-20 

o 

0.3520 
0.7272 
2.3350 
4.4020 
3.9387 

0.1849 
0.3472 
1.2550 
2.0920 
2.9680 

Cv) Initiator concentration 20 x 10-3 mole/liter 

o 8.3700 

0.1085 
0.2238 
1.3806 . 
3.2910 
2.5105 

7.3330 

4.0 

0.4735 
1.3760 
3.6577 
4.4440 
4.9179 

0.2895 
0.5465 
1.4927 
2.8224 
4.4540 

0.1707 
0.2949 
1.1512 
2.6860 
3.0304 
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DISCUSSION 

TlME DEPENDENCE OF POLYlŒR!ZATION AT -7aoC.: 

In the present work the po~er yield was found to increase 

with time over a reaction period of five minutes to fifty hours. The 

po~erization data plotted in Figures 10 to 12 indicate that the 

variation Dl percent conversion which is rapid in the beginning gradually 

slows down with time. These findings agree with those of Miller (105) 

for some-:-lhat higher initiator concentrations. At any time before 

termination of the reaction, the characteristic yellow color of the 

polyac~J1onitri1e carbanions persisted in the reaction mixture indicating 

that the chain termination was negligible or absent. Even though 

polyac~lonitrile, PMJ, is insoluble in toluene at roam temperature, it 

was found that the growing po~~eric species do not precipitate fram 

the reaction mixture. Rather the polymerie species remain in solution 

as the reaction proceeds and contribute to the solution viscosity, until 

the solution phase solidifies to a highly swollen gel • 

. The observed variation in percent conversion with time might 

be due to·any or aIl of the following: a decrease in monomer concentration 

with time, a graduaI approach to a thermal equilibrium, a graduaI 

deactivation of the carbanions, and a graduaI decrease in accessibility of 

the moncmer to the propagating centers. Each of these will be discussed 

in crder. 

The gradua1 decrease in monomer concentration with time 

A decrease in mon omer concentration with time would decrease 
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the rate of po~erization, but this decrease would not be the sole reason 

for the ~bserved marked decrease in the conversion rate. The independence 

of percent conversion of the monomer concentration illustrated in Figure 

Il for several initiator concentrations suggests a first order reaction 

with respect to monamer. In a first order reaction, the decrease in 

monamer concentration would be logarithmic with time. Reference to 

Figure 16 shows that this is not the case. 

The graduaI approach to a thermal eguilibrium 

As discussed earlier, a monomer would not po~erize below a 

floor temperature or above a ceiling temperature. Between these two 

temperatures the conversion would increase until the rate of propagation 

and the rate of depropagation wou Id be equal and an equilibrium is 

attained. Acr,ylonitrile has been reported to po~erize at temperatures 

as lowas -196°C., and as high as 70
0

C. (140). The po~erization 

temperature under discussion (-7SoC.) is far fram either the floor 

temperature or the ceiling temperature for po~erization of acr,ylonitrile. 

Thus, at -7SoC., the equilibrium monomer concentration should be ver,y low 

favoring high po~er yield. Further in biphenyl sodium initiated 

polymerization at -7SoC., PAN was .obtaiil:ed in quantitative yield (74), 

indicating that the equilibrium concentration of acr,ylonitrile was 

indeed 10\'T at -7S
o

C. 

The graduaI deactivation of the carbanions 

A graduaI deactivation mechanism by which the propagating cent ers 

. could be rendered inactive might also lead to a decrease in the propagation 

rate. An active center may lose i ts reactivi ty by an isomerization reaction, 
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an interaction with a functional group of a monamer or po~er, or by 

a chain transfer to a po~er, a monamer, an impurity or a solvent. Of 

these reactions, on~ those which give products incapable of adding 

further mon amer might contribute to the observed decrease in the 

po~erization rate. A chain transfer to toluene, acrylonitrile or PAN 

would not destroy but mere~ transfer the activity of the propagating 

centers. Since the system used in the present work was carefu~ 

purified, the destruction of the initiator by the impurities would 

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

The deactivation of the carbanions by isa:nerization to gi"ire 

an inactive anion, or the interaction of carbanions with a functional 

group have been found to occur in the po~erization of methyl methacrylate 

(134) and a~l acrylate (194). However there seems to be no support 

for the existence of these termination mechanisms in the present 

po~erization work at -7Soe. The molecular weight data plotted in 

Figure 12. clearly imply that Mv increases linearly with conversion over 

a reaction period of 50 hours. Further for a PAN sample prepared at 

-7Soe., the heterogeneity index, ~/ Mn' was found to have a low value 

of .1.0S (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 -7Soe. 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 behleen the molecular weight and percent conv:ersion, as 

wéll as the narrowrnolecular weight distributions in the polyrners obtained 

at -7Soe., seem to rule out any possibility of the decrease in the 
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polymerization rate with time resulting from a graduaI termination of 

the carbanions. Therefore a graduaI decrease in the ability of the 

propagating cent ers to acquire the necessar,y mon omer for propagation 

seems to be a.reasonable explanation. 

The graduaI decrease in the accessibility of the monomer 
to the propagating cent ers 

An increase in conversion and molecular weight with time weuld 
~ 

cause the viscosity of the medium to increase continueus~ until the 

reaction mixture becomes a gel. The solidification of the reaction 

mixture to a gel often occurred within minutes of the acr,ylonitrile 

addition to the reaction flask. 

In a set of two experiments with a 50 heur overall reaction 

period, the temperature was allowed to rise to _20oC. (from _7S
o
C.) after 

40 heurs in one experiment, but was maintained at -7SoC. for the whole 

reaction period in the other. The polymer yield obtained in the 

experiment maintained at -7SoC. was 26 perce~t compared to 34 percent 

in the other in which the temperature was raised to _20oC. The polymer 
o 

obtained at -20 C. was not 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 ~dth ~drochloric acid, was not deactivated 

immediately as judged by the color change. The color faded slow~ fram 

the surface of the specimen. Only when the specimen was broken into 

small pieces did the central part shoi'l a color change. In fluid reaction 
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mixtures obtained at short reaction intervals the color of the carbanions 

was discharged immediate~ upon addition, with mixing, of acidified 

acetone. 

The above results clear~ 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 po~erization of acrylonitrile, initiated by n-BuLi 

at -7SoC. in toluene, Rempp et al. (153) observed that the molecular 

weight of po~er did not increase and that the polymerization did not 

go to campletion on further addition of the'monamer. These observations 

led the authors to conclude that 'when polymerization is conducted in 

toluene the living polyacrylonitrile probably cammits suicide very 

rapidly'. However, it might be ncted that an approach of the mon amer 

to the propagating center and not the mere addition of the mon amer to 

the reaction mixture would lead to further polymerization. The results 

reported by Rempp et al. (153) might be rationalized if the monomer has 

difficulty in appro~c~ing the active centers. 

An increase in, the viscosity,of the reactionmedium has been 

reported to decrease the rate of termination through a decrease in the 

mobility of the polymeric radicals (9). It is known that the half-life 

time 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 

bur,ring them and rendering them apparently inactive (144). The trapped 

radicals were found to be stable, for a period of about a week, if stored 
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at -800C. in the absence of small molecules (e.g. O2). 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 mon amer is largely prevented from reaching these centers which are 

tight~ coiled in the gel. When the temperature of the reaction is 

increased the mobility of the monamer 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 bran ching 

and coloration. 

, 
VARIATION OF PERCENT YIELD OF POLYMER WITH MONOMER CONCENTRATION AND THE 
ORDER OF REACTION AT -780 C.: 

The po~erization data plotted in Figure Il show the percent 

conversion to be generally independent of monomer concentration. Seme 

deviation from this relationship occurs however at low initiator 

concentrations. This deviation does not seem to be related to a change 

in order of reaction in mon amer but seems rather to be related to the 

destruction of a relative~ large fraction of carbanions by the residual 

impurities present in the monomer. Since, in the present work, the 

percellt po~er yield is found to be independent of monamer concentration, 

the reaction might be first order in monomer. However the polymerization 

data when plotted as the logarithm of the monomer concentration, [M]t, at 
J 

time 1, against 1 as given in Figure 16, failed to give the linear graphs 

which should have been obtained if the reaction vas first order in monomer. 

The deviation from linearity of these plots seems to be related to a 

graduaI decrease in the ability of the monomer to reach the carbanions 



- 149-

as the reaction mixture became more dense with time. Other factors 

(e.g. a graduaI decrease in the population of the carbanions, slow rate 

of initiation etc.) do not seem to contribute to the deviation of the 

plots from linearity. 

B.Y confining theirexperiments to a reaction period of one heur, 

Zilkha and coworkers (49) found the percent po~erization to be 

independent of acr,ylonitrile concentration in agreement with the findings 

of the present work. Miller (105) observed that, at -78oe., for two 

mole per liter or less acr,ylonitrile concentrations, the percent 

conversion was independent of mono.mer concentration. At higher mon omer 

concentration the rate of po~erization increased more rapidly than the 

mon amer concentration. The increased rate of po~erization with monomer 

concentration is rather difficult to explain, since an increase in the 

monamer concentration would lead to more difficulties in mixing the 

monamer with the initiator solution and the reaction mixture would 

solidify more rapiclly. 

The n-BuLi has been shown to oost as a hexamer in equilibrium 

with a small concentration of monomeric n-BuLi. The dielectric constants 

of toluene and acr,ylonitrile are 2.4 and 38.0 respectively. An increased 

proportion of acr,ylonitrile in the reaction mixture weuld increase the 

dielectric constant of the medium, which in turn would increase the 

proportion of monameric 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 ~ath monamer concentration and not suddenly as reported 

by Miller (105). 
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Semi10garithmic plots with characteristics similar to those of 

Figure ~6 have been reported for the n-BuLi initiated polymerization of 

allyl acrylate (194). The fractionation of the po~al~l acr,ylates 

obtained showed the presence of a lowmolecular weight and a high 

mo1ecular weight fraction suggesting a deactivation of the carbanions 

during the ear~ stages of polymerization. The molecular weight 

distribution in po~acr,ylonitrile obtained at -7SoC. as given in Figure 

25A shows no evidence of the presence of a lowmolecular weight fraction. 

Further the filtrate from the polymerization experiments at -7SoC. gave 

on evaporation a water soluble residue (LiCl) and no low molecular weight 

polymer. Therefore it can be concluded that at -7SoC. deactivation of 

the carbanions does not occur to any great extent. 

THE EFFECT OF INITIATOR CONGillITRATION AND [~ L [I]i ON THE YIEID AND 
MOLECULAR WEIGHT OF POLYACRYLONITRILES OBTA D AT - goC.: 

Since an increase in the initiator concentration would increase 
. i 

thé number of propagating centers, the polymer obtained at high initiator 

concentration would have a lowar degree of polymerization and a lower 

molecular weight. Although as given in Table XIII, the molecular weight 
. . 

of po~acr,ylonitriles varied inverse~ with initiator concentration, the 

decrease in molecular weight was less rapid than the increase in the 

initiator concentration. Further the Mv was much higher than the kinetic 

molecular weight, Mk' obtained by assuming one initiator molecule per 

polymerie 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 yield, molecular weight ,and initial concentration of 

reactants 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 [M]J[rJo maintained constant, the degree 

of polymerization calculated from the molecular weight of the po~er 

should be constant, provided that the chain deactivation is absent. The 

values of 

different 

(DP~)expt, calculated from Mv' are presented in Table XIX for 

[MJJ[r]o ratios. The value of (DP) "t,appears to increase n exp 

with an increase in [MJo and [rJ o at constant CM]cI[r]o. At higher mon omer 

concentrations, hOl'lever, the increase in (DPn)e.xpt no longer shows this 

behavior, probably since the accessibility of the monomer to the carbanions 

is lowered by the increased extent of gelaticn of the reaction mixture. 

Both the cfficiency 01' n-BuLi in chain init:i,ation and the percent, 

polymerization increase with [11]0 and [r]o at a given [MJo/[rJo (Table 

XIX). However, the polymer yield seems to increase more rapidly than the 

initiator efficiency. This irregular variation in both the conversion 

and initiator efficiency could e.xplain the observed dependence of the 

rn the polymerization of acr,rlonitrile with n-BuLi at -7Soe., 

the percent conversion was found (105) to be independent of the initiator 

concentration at [r] ~5 meq /liter. At [rJ,ç 1 meq /liter, no polymerization 

occurred possibly because of the ÎL1purities present in the reaction mixture. 
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Monamer Conc. 

(Mole/Liter) 

0.5 
1.0 

0.5 
1.0 
2.0 

1.0 
2.0 
4.0 

1.0 
2.0 
4.0 

2.0 
4.0 

2.0 
4.0 

TABLE. XIX 

Degree of Po4rmeriza,tion (Constant [M]J[r]o) 

Solvent: 
Reaction time: 
Temperature: 

To1uene 
60 Minutes 

. -780 C. 

[MJo/[rJo Po4rmer yie1d 103 x (DP n) expt • 

(Per Cent) 

1000 22.8 7.15 
1000 30.3* 7.83 

2000 18.6 7.92 
2000 23.1 9.37 
2000 29.6 15.09 

4000 16.3* 11.81 
4000 21.5 17.17 
4000 29.1 15.66 

6000 11.8 12.73 
6000 21.0 17.26 
6000 24.7 16.41 

8000 16.4 21.88 
8000 20.5 18.30 

12000 11.0 19.06 
12000 16.0 20.19 

* Reaction time was 40 minutes. 

rnitiator 
consumed 
(Per Cent) 

3.2 
3.9 

4.7 
4.9 
3.9 

4.2 
5.0 
7.4 

5.6 
7.3 
9.1 

6.0 
8.9 

6.9 
9.5 
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Further the molecular weights of the polynlers obtained by var,ying both 

the monomer concentration and the initiator concentration (Table G-II) 

showed ver,y 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 correlati.on in the 

results given in Table G-II (105). In the present work experiments w.i..th 

en-Bull] ) 2.0 meq /liter did lead to poor reproducibility in the polymer 

yield as given in Table f.· "The per~ent conversion l'laS independent of AN 

concentration and decreased with a decrease in ~ni~iator concentration, 

while the molecular weight increased with monœner concentration and 

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

An increase in the percent conversion ~~th initiator concentration 

has been reported in n-BuLi, phenyllithium, and 9-fluorenyllithitun 

initiated polymerization of acrylonitrile at OOC. (42,49) in agreement 

with the results of the present work (Appendix B). The molecular weights 

of the polynlers, however, were found to be independent of initiator and AN 

concentration (42,49) indicating a chain transfer to monomer. Both the 

use of righ initiator concentration and high polymerization temperature 

rather than the chain transfer mechanism may be taken into consideration 

to explain the results. 

THE STA3IIJTY OF A PROPAGATING CENTER IN POLYMERIZATION 

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) ~dth increase in reaction tamperature 
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suggest a low stability of the propagating centers at the high temperatures 

investigated in the present work. Since the benzyl (C6H
5

CH2) and 

acrylonitrile (CH.3-~~- or CH21~) anions obtained by a chain transfer 

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 

equiU.brium, 

* P. 
J 

+ M 

the polymer yield might be improved by lowering the temperature of the 

reaction mixture. To check this possibiJity polymerization was initiated 

in a series of experiments at 0 or -40°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 -780C. for at leasttwn 

hours. The results of these experiments and" of the experiments performed 

under btherwise identical conditions at 0, -40 and -78°C. are given in 

Table!. A comparison between the polymer yields obtained under 

different temperature conditions shows that chain initiation and propagation 

at higher tswperatures ( ~ -40°C.) for five minutes followed by continued 

chain pro~agation at -780 C. does not increase the polymer yield. Therefore 

under the experimental conditions used in the present work at or above 

-400C., most of the carbanions were destroyed within five roinutes after 

the initiation of the polJ~erization. Since the monomer and solvent were 

carefully purified, total termination vdthin a short time could not be due 
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to the presence or excessive amounts or the contaminants. Further the 

n-BuLi was round to initiate the polymerization of acr.ylonitrile at -7SoC. 

in the present work and in published work (105,153). Ir any n-BuLi is 

lert unreacted during the reaction at or above -40°C., this active residue 

should initiate po~erization or acr,ylonitrile when the reaction mixture 

was cooied to -7SoC. and increase the polymer yield. From the data of 

Table!, it is evident that no increase in the polymer yield occurs. 

Obvious~ in the absence or chain initiation aIl the initiator must 

have been used up instant~ in sorne other reactions. 

There are three sets or experimental evidence in the present 

work which suggest that most or the carbanions produced and maintained 

at -7SoC. were stable. This evidence can be round in (a) the linear 

dependence of molecular weight on percent conversion as given in Figure 

12, (b) the graduaI increase in the po~er yield with time as given in 

Table III and (c) the narrow molecular weight distribution in a po~acr.ylo­

nitrile prepared at -7SoC. Undoubted~ sorne of the carbanions would 

undergo reaction with impurities but the amount must be negligib~ small. 

Zilkha et al. (42) found 78% yield for the n-BuLi initiated 
. . . 

. polymerization of acr,ylonitrile in petroleum ether at -15°C. when the 

moncmer was added gradual~to the reaction mixture. The polymer yield 

~ms 90% when the mon amer 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 

or 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 ex:plain. A chain termination by some other mechanism,that would 

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

to ex:plain the short life of the carbanions. 

During the poly.merization of the non-polar monomers e.g. styrene, 

isoprene, etc., the carbanions have been shown to be stable at temperatures 

as high as 50oC. (195). In the polymerization of polar mon omer methyl 

methacrylate in toluene the stabili ty of the carbanions was found to vary 

inverse~ with the polymerization temperature 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) poly.methyl 

methacrylate anion was shOlm to be terminat.ed by cyclization. 

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

carba~on of the acrylonitrile ~~th temperature could have occurred by 

cyclization of the growing end, 

'!'" + kt 
---CH -CH-CH -CH-CH -CH Li • 

2 1 2 1 2 1 
CN CN CN 

or ~J a reaction of the nitrile group of a polymer or a monomer mole cule 

with the carbanion, 
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- + The imine ion, > C=N Li , is not basic enough to add more mon omer • 

THE EFFICIENCY OF n-BuLi AS AN INITIATOR IN ACRYLONITRILE POLYMERIZATION: 

PolyacrYlonitrile is soluble in highly polar solvents (e.g. 

dimethyl sulfoxide) and concentrated aqueous salt solutions (e.g. ZnCI2) 

all of which react with organometa1lics. Polymerizations in these 

solvents could be induced by the initiator itself or by a reaction product 

of the initiator ~~th the solvent. Consequently the interpretation of 

the data on polymerization of acrylonitrile obtained in these reaction media 

will be difficult, particularly at higher polymerization temperatures. 

In hydrocarbon solvents, in which carbanions and organometallics have 

been sho~m to be stable, po~-acrylonitrile is insoluble. During 

polymerization the polymer precipitates and propagation occurs in different 

phases each with a different propagation rate (145). Thisalso 

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 organometallics reported to date have been obtained with 

the initiator concentration sufficient~ high for the initiator to be 

cansidered hig~ associated.Consequent~ the low efficiency of the 

initiator has been explained assuming the inability of the associated 

initiator to participate in the polymerization (42,105,155). An 

explanation of the low initiator efficiency based upon the associated 

state of alkyllithiums 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 temperatures as lowas -7SoC., the initiation reaction 

has been shown to be very rapid and complete in a short time (7S,122). 

In the polymerization of acrylonitrile at or about OOC. 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 initiator 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 polymerie chain, then 

for a monofunctional chain initiator, the polymer obtained would satisfy 

the condition: 

- (DP) - n cale 

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 (DP n)'calc which 

is higher than that of (DPn)expt. If the (DPn)calc is lower than 

(DPn)expt, it is doubtful that aIl 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, Mk, with viscosity average 

molecular weight, ~, gi~en,in Appendix! for polymers prepared at -7SoC. 

The efficiency of n-BuLi as an initiator, as recorded in the last column 

of Appendix!, is between 2% and 10% depending upon the monomer and the 

initiator concentration. The molecular weight distribution plots given 

in Figure ~ for polyacrylonitriles prepared at different temperatures 

do not show the presence of a low molecular weight fraction in the 

po~ers. Therefore the slow chain initiation process usually observed 

in non-polar monamers (35,122) and also presumed to be present in 

acrylonitrile po~erization (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 initiator efficiency has been reported in the n-BuLi 

initiated po~erization of acrylonitrile (42,105,155), methacrylonitrile 

(126) and methyl methac~Jlate (70). Miller (105) noted that in acrylo-

nitrile po~erization experiments only 1 to 5 percent of the initiator 

could be accounted for in the chain initiation process. 

The n-BuLi has been shovm 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 low efficiency of n-BuIi in the poly.merization of acr,ylanitrile 

could be related to the associated state of the initiator (42,105,155). 

In the po~erization of methacr,ylonitrile.the low efficiency of n-BuIi 

was thought to result both from the associated state of n-BuLi and fram 

a preferential addition of the monamer to the propagating cen~ers 

rather than n-BuLi (126). If either the preferential addition of the 

monamer to the propagating centers or the associated state of the 

initiator are respo~sible 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 po~erization of methacr,ylonitrile shows the initiator 

efficiency to increase w:i.th an increase in n-BuLi concentration. This 

contradicts both the assl.l.mptiol1 of a preferential addition of monomer to 

the carbElnions ~'1d the assUJ.ïlption of incomplete participation of n-BuLi 

in the cha.in initiation of polar monomers be'cause of associated state. 

Since acrylonitril.:l and mctha~r'Ylonitrile are acidic monomers, the 

anions obtained from them would be lees active in monomer addition than 

. but yI anio:! (e. g. but yI anion is capable of adding styrene while the 

acrylonitrile anion is not). Therefore if apreferential addition of a 

monomer oceurs it should be to n-butyl anion rather than to a polyacrylo­

nitrile or to a po~ethacrylonitrile 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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to1uene-diethy1 ether mixture (9:1) at -78°C. (78). Acr.ylonitrile and 

n-BuLi are more reactive than methyl methacr.ylate 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 po]~erization of acr.ylonitrile 

and methac1710nitrile. Recent~ Kawabata and Tsuruta (136) have shown 

in n-hexane at 30°C. and in THF at -70°C., that n-BuLi reacts ver.y rapid~ 

with acrylonitrile, methacr,rlonitrile, methyl methacr,rlate and methyl 

acr,rlate. 

Sinee the efficiency of n-BuLi as an initiator based on one 

initiator molecule pel' po~eric chain \~S low in both the present work 

and in the work reported elsewhere (42,105), and sinee as discussed 

above the initiator vlOuld not remain lL'lreacted for any prolonged period, 

the initiatm:' must ha.ve been consumed :LIl reactions other than the chain 

initiation. Some eY~mples of the possible reactions between n-BuLi and 

acr,ylo~itrile or po~acr,rlonitrile are given below: 

XXI 

XXII 

XXIII 

XXIV 

(n) 
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If the poly.merization occurs rapidly, reactions XXIII and XXIV are also 

possible with a poly.mer molecule as given in reactions XXV and XXVI 

respectively. 

Reaction XXI followed by the successive 1,2 addition of 

acrylonitrile to carbrulion (A) would give the normal polymerization 

process: 

- + 
C4H9-CH2- IH Li + CH2=jH 

CN CN 

k 
--p--

kp + 
---.. C4H9(-CH2-CH)- CH2-CH-Li 

1 i+l 1 
CN CN 

XXVII 
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• Aer.y1onitri1e undergoes a eyanoet~lation reaetion with 

eompounds possessing a reaetive ~drogen atom (symbolized be10w by HA). 

The reaetion is believed to oeeur by an attaek of the anion A- on the 

positively po1arized ~-carbon atam (1;8): 

0+ a-----< .. -. CH2-CH=C=N 

IHA 

It has never been establi.shed ei ther that the protor~ adds to the 

nitrogen atam fo11owed by a rearrangement or that the proton adds 

direetly to the or:::-carbon atom. If an ana10gy is drawn with the cyano-

ethylation reaction the anion obtained in reaction XXII wou1d rearrange 

as: 

(B) 

If (B) a.dds monomer ,'Ii thout undergoing a rearrangement, then the 

spec~rum of a po~Yacr,y1onitri1e obtained shou1d give an absorption band 

in the IR region at 4.8-5.~, characteristic of a >C=C~J group. The 

• absorption band at 4.8-5.Qu ~ms absent from the IR spectra of the po1ymers 
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obtained in the present work (Fig. 26). Therefore the mon omer addition 

to (B) did not oeeur. If (B) is rearranged to anion (A), propagation 

would oeeur by the reaetion XXVII by a 1,2-addition. The initiator 

effieiency observed in the present work eould then be accounted for 

by reactions XXI and XXII. The possibility that (B) was not converted 

to (A) and henee eould not propagate the polymerization cannot be ruled 

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

+ LiCl 

(F) 

Since the filtrate and 'v'lashings 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 sind.lar 

reaction 'v'Tith a polymer (XXVI) would account for the contribution of 

the initiator to the side reaction. The imine ion produeed is considered 

to be too weak to add monamer. It may however react V"Tith the nitrile 

group on the po~er to give a cyclic structure ()4) with the d~felopment 

of.a ~olor. The intensity of the color w9Uld depend upon the number of 

consecutive cyclic ~its along a po~eric chain. 

---CH -CH-CH -CH-CH -CH-CH -CH-
2\ 2, 2\ 2\ ___ .. _ 

CN CN CN 

- + 
Bu-C=N Li 

(H) 
/c~ /C~ /C~ 

............ CH -CH .......... CH "" CH "" CH --. 
2 1 1 \ 1 

Bu-C C C C~ - + 
'-n/ 'N/ 'N/ ~N Li 
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The polyacr,ylonitrile obtained at -7SoC. is white, indicating 

that a cyclization reaction as described above does not occur or occurs 

to a ver,y smal1 extent. At or above -40oC., the polymer was co1ored, 

the intensity of which depended upon the polymerization conditions (e.g. 

monamer concentration, initiator concentration, reaction temperature, 

etc.). 

Upon termination of the reaction the imine ion '\'Tould be 

converted to an imine group (:>C=NH) , which may be hydrolyzed to a carbony1 

group: 

>C=NH + H20 -- >C=O + NH3 
lit 

The presence of -C=N-, -(C~) -, and ~=O have been indicated by the n 1 

infrared measurements on the polyacr,ylonitriles obtained at different 

temperatures (Fig. 26). 

Therefore it may be concluded that reaction XXIII and XXVI 

compete 'With the chain initiation reaction by n-Bull in acrylonitrile 

polymerization and they seem to be partly responsible for decreased 

effici~ncy of n-Bull in chain initiation. 

In a study of the potassium amide initiated polymerization of 

methacr,ylonitrile, a colored polymer was obtained (34). An attack of 

an amide anion on the nitrile group followed by cyclization of the 

polymerie 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-Bull has been found to attack the carbonyl group of allyl acrylate and 

methyl methacrylate (133,191+). 
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Tsuruta et al. (136) have showed that in n-hexane at 30oC., 

and in THF at -7SoC., only the reactions XXI and XXIV occur to a large 

extent between n-BuLi 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 (XTIII) accounted 

for 3 to 10 percent of the initiator. The anion (D) produced in the 

reaction XXIV has also been postulated to for.m during a chain transfer 

to monomer and to propagate polJ1merization by monomer addition (42,155): 

- + 
CH2=C Li 

1 
CN 

( D) 

AN 

(D) 

- CH2=C-( CH2-CH-). 
1 1 j 

CN CN 

The polymer obtained by the monomer additio~ to the anion (D) would have 

a terminal methylene group (CH
2
=O(). Since the presence of the methylene 

group in the polymers was not detected by the bromination method or by 

an examination of the infrared spectra, the occurrence of the reaction 

LXIV ,'lith the monomer could not be established. If a similar reaction 

oeeurs with the polymer (XXV), the carbanion (G) produeed would add monomer 

to give a branched polymer: 

+ 
Li 

-CH2-C -CH2-CH--
1 1 
CN CN 

(G) 

AN 

CH2-CH-

1 ~ 
----CH -C-CH -CH----

2 1 2 1 
CN CN 
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Although the reaction (XXV) ~ms definitely absent at -78oC., it'might 

have contributed to the observed branching at higher temperatures. The 

exact contribution to the poly.merization process of reaction (XXV) is 

difficult to establish fram the present work. 

From the above discussion it could be concluded that a small 

fraction of the initiator initiates the poly.merization by the reactions 

XXI and/or XXII. Reactions XXIII and XXVI account for the consumption 

of the initiator in the side reactions. Reaction XXIV does not occur 

with the monomer. However reaction XXV might be occurring idth the 

poly.mer to a var,ying extent, particularly at higher temperatures. 

EFFECT OF POLYMERIZATION TEMPERATURE: 

In the fOI".!Ilation ci' polyacrylonitriles the temperature of 

po~erization ~asfound to affect the poly.mer yield, the molecular 

weight, the moh;cular 'ITeigl'!,t. distribution, the absorption 'bands in the 

spectra, th.~ coJ.or and the extent of branching. 

2.. The dependence of yield and molecular 11eight on temperature 

If the stability of the carbanion is independent of tempe~ature, 

the propagat:!_on should continue as long as monomer is available. Thia 

would lead t.o a quantitative poly.mer yield independent of temperature 

and the molecular "Teight of the polymer would be equal to the molecular 

weight of the Ecnomer times the monomer-to-initiator ratio. The data 

on the polymer J~eld arLd the molecular weight given in Appendix li show 

that in the present .... lork bot.h the percent conversion and the molecular 

weight decreased wlth an increas~ in polymeri7.ation temperature. Tpis 
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would seem to imply that the stability of the carbanions is temperature 

dependent. 

In hydrocarbon solvents n-BuLi has been sho'WI1 to exist as 

a h~er in equilibrium with a lowconcentration of a monameric n-BuLi 

(35,122). Therefore it is quite reasonable to assume that with an 

increase in the reaction temperature the concentration of monameric 

n-BuLi would increase, a higher number of polymerie chains would be 

initiated and the molecular weight of the polymer would decrease. However 

an increase in the number of polymerie chains should increase the polymer 

yield. In the present work the percent conversion was found to decrease 

with an increase in the polymerizaticli. temperature. 

In the polymerization of styrene, a non-polar monarrler, the 

conversion and molecular weight of the pO~VIT.er wer~ found to be independent 

. of the temperature (96). Among polar monomers, the temperature 

dependence' of yield and molecular weight of poJ.yacrylonitrlle has been 

reported by Zilkha w~d coworkers (42,43,49), and appears to agree with 

the present work. 

The carbanions seem to be stable. below -60oc., but the gel 

formation in the reactiori ~ure 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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Flor.y (197) has used a semilogarithmic plot of a molecular 

weight against liT to obtain a value of the difference in the activation 

energy between propagation and termination, (Ep-Et ). Further, the plots 

of log Mv against liT for polyacr.ylonitriles obtained with anionic 

initiators have been reported to be linear in the temperature range of 

20 to -60oc. (42,43,49). When the molecular weight data of the present 

work (Appendix B) are plotted in this manner as in Figure 12, a deviation 

fram linearity appears for polymers prepared at or below _60°C., with 

the deviating points falling below the straight line. 

Either 100% conversion or complete deactivation of the 

propagating cent ers can be ta ken to indicate the completion of the 

reaction •. At or above -40oC., the reaction was campleted in a ver.y short 

time (<:5 minutes). Below -60°C., the conversion and molecular weight 

.increased gradually with time and the reaction was incamplete after 

one hour. If the molecular weights obtained after the campletion of the 

reaction at or below -60oc. are plotted (Fig. 15), the points may lie on 

or above the linear plot obtained for po~ers prepared at or above -40°C. 

The values of (Ep-Et ) for the polymerization of acr.ylonitrile 

calculated fram 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 (Ep-E
t

) 

between 2.5 ~~d 5.0 k.cal/mole for polymerization between 0 and -60oC. 

(Table VII). The values calculated fram the molecular weight data on 

po~ers obtained at -60oC. and -78°C. 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 -500 C. in DMF with alkyllithiums and other initiators "tTere shown to 

possess a branched structure (74,153). In the present work also the 

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) wouldbe in error. In all the semi-logarithmic plots of molecular 

weight against l/T thus reported, ~ has been used without regard to the 

presence of branching. Therefore it seems reasonable to conclude that 

the values 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 their determination; 

b. Heterogeneity in pObYmers prepared at different temperatures 

The molecular weight distributions determined by a method based 

. uponthe analysis of progressive boundar,y spreading in the sedimentation 

velocity exper~ents, although tedious and time-consuming, appear to be 

reasonably act:!urate. This method .does not seem to have been applied to 

determine molecular weight distributions in polyacr,ylonitriles. Usually 

the molecular weight distributions, reported for PAN samples, are 

deterrnined from the mole.cular 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 vclocity experimen~s 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. Wa1es and Rehfe1d (170) observed good agreement 

between the mo1ecu1ar weight distributions determined by sedimentation 

ve10city ana~sis and precipitation chramatography. Gupta, Robertson 

and Goring (165) have sho'W that a1kali lignin samples had a continuous 

sedimentation coefficient distribution ranging from 0.5 to 400 2. The 

sedimentation coefficient distribution curves computed fram the 

sedimentation velocity ana~sis studies on fractionated and unfractionated 

polymer samples showed fair~ good correlation. 

On the basis of the findings of these workers on the application 

of this technique to other polymer systems and the general~ low 

reliability of other techniques used for determining the molecular weight 

distribution in PAN samples, it was decided to app~ the sedimentation 

velocity ana~sis method in the present work. 

The differential molecu1ar weight distribution data ca1cu1ated 

from the sedimentation velocity analysis of polyacrylonitrile samples 

prepared at different ~emperatures are plotted in Figure~. The values 

of the heterogeneity indices determined fram the molecu1ar weight 

distribution data are given in Table XVII. From these plots it appears 

that the polymer samples contained no low molecu1ar weight material. 

The samples did however contain a high mo1ecular weight fraction in 

varying amounts. The absence from the po1ymer samples at -78oe. of a 

low or a high molecular weight fraction (Fig. 25A) 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 

heterogeneity indices (Table XVII) increase with the temperature of 

po~erization. These datasuggest that the rate of both chain 

initiation and chain termination increased with the temperature of 

po~erization. 

Non-polar monamers have been po~erized by the anionic 

mechanism to give polymers having a ver.y narrow molecular weight distribution 

and ~ low heterogeneity index (112). The presence of a functional group in 

a polar monomer often camplicates the poly.merization mechanism and leads 

to polymers having a broad molecular weight distribution. In 9-fluor~1-

lithium initiated poly.merization of methyl methacr.ylate for example, the 

value of the heterogeneity index was 20 (199). In another report B~mter 

et al. (132) found that po~ethyl methacr.ylate obtained with n-BuLi had 

a bimodal molecular weight distribution. From these data it was concluded 

that a rapid termination of most of the carbanions occurred. The literature has 

on~ one report on the molecular ~eight distribution in the po~acr.ylo­

nitriles obtained with anionic initiators. By fractionation of the 

po~acr.ylonitriles prepared at -780C., Miller (105) showed the poly.mers 

to have a narrow molecular weight distribution. Theheterogeneity index 

of the polyacr.ylonitrile was reported to be between 1.2 and 1.3 compared 

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

molecular weight distribution obtained by Miller (105) showed the 

presence of a low and a highmolecular weight fraction in the poly.mer. 

This experimental finding caused Miller to conclude that the poly.merization 

proceeded through a slow initiation and slow propagation of the polymeric 

chains. 



- 17~-

c. Discussion on spectroscopie measurements on polyacrylanitriles 

(i) The infrared spectra of polyacr.ylonitriles 

The presence of absorption bands between 5.5 and 6.5~ in 

the IR spectra of PANs given in Figures 26A and 26c clearly indicates 

that the polymer structure is camposed of more than mere -CH2-ÇH units 
CN 

joined together in a head to tail fashion. 

The IR spectrum of PAN prepared at -7$oC. (Fig. 26A) is 

virtually identical with that reported for PAN prepared by a radical 

initiation (Fig. 26D). The only observable difference between the 

spectra is in the weak but distinct absorption bands at about 5.$, 6.0 

and 6.1~. These absorption bands are absent in the IR spectra of the 

radical polymer. The absorption bands at 5.$ and 6.Qu could be 

assigned to the presence of>C=O and >C=N- respectively (193). The 

. absorption bands at 6.1~ could be assigned to the presence of>C=O( , 
1 

-(C=N)n- or t.o the traces of water (43,200,201). 

If during polymerization, polymerie chains are terminated by 

a chain transfer to monomer, ·the presence of >C=C< in the polymer may 

be by either of the following reactions: 

~"""""'CH=CH 

~ ~ 
.{-

~ . -CH -CH 
2 1 2 

CN 

+ 

+ 

- + 
CH -CH Li 

3 1 
CN 
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The anion (D) is also produced by the interaction of n-BuLi with 

acrylonitrile: 

+ - + 

(n) 

The -èH=CH- end group, if present in the polymer, should give absorption 

bands at 13.7 - l5.~ (cis position) or at 10.2 - 10.4~ (trans position) 

and at 6.l~. The >C=CH2 end group, on the other hand, should give 

absorption bands at 6.lF and at Il.15 - 1l.3Qu (193). Since no absorption 

bands but the 6.~ band were observed in the spectrum of PAN (Fig. 26A), 

>C=C< was absent. The absence of >C=C< fram 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 
1 

questionable. However the presence of a few -(C=N)n- conjugated units at 

randam in the poly.mer might have contributed to the observed weak absorption 

band at 6.~. The presence of water in the"KBr disc could be inferred from 

the absorption bands at 2.75 - 2.83p and at 6.~. The absorption band 

at 6.~ was stronger in the spectra of those PAN samples which showed 

stronger absorption bands around 2.75 - 2.83p when the moisture content 

in the KBr of the discs was higher. Therefore the 6.~ absorption band 

in the spectra of polymers could be assigned to the presence of water 
, 

and possibly -(C=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 



- 175 -

5.5 and 6.5~ are stronger and more in number than those in po~ers 

prepared at -7$oC. Moreover, above 6. 5}l severa1 new absorption bands 

are a1so observed in these spectra (Figs. 26B,C). The presence of an. 

amide group (-CONH
2

) in these po~ers is suggested by the absorption 

bands at 2.96, 3.07, 6.00, 6.25 and 7.05~ in the spectra of these 

po~ers (202). Further the absorption bands at 5.$ and 6.0QŒ could be 

assigned to the presence of >C=O and >C=N- groups respectively (193). 

It is well known that the systems which contain conjugated unsaturated 
1 l , 

groups, such as -(C=C) - and -(C=N) -, for.m co1ored species. In the IR n n 

spectra of campounds containing these groups an absorption band is 

observed around 6.Jp. Thus the broad absorption band observed near 6.Jp. 

could be assigned to either one or both of these groups in the po~er. 

The inability of these po~ers to add bramine and the absence of bands 

at 13.7 - 15.0Qu, 10.2 - 10.~, or at 11.15 - Il.3Qu from the spectra of 

polymers suggest the absence of >C=C< structural units from these po~ers. 

Therefore the absorption bands in the spectra around 6.Jp and the co1or 
. . 1 

of the po~er could be considered to reflect the presence of -(C=N) - in 
n 

the polymer. 

TSuY~lOtO (74) observed that·the po~vmerization of AN in DMF + 

THF as a solvent at -7Soe. gave a white po~er having an IR spectrum 

very similar to that of the po~er prepa:::-ed by radical initiation. In 

DMF alone at -550C., the polymer obtained was ye11ow. The spectrum of 

the po~er "lilaS not reported however. In DMF, n-Bull initiated 

po~erization gave a wr~te PAN (155). The presence of the cyelie keto 

group was established in tr~s po~er from an absorption band at 5.~. 

If, during polymerization, propagation ceases by monomoleeular termination 
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of the po~eric chains to give an imine ion as: 
/CH~ 

r2 r2 

~CH2-CH CH.CN 
~C/ 

1/- + 
N Li 

1 on' termination of po~erization with an acid the imine ion gives the C=NH 
1 

1 
group which hydrolyzes to the C=O group. 

1 

Zilkha and coworkers (43) have assigned to>C=CH2 groups the 

6.l~ absorption band observed in the spectra of PANs prepared with anionic 

initia tors. However no reference has been made to any absorption around 

Il.15 - Il.3Qu in the spectra. Worrall et al. (37) did observe an 

absorption around Il.ll}l in the IR spectra of PANs prepared i'lith sodiomalonic 

ester and this was assigned to the presence of terminal methylene, (>C=CH2), 

groups in the polymer. 

In the Y-ray initiated polymerizatian of acr,ylonitrile in 

ethylene, Sobue and coworkers (146) showed that the polymerization 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 - 6.25p. Du~~ studies on the potassium 

amide initiated polymerization of methacr,ylonitrile in ammonia, the 

observed color of the poly.mer and an absorption around 6.0~ in the IR 

• spectra were assigned to the presence of conjugated -(C=N)n- units in the 

polymer (34). The amide ion w~s considered to attack the nitrile group 

to give an imine ion, follO'ived by propagation via neighboring nitrile 

groups, the propagation being lL~dted to the isotactic sequence in a 
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po~eric chain. 

The heat and alkali treatment of PAN has' been long known 

to give a colored product having an absorption band around 6.~ (203,204). 

~~ agreement on the exact origin of this band is still lacking, but it 
. 1 1 

has been considered to be a characteristic of either conjugated -(C=C)n-
1 

or conjugated -(C=N) - groups (192,205). Recent~ Peebles (200) has shown 
n 

that the observed color and infrared absorption in heat and alkali treated 

PANs could be better explained by assuming the presence of conjugated 
1 

-(C=N)n- in the po~er. 

The IR spectra and the br~ination test with PANs prepared at 

different temperatures does not indicate the presence of any)C=C<groups 

in the po~ers. Hence it i8 quite reasonable to consider the observed 

color and IR absorption bands of PAN as having their origin in the 
. 1 . 

presence of -(C=N)n- in the polymer. If the but yI anion attacks the 

nitrile group, the subsequent nitrile a.ddition to the imine ion so 
. 1 

obtained would explain the presence of canjugated -(C=N)n- units in the 

po~er • 

. The IR spectrum of the residue fram the filtrate and i'lashings 

of the polymerization experiments above -40°C., given in Figure 11, has 

a small absorption band at 4.4~ compared 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 - CH - CH - CH - CH - CH --

2 1 2 1 2 1 2 
.. 

BuLi 
---'" CN CN CN 

--CH - CH-CH - CH -CH - CH-
2 1 _ ! 1 2 1 
Bu - C=N Li CN CN 

Propagation: 

etc. 

+ LiCl 

>C=NH + H20 (HCl) 

.,,-
The presence of amide groups in the IR spectra of PANs arises 

fram the partial hydrolysis of nitrile groups in these samples (202). 
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(ii) The ultraviolet spectra of polyacr,ylonitriles 

The spectroscopic measurements on a number of campounds 

containing )C=C=N showed an absorption band at 4.8 - 5. Op. in the IR 

region and at 286 - 294 ~ in the UV region in the spectra (206). Both 

of these absorption bands were missing fram the spectra of PANs obtained 

in the present l'lork. Beevers (207) has studied the IR and UV spectra of 

PAN films and conc1uded that the UV absorption band at 270 ~ observed 

in those films could not be explained by the presence of ketene-imine 

groups in the po~ers. Schurz and coworkers (208) have studied the UV 

absorption spectra cf several compounds containing carbonyl and imine 

fu.TJ.ctional groups. In n-hexane, iIP.inobutyronitrile was shown to have an 

absorption ma.x:i..lP.a around 259 m}t. Thus, i t is ver,y likely that the UV 

absorption obser-ved in PA.t.Js at-268 mp. as shown in Figure 21. couldbe due 

to the presence of =i'JH groups in the polymers. Infrared measurements on 

PANs as given in Figures 26A to 26c do confirm the presence of =NH groups 

in the polymers. Hm'lever it could not be established definite~ that 

the absorption at 268 mp. was caused by the p'resence of =NH alone. A 

variety of factors (decrease in monamer concentration, increase 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,..268:mp.; .. as 

. seen in Table XVIII. 

d. Color and branching in polyacrylonitriles 

During the polymerization of acr,ylonitrile initiated by organo­

metallics,in addition to a chain init.iation 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 po~er below -60oC. and to give a yellow po~er at higher 

temperatures. During the poly.merization, an anion A- derived from the 

initiator or the propagating center may attack a nitrile group of a 

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

----CH2-CH-CH2-CH----
1 1 

~ ----CH2-CH-CH2-CH----
1 1 

,....-CN CN A-C=N CN (XXVIII) 
A-

Depending upon the spatial arrangement of the neighboring nitrile groups, 

the imine ion might undergo further reaction with the nitrile groups to 

The presence of the conjugated imine groups in polyacrylonitriles prepared 

at or above -l~OoC. was indicated by IR measurements on the poly.mers (Fig •. 

26).. Further, the coloratio~ in heat and c?-l.kali treated polyacrylonitriles 

has been explained by the presence of cyclic structures in the poly.mers (192, 

205). Therefore it is reasonable to conclude that the nitrile group of the 

polymer ~~s attacked by the but yI (C4H9) or the polyacrylonitrile (-CH2-~H-) 
CN 

anion, and the imine ion was further cyclized to give a colored 

product. Since the polymer was white at or belovT -60oC., t~e cyclization 

reaction did not occur to ahy marked degree. Overberger et al. (34) 
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explained the coloration in po~ers by postulating an attack of the 

amide ion on the nitrile group of the po~ethacrylonitrile followed by 

the cyclization through successive nitrile additions to the imine ion. 

Further the coloration in the disodiamalonic ester initiated po~erization 

of acrylonitrile has been explained by assuming the presence of a cyclic 

structure in the po~er (37). 

viscosity, 

For po~ers having the same nlolecular weight, the intrinsic 

[~], will decrease while the sedimentation coefficient, So, o 

will increase with increase in the number of branched units per polYmerie 

chain. A logarithmic plot of [1'\] against SO should be non-linear and 
o . 

have a negative slope. For polyacrylonitriles prepared at -7BoC., the 

two quantities [1)] and S~ (which vary opposite to each other with variation 

in branching in po~ers) 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 po~er were 

At other temperatures, the reactions contributing to 

branching were significant, as seen fram Table XV. The degree of 

branching in a po~er sample obtained at oOc. (PAN # 261) is rather high 

. and probably inerror. Since the sample was polydispersed, the sedimentation 

coefficient determined from the maxima of th~ velocity gradient curves might 

be higher than the actual value. It is also possible that equation (36), 

used to convert S~ to [11] l' may not hold for a highly branched po~er. 

In PAN branching is possible by an attack of but yI ion on a 

tertiary carbon atam or a nitrile group of the po~er followed by the 

usual chain propagation: 
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-
+ 

Li 

---CH2-C-CH2---+ BuH 
1 
eN (G) 

---CH2-CH-CH2---
1 _ + 

Bu-C~ Li 

(XXV) 

(XXVI) 

The anion obtained in XXV has been considered to be reactive enough to 

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

_Li AN r2 

----CH2-C-CH2--+ • CN-C-CH2-CH-CH2-CH----
l , l , , 
ON CH eN ON 

1 2 

The basicity of the imine ion obtained in XXVI is considered to be 

insufficient to add monomer (47). Recently it bas been shown that 

acr,ylonitrile does not add the imine ion (153). Moreover a carbanion 

of the growing chain may interact with the tertiary hydrogen, cr with 

a nitrile group, to produce a branched structure as given by reaction 

XXX: 

/ 
Li+ 

---CH2-CH2 , + ---CH2-C-CH2----
1 1 
eN eN 

--CH -CH-CH --
21 2 

- + 

(G) 

---CH2-CH-C~ Li 
1 
eN 

(XXIX) 

(xxx) 
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Therefore the reaction XXX or the monomer additi.on to the carbanion (G) 

would lead to branching in PAN. 

·0 
In a solvent consisting of DMF and THF (1: 1) mixture, at -78 C., 

the PAN obtained with several sodium and lithium organometallic cam.pounds 

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 polymerie chain as given by the reaction XXV, followed by the 

propagation reaction. Tsuruta et al. (13.6) have shown that "in hexa.ne at 

300C. andin THF at -7SoC., an attack upon the tertiar,r hydrogen atom of 

-AN and PAN is the major reaction that n-BuLi would ~dergo to give CH2=&. 
and .(G) together with n-butane. 

The formation of CH
2

=Q given by·the reaction XXIV does not 
. èN . 

seern to be indicated from the data of the present work (monomer addition 

to CH2=Ç- would give polymer with terminal vinyl group). Since the 
CN 

carbanion (G) has been produced by either reaction XXV or XXIX and, f~rther, 

Binee (G) l~s been found to propagate at -7SoC., the PAN obtained at -7S
o
C. 

should have a highly branched structure. Since more than 90 percent of the 

initiator has been consumed in reactions other than chain initiation, a 

larger portion of the initiator might have contributed in a reaction to 

produce (G). However the polymer obtained in the present work at -7SoC. 

had a linear structure. Therefore the reactian to produce (G) and its 

subsequent propagation at -7SoC. do es 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 acr,rlonitrile, at OOC., in DMF, THF and petrolewm ether (42,155), or 
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at -78, -40 and OOC. in to1uene (105), no mention bas been made of 

the presence of branching in the po4rmers. On:q in one recent paper has 

.it been claimed tbat, at -78oC. in toluene, n-BuLi initiated po4rmerization 

of acrylonitr-lle produces a branched po4rmer (153). In this same publication 

the molecular weight bas been reported to decrease with increase in 

conversion. This would be possible if the po4rmer is being degraded during 

the po4rmerization 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 -7SoC.) was found to increase with conversion. 

In the n-BuLi and the l,l-diphenyl hexyllithium initiated 

poly.merization of al:ql acrylate (containing a tertiary hydrogen atam 

similar to acrylonitrile) Bywater et al. (194) bave shown tbat the 

initiator attack~ the ester group in preference to the tertiary hydrogen 

atam of the monorner or the po~er. Since the but yI anion is more 

reactive than the po:qacrylonitrile anion it seems more reasonable to 

. conclude that the polyacrylonitrile anion would not attack the tertiary 

hydrogen atam, rather the initiator and the carbanions would react ~~th 

the nitrile group. The inune ion produced by these reactions adds to 

nitrile groups to further the cyçlization to give.a colored polymer. The 

interaction of the carbanion with the.nitrile group followed by the 

cyclization reaction would lead to a colored poly.mer having a branched 

structure. 
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Reaction Polymer 
time, t yield 
(Minutes) (%) 

APPENDIX A 

TABLE A-I 

Acrylonitrile Polymerization and Viscosity Data 

Initial Monomer Ooncentration,OMJ = 0.5 Mole/Liter o . 

. (PolYmerization in Toluene at -780 C. Viscosity 
measured in Dimethyl formamide at 250 0.) 

Monomer 
[11]25 M xlO-5 - -3 (DPn)expt 

coOc. at t MkxlO (DP)· 
MJ t 

v n cale 

Set (a) Initiator concentration = i.o x 10-3 Mole/Liter; [MJo/CIJo = 500 

5 18.8 0.406 2.300 2.16 4.99 43.30 
10 21.9 0.390 2.851 2.90 5.81 49.91 
20 24.5 0.377 3.130 3.28 6.50 50.46 
60 26.6 0.367 3.602 3.96 7.06 56.il 

300 32.5 0.337 4.220 4.90 8.62 56.83 

Set Cb) Initiator concentration = 5 x 10-4 Male/Liter; [M]cI[I]o = 1000 ' 

5 13.7 0.432 2.100 . 1.93 7.25 26.63 
10 16.4 0.418 2.637 2.60 8.70 29.88 
20 18.5 0.407 2.880 2.92 9.81 29.75 
60 22.8 0.386 3.491 3.79. 12.10 31.33 

300 24.1 0.379 3.CY70 3.20 12.79 25-.03 

• 

Initiator 
consumed 

(MoleLLi ter )xl05 (%) 

1 . ..., 
00 

2.31 2.3 \J1 

2~.QO 2.0 
1.98 2.0 
1.78 1.8 
1.76 1.8 

1.88 3.8 
1.67 3.4 
1.68 3.4 
1.60 3.2 
2.00 4.0 

(continued) 
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TABLE A-I (continued) 

Reaction 
time, t 
(Minutes) 

Polymer 
yie1d 

(%) 

Monomer _ -5 - -3 (DPn)expt· lnitiator 
co~c;1 at t [rU 25 MvxlO M~O (DP) consumed 

LMJt . ~ca~c __ (Mo1e!Liter)xlQ5 _ (%) 

Set (c) Initiator concentration = 2.5 x 10-4 Mole/Liter; [M]o/[~o ~ 2000 

5 11.1 0.444- 2.950 3.03 11.78 25.72 
10 12.3 0.438 3.070 3.20 13.05 24.51 
20 16.6 0.417 3.263· 3.46 17.60 19.66 
40 16.5 0.417 3.320 3.55 17.51 20.27 
60 18.6 0.407 3.678 4.20 19.74 21.28 

300 21.7 0.391 4.340 5.08 23.03 22.06 

Set (d) Initiator concentration = 1.66 x 10-4 Mole/Liter; [M]oI[I]o =3000 

5 3.4 0.483 2.450 2.37 5.43 43.66 
120 8.9 0.455 3.]30 3.29 14.18 23.20 
300 11.1 0.444- 4.110 4.70 18.15 25.90 

0.97 . 3.8 
1.02 4.1 
1.27 5.1 
1.23 4.9 
1.18 4.7 
1.]3 4.5 

0.38 
0.72 
0.64 

2.3 
4.3 
3.8 

e 

1 

.... 
00 
0\ 
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Reaction Po lJ7me r 
time, t yie1d 
(Minutes) (%) 

'APPENDIX A 

TABLE A-II 

Acrylonitrile Polymerization and Viscosity Data 

Initial Monomer Concentration, [MJo = 1.0 Mo1e/Li~er 

(Po~erization in To1uene at -78oC. Viscosity 
measured in Dimethy1 formamide at 250 C.) 

Monomer 
[!l]25 'M x10-5 ~x10-3 {DPn}eXpt, conc. at t 

[MJt 
v 

{DPn } cale , 

Set (e) ~nitiator concentration = i.o x 10-3 Mole/Liter; [M]a1[I]o = 1000 

1 25.7 0.743 5.280 6.45 13.64 47.30 
5 28.3 0.717 4.470 5.30 15.02 35.29 

10 2$.8 0.732 3.700 4.10 14.22 28.83 
20 28.3 0.717 3.680' 4.08 15.02 27.17 
40 30.3 0.697 3.750 4.15 16.08 25.81 

300 34.7 0.653 5.260 6.50 18.41 35.30 

Set (f) lnitiator concentration =5 x 10-4 MOle/liter; [M]a1[I]o = 2000 

5 13.3 0.867 3.860 4.34 14.11 30.75 
10 15.6 0.844 4.093 4.70 16.55 '28.39 
20 17.2 0.828 4.190 4.81. . 18.25 26.35 
40 20.1 0.799 4.276 4.95 21.33 23.20 
60 23.1 0.769 4.278 4.97 24.51 ~. 20.27 

300 27.6 0.724 4.970 6.05 . 29.29 20.65 

e 

Initiator 
consumed 

(Mo1eLLiter2x105 (~2 
1. 

.... 
00 
'1 

2.09 2.0 
2.83 2;.8 
3.47 3.5 
3.68 3.7 
3.87 3.9 
2.83 2.8 

1.62 3.2 
1.76 3.5 
1.89 3.8 
2.15 4.3 
2.47 4.9 
2.42 4.8 

(continued) 
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TABLE A-II (continued) 

Reaction Polymer Monomer 
[l1J25 

M xlO-5 ~xlO-3 (DPIl)ex;et . Initiator 
time, t yield cOL~Jtat t .. (DP ) al . consumed 
(Minutes) (%) v 

(MoleLLiter2xl05 , nec 
(%2 

Set (g) Initiator concentration = 2.5 x' 10-4 Mole/Liter; [MJo/[iJo ~ 4000 

2 5.2 0.94B 3.630 4.00 11.04 36.24 0..69 3.B 
5 B.O 0.920 3.952 4.45 16.9B 26.21 0.95 3.5 

10 lLO 0.B92 5.310 6.60 22.92 2B.79 . O.B? 3.5 
20 12.9 0.B71 5.015 6.10 27.42 22.24 1.12 4.5 
40 16.3 0.B37 6.260 B.25 , 34.59 23.B4 1.05 4.2 

300 IB.7 O.B13 6.545 . B.Bû \ 39.68 22.17 1.13 4.5 

Set (h) Initiator concentration = ~.667 x 10-4 Mole/Liter; [~o/[IJo = 6000 1 

5.B 0.942 4.050 4.62 IB.46 0.67 
.... 

5 25.02 4.0 C» 

10 B.l 0.919 4.560 5.40 25.79 20.94 O.BO 4.B 
00 

20 9.1 0.909 4.B?0 5.90 2S.97 20.36 0.$2 4.9 1 

60 l1.B 0.BB2 5.372 6.75 37.57 17.97 0.93 5.6 
240 16.1 0.B39 6.BOO B.15 51.26 15.90 1.05 6.3 
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Reaction Po~er 
time, t yie1d 
(Minutes) (%) 

APPENDIX A 

TABLE A-III 

ACrYlonitrile Polymerization and Viscosity Data 

Initial Monomer Concentratio~ [MDo = 2.0 MOle/Liter 

(Po~erization in To1uene at -78oC. Viscosity 
measured in Dimethy1 formamide "at 250C.) 

Monomer 
[11]25 if xlO-5 - -4 (DPn)exPt 

co~c. at t Mkx:lO (DP) 
MJ t 

v 
n cale 

Set (i) lnitiator concentration = 1.0 x 10-3 MOle/Liter; [M]o/[IJ o = 2000 

5 35.4 1.292 4.930 6.00 3.76 15.97 
10 25.4 1.492 6.070 8.00 2.69 29.68 
20 27.4 1.452 5.554 7.05 2.90 24.25 
60 29.6 1.408 6.080 8.00 3.14 25.47 

300 30.9 1.381 6.300 8.30 3;2~ 25 .. 2.7 

Set (j) Initiator concentration = 5.0 x 10-4 M01e/Liter;[MJ~[IJo = 400~ 

2 11.3 1.774 4.950 6.02 2.40 25.06 
-5 14.5 1.711 5.450 6.85 3.07 22.32 

10 20.2 1;596 6.160 8.07 4.28 18.33 
20 18.5 1.631 5.960 7.70 3.92 "19.66 
40 21.3 1.574 6.250 8.27 " 4,.52 18.30 
60 21.5 1.569 " 6.720 9.10 4.56 19.95 
300 26.8 1.464 7.160 9.80 5.69 17.23 

e 

lnitiator 
consumed 

(Mo1eLLi ter ~x1051 (%) 

1 

6.26 6.3 
..., 
00 

3.37 3.4 \0 

4.12 4.1 
3.92 3.9 
3.95 3.9 

2.00 4.0 
" 2.24 4.5 

2.66 5.3 
2.54 5.1 
2.73 5.5 
2.51 5.0 
2.90 5.8 

(continued) 
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TABLE A-III (continued) 

Reaction Polymer Monomer 
[11]25 if xlO-5 - -4 (DP n}exi>t lnitiator 

time, t yield conc. at t l\xlO ( )" consumed 
(Minutes (%) [MJt 

v DPn cale 
(MoleLLi ter ~xl05 (%) 

Set (k) lnitiator concentration = 3.33 x 10-4 Mole/Liter; [M]o/[Ilo = 6000 

5 14.2 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) lnitiator concentration = 2.5 x 10-4 Mole/Liter; [MJo/[IJo = 8000 

5 10.8 1.784 6.320 8.35 4.58 18.21 1.37 5.5 
10 13.8 1.725 6.800 9.25 5.84 15.83 1.58 6.3 
20 15.0 1.700 7.800 11.00 6.36 17.27 1.44- 5.8 

..... 
\0 

60 16.4 1.672 8.100 Il.60 6.96 16.66 1.50 6.0 0 

300 20.9 1.582 8.400 12.20 8.87 13.75 1.82· 7.3 

Set (m) lnitiator concentration = 1.66 x 10-4 Mole/Liter; [MJ~[IJo = 12000 

5 3.2 1.936 4.740 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 14.42 1.15 6.9 

300 14.2 1.716 7.800 11.00 9.04 12.16 1.37 8.2 
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Reaction Polymer 
time, t yield 
(Minutes) (%) 

·APPENDIX A 

TABLE A-IV 

ACrYlonitrile Po~ymerization and Viscosity Data 

Initial Monomer Concentration, [MJo = 4.0 MOle/Liter 

(Polymerization in Toluene at -78°C.· Viscosity 
measured in Dimethyl formamide at 250 C.) 

Monomer 
['1J25 

li xlO-5 - -4 (DPn)expt 

cOL~tat t ~xlO (DP).. . v n cale 

Set (n) Initiator concentration = i.o x 10-3 Mole/Liter; [MJo/[IJo = 4000 

5 18.3 3.267 5.650 7.05 3.89 18.13 
10 22.5 3.100 5.950 7.70 4.78 16.12 
20 25.2 2.892 6.042 7.90 5.35 14.77 
60 29.1 2.836 6.282 8.30 6.18 13.44 

300 29.4 2.824 6.530 8.80 6.24 14.10 

Set (0) lnitiator concentration = 6.66 x 10-4 Mole/Liter; [MJj[IJo = 60D? 
5 12.2 3.512 5.020 6.10 3.88 15.71 

10 17.0 3.320 5.950 7.70 5.41 14.23 
20 21.3 3.148 6.110 8.00 6.78 11.80 
60 24·1 3.012 6.520 8.70 . 7.86 11.06 

300 26.4 2.944 . 7.040 9.62 8.40 11-.45 

e 

lnitiator 
consumed 

(MoleLLiter~xl05:. ·(~l 
1 . 

1-' 

5.52 5.5 't9 
1 

6.20 6.2 
6.77 6.8 
7.44 7.4 
7.09 7.1 

4.25 6.4 
4.69 7.0 
5.65 8.5 
6.03 9.1 
5.82 8.7 

(continued) 
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TABLE A-IV (continued) 

Reaction Polymer Monomer M xlO~5 
(DP ) , rnitiator 

time, t yie1d cO~jtat t [11]25 
- -4 n expt consumed l\:xlO (DP) , 

(Minutes) (%) 
v 

(Mo1eLLiter~xl05 fi 
n calc (%J 

Set (p) rnitiator concentration = 5.0 x 10-4 Mole/Liter; [MJo/[rJo "= Booo 

5 11.4 3.544 5.6BO 7.22 4.B4 14.92 3.35 , 6.7 
10 14.2 3.432 6.280 B.30 6.03 13.77 3.63 7.3 
20 l6.3 3.34B 7~020 9.61 6.92 13.89 3'.60 7.2 
40 18.5 3.260 6.220 B.22 7.85 10.47 ' 4.7B 9.5 
60 20.5 3.180 7ôOOO 9.70 B.70 11.15 4.43 B.9 

300 25.0 3.002 7.500 10.40 10.59 9.B2 5.09 10.2 

Set (r) Initiator concentration = 3.33 x 10-4 Mole/Liter; [M]j[r]o = 12000 

5 10.1 3.596 6.340 8.40 6.43 13.06 2.55 7.7 " 1-' 10 14.5 3.420 6.940 9.40 9.23 10. lB 3.28 9.B '" 20 14.6 3.416, 7.160 9.80 9.30 10.54 3.15 9.5 .N 

60 16.0 3.360 7.610 10.70 10.19 10.50 3.1B 9.5 
120 16.9 3.324 7.940 11.30 10.76 10.50 3.18 9.5 
300 18.2 3.272 8.720 12.80 11.59 11.05 3.02 ' 9.l 



Reaction 
tempo 
(oc~) 

-78 
u 

·n 

-60 
u 
u 

-40 
u 
u 

-20 
lt 

u 

0 
If 

If 
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APPENDIX B 

TABLE B-I 

Tèmperatur~ Dependence of POlymerization'in To1uene 
and Viscosity Data of Po~yacry1onitri1es 

Initial Monamer concentration,[MJo = 0.5 Mole/rater 

Reaction Time = 60 Minutes 

Initiator 
[MJo 

Polymer k' 
concentration yie1d 

[1l]25 ,(slope/[1l]2) 
(Mole/~t~r)xlO4 [ïTo (%) 

20 250 35.9 3.520 0.350 
10 500 26.6 3.602 0.347 
·5 1000 22.8 3.491 0.360 

20 250 32.7 1.620 0.267 
10 500 17.3 1.780 0.309 
5 1000 12.9 2.450 0.323 

20 250 9.9 0.847 0.524 
10 500 8.2 1.402 0.410 
5 1000 5.0 1.473 0.276 

0.600 
.' 

20 250 9.2 0.222 
10 500 7.6 0.771 0.210 

5 1000 3.5 0.852 0.338 

20 250 8.1 0.435 0.195 
10 500 5.1 0.560 0.478 . 

5 1000 3.0 0.765 0.232 

MxlO-4 
v 

38.20 
39.60 
37.90 

13.50 
15.40 
24.20 

5.70 
ll.15 
ll.20 

3.60 
5.05 
5.74 

2.35 
3.30 
5.00 
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(oC. ) 

-7B 
Il 

Il 

-60 
Il 

It 

-40 
Il 

It 

-20 
ft 

Il 

0 
Il 

" 
" 
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APPENDIX B 

TABLE B-II 

Temperatur~ Dependence of Po~erizationin Toluene 
and Viscosity lhta of POlY,:l.cr,ylonitriles 

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

Reaction Time = 60 Minutes 

Initiator 
[M]o· 

Po~er kt 
concentration yield [~J25 ,(~10pe/[~]2) 

(Mole/Liter)xl04 IïTo (%) 

20 500 37.6 3.600 0.369 
10 1000 34.9 3.935 0.390 
5 2000 23.1 4.276 0.331 

20 500 19.5 2.573 0.423 
10 1000 16.6 3.57B 0.32B 
5 2000 15.9 3.917 0.339 

20 500 10.5 1.510 
10 1000 B.O 2.300 0.306 

5 2000 5.0 2.B65 0.324 

20 500 7.9 0.9B1 0.403 
10 1000 4.0 1.266 0.240 
5 2000 3.2 2.030 0.654 

20 500 7.0 0.743 0.272 
10 1000 3.4 0.764 0.770 . 

5 2000 3.0 1.530 0.303 
200 50 42.9 0.20B 

M"xlO-4 
v 

39.50 
44.40 
49.50 

25.30 
39.00 
44.20 

12.30 
21.70 
29.00 

6.95 
9.75 

IB.20 

4.BO 
5.00 

12.50 
0.B4 



Reaction 
tempo 
( oC.) 

-78 
ft 

ft 

-60 
ft 

ft 

-40 
ft 

ft 

-20 
fi 

fi 

0 
ft 

ft 

ft 

" 
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APP~DIX B 

TABLE B-III 

Temperature Dependence of PolYmerization in To1uene 
and Viscosity Data of POlYacry1onitri1es 

Initial Monomer Concentration, [M]o = 2.0 Mole/Liter 

Reaction Time = 60 Minutes 

Initiator 
[MJo 

PolYmer k' 
concentration 4 yie1d [11J 25 ,(slope/[Tl]2) 

(Mo1e/Li ter)x10 rrTo (%) 

20 1000 22.4 4.710 0.384 
10 '2000 28.2 6.080 0.348 
'5 4000 21.5 6.720 0.363 

20 1000 16.5 3.370 0.387 
10 2000 14.4 4.762 0.355 

5 4000 12.0 5.326 0.381 

20 1000 8.0 2.230 0.452 
10 2000 6.8 3.495 0.323 
5 4000 3.4 3.685 0.420 

20 1000 5.5 1.524 0.353 
10 2000 3.8 1.802 0.277 

5 4000 1.8 1.981 0.315 

20 1000 5.5 1.146 0.381 
10 2000 3.5 1.670 0.283 ' 

5 4000 1.4 1.129 0.205 
40 500 13.2 1.126 0.564 

200 100 35.5 0.622 0.434 

M xlO-4 
v 

56.20 
80.00 
91.00 

36.00 
57.00 
66.40 

20.80 
38.00 
40.80 

12.50 
15.60 
17.60 

8.58 
14.20 
8.15 
8.40 
3.80 
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APPENDIX B 

'TABLE B-IV 

Temperature Dependence of Po~erization in Toluene 
and Viscosity Data of PolYacry10nitri1es 

Initial Monomer concentration,[M]o = 4.0 Mole/Liter 

aeaction Time = 60 Minutes 

Initiator [M]o Po lyme r kt' 
concentration 4 No yie1d [11]25 ,( S_lopej[1l]2 ) 

(Mole/Ii ter )xlO (%) 

40 1000 24.5 4.630 0.302 
20 2000 23.1 5.282 0.337 
10 4000 29.1 6.282 0.375 

40 loob 12.9 3.642 0.379 
20 2000 12.6 5.021 0.387 
10 4000. 11.6 6.030 0.377 

40 1000. 9.4 2.070 0.245 
20 2000 8.0 3.910 0.379 
10 4000 4.6 4.320 0.324 

40 1000 6.7 1.597 0.431 
20 2000 5.1 2.960 0.259 
10 4000 ' 2.6 2.993 0.385 

40 . 1000' 6.9 2.030 0.567 
20 2000 4.3 2.083 0.299 
10 4000 2.3 2.301 0.423 

MxlO-4 
v 

55.00 
65.00 
83.00 

40.00 
61.00 
78.00 

18.70 
44.00 
50.00 

13.30 
30.30 
31.00 

18.30 
19.00 
21.5 



ft 

Concentration 
(?JD!d1) 

ru 
0.7674 
0.4912 
0.3825 
0.2659 
0.18S? 

SO = 4. 8414 0 

~ 

0.5165 
0.4253 
0.3307 
0.2292 

SO = 3.1940 0 

li2JJz. 
0.6721 

_ 0.5245 

APPENDIX C 

TABLE C-I 

Sedimentation Ve10city Data Corrected for Pressure Effects 

Ct} = 3.4513 x 107 (rad2/sec2); PofMF = 0.9445 gm/m1. 

2 SO 1/so B Blso 
0<: m r (Svd) 0 

(cm.) 

0.7796 1.2827 . 0.2265 0.3727 5.2356 0.6590 6.2333 1.0991 0.9098 1.7434 1.4432 3.3512 1.2503 6.1570 1.3384 0.7472 1.5027 0.8388 2.6096 0.9065 6.1115 1.7428 0.5738 1.1977 0.3943 1.8l4l. 0.63,17 6.1163 2.5674 0.3895 6.6949 1.0156 1.2S?4 1.0097 6.1062 

ks = 6.822
5 

1.1084 0.9022 0.2030 0.1652 1.8098 0.4901 6.1422 1.2755 0.7840 0.8244 0.5067 1.4902 0.6913; 6.0866 1.3543 . 0.7383 0.8534 0.4651 1.1587 0·.6519 . ·6.1923 1.7686 0.5654. 4.0295 1.2881 0.8031 1.1992 6.0954 

ks = 3.5040 

1.0134 0.9868 0.8760 0.8530 2.9876 0.9159 6.1735 1.1920 0.8389 1.0015 0.7048 2.3315 0.8263 6.1128 

e 
... 

1 2· 2. . 
:2ro . floW' Axl09 

x 10-8 

6.3326 1.0406 . 
6.1786 2.0236 .... 

\0 6.0877 1.4670 ~ 

6.0.972 . 1.0361 1 
6.0679 1.6640 

6.1490 0.7970 
6.0382 1.1448 
6.2497 1.0430 
6.0556 1.9803 

6.1617 1.4864 
6.0903 1.3567 
(continued) 
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TABLE C-I (continued) 

Concentration 2 1 2 ~ 2 9 
(~dl) SO 1/so B Blso ex m r 2' ro 0 CU ., ,t(.xl0 

0 

(cm~ ) x 10-8 

liZ1lz. (c ont' d. ) 

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 

SO = 4.0100 k = 4.4452 0 s 

iim. 
0.4250 1.5088 0.6628 1.6189 0.7115 2.l288- 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 6.0884 6.0418 1.6236 1-' 
0.2324 2.0555 0.4865 3.5952 0.8508 1.1641 0.9093 6.1119 6.0885 1.4934 \0 

00 

SO = 3.9780 k = 5. 0090 
1 

0 s 

iI2:fi1 
0.3808 1.6240 0.6158 1.3070 0.4956 5.1927 0.7256 6.1504 6.1654 1.1769 
0.2713 2.1485 0.4654 4.8093 1.0418 3.6995 1.0233 6:1319 6.l283 1.6697 
0.2379 2.2144 0.4516 1.0524 0.2146 3.2440 0.5262 6 .. 1254 6.1154 0.8604 
0.1997 2.8963 0.3453 7.6760 0.9150 2.7231 0.9509 6.l208 6.1062 1.5572 

SO = 10.0400 ks = 13.6360 0 

Av • .Li. = 1.3630 x 10-9 

(continued) 
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TABLE C-I (continued) 

Concentration 
(gmfd1) So 1/so 

iL1 
0.6734 1.1364 0.8800 
0.4489 1.5547 0.6432 
0.3367 1.6177 0.6182 
0.2245 2.2884 0.4370 

So = 3. 9234 k = 3.7142 ° s 

#21 

0.5366 0.9660 1.0352 t-' 

0.4349 1.0928 0.9151 \0 
\0 

0.3210 1.3024 0.7678 
0.1929 1.9357 0.5166 

So = 3.9564 k = 5.9231 ° s 

liM. 
0.4139 1.2574 0.7953 
0.3104 1.5423 0.6484 
0.2069 2.0775 0.4813 
0.1035 3.5133 0.2846 

So = 6.6106 k = 10.8559 ° s 
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SUMMARY 

A new method was developed for the purification of 

acrylonitrile. An apparatus was designed to hand1e the material and 

to e1iminate the contamination by atmospheric impurities during the 

'coo1ing process. Acrylonitrile purified by this method contained less 

than 15 ppm water. 

The procedure for preparing n-butyllithium from di-n-butyl 

mercury and lithium was modified for optimum n-BuLi yield. The 

apparatus units were designed for quantitative subdivision and 

ana1ysis of the n-BuLi solution. The analytioal apparatus proved 

convenient for the analysis of the small quantity of n-BuLi solution 

u~ua1ly employed in laboratory scale polymerizations and eliminated 

the need for a dry nitrogen box. 

Po1ymerization of acrylonitrile by n-BuLi in toluene was 

80 0 investigated over a temperature range from -7 c. to 0 c. The 

mo1ecular weights of polyacrylonitriles were calculated from the 

viscosity measurements on the po1ymer solutions in DMF. 

At -78°c. the characteristic yellow color of the carbanions 

persisted until the polymerization was terminated by the acidified 

ace't'one. The percent po1ymer yield was 'ihdependent 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 -400 c., 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. 

The molecular weights of polyacrylonitriles obtained at 

-78°c. increased with'an increase in polymerization time, an increase 

in monomer concentration or a decrease in initiator concentration. 

The molecular weights of polyacrylonitriles obtained at a given 

composition of the reaction mixture were line~rly 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. 80 0 For polymer samples prepared at -7 C., the plot of log S 
o 

against log [~J was a straight line. Deviation from linearity occurs, 

for polymer samples prepared at other temperatures, with the dev.iating 

points falling above the straight line. The constants in the empirical 

relation between the sedimeritation 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 

the polymerization temperature. The extent of branching, molecular 

weight, molecular weight distribution and coloration observed in 

polyacrylonitriles depended upon the polymerization temperature. 

The coloration observed in polymers prepared at higher temperatur€3 
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, 
could be explained by assumingthe presence of conjugated -(C=N) -

n 

structural units. The linear white polyacrylonitrile obtained at -78°c. 

had a narrow molecular weight distribution. 

The UV absorption maxima at 266 - 270 mp of polyacrylonitriles 

seem to be due to the products of side reactions taking place during 

polymerization. Though the exact origin of this absorption could not 

be 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 low reactivity of associated 

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 molecular weight was higher than the viscosity 

average molecular weight. 

The values of E -E reported in the present the sis and in 
p 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 -78°c. 

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. 

By carefully excluding the impurities from ,the reactants 

'it is possible to prepare linear white polyacrylonitrile having a 

narrow molecular weight distribution and molecular weightas high as 

1.7 million. 

Since the extent of the initiator consumed in sidG 

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 p~ocess involved. 

2. 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. 

4. 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 ihcrease in a monomer concentration or a decrease 

in an initiator concentration. 

6. The polymer samples obtained at -78°c. had a linear structure. 

The polymer samples prepared at higher temperatures contained a 
, 

branched structure and probably cyclic units with conjugated -(C=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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B. The moleeular weight distributions in polymer samples prepared 

at different temperatures were determined by an analysis of the 

sedimentation veloeity data. 

The observed low efficieney of n-BuLi in initiating 

acrylonitrile polymerization eould be explained by its simultaneous 

reaetion with the nitrile group. 

10. Termination by ehain transfer to monomer, polymer or 

solvent could not be supported by the present work. At or above -40oc., 

the polymerie ehains were terminated by either a monomoleeular 

isomerization process or an interaction of the earbanions with the 

nitrile groups. 

11. A polymer sample obtained at _7BoC. had a very low value 

for the heterogeneity index (1.08). 

12. Polyacrylonitrile samples prepared at _78°C. had molecular 

weights as high as 1.7 million. 
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SUGGESTIONS FOR FURTHER WORK 

The information regarding polymer yield, molecular weight, 

molecular weight distribution, structural variations and coloration 

in polyacrylonitriles obtained in the present work indicates the 

presence of side reactions during the course of polymerization. In 

some cases it was difficult to decide between the alternate course of 

reactions. To arriy~ 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 informati'on 

so collected it would be possible to arrive at a better understanding 

of the mechanisms operative in anionic polymerization of acrylonitrile. 

(1) Some knowledge could be gained in the relative reactivity 

of n-BuLi for 1,2-, 1,4-, 3,4-additions and for the reaction of n-BuLi 

with tertiary hydrogen of monomer or polymer by st~dying polyme~ization 

of acrylonitrile with C14 labelled n-BuLi and examination of the 

polymer and the filtrate for C
14 

content. 

(2) . Branching and molecular weig~t. distribution in 

polyacrylonitriles obtained at different initiator concentration 

and monomer concentration should be investigated. 

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 stereore~~larity 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. 

The effect of time on polymer yield and molecular weight-

t t _400 t 600 c over a empera ure range 0 - • 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, [1]] = k M~. 
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