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Al~traet--For (initiator)/(monomer) ratios exceeding 10-a, the anionic polymerization of a-methyl- 
eneglutaronitrile in homogeneous solution in DMF (initiated by lithium-naphthalene at --35 ° or by 
diphenylmethyl-lithium at --70 °) leads to fairly white polymers with yields higher than 75 per cent. 
Infra-red and u.v. spectrometric studies and flash pyrolysis experiments show that the nitrile functions 
are involved in the polymerization only to a very small extent. On the other hand, molecular weight 
and sedimentation measurements and hydrodynamic behaviour of the polymer in DMF solution 
suggest a broad polydispersity for the samples, and a very high branching density for their higher 
molecular weight fractions. These characteristic features are to be correlated with those of anionic 
polyacrylonitrile; they may be tentatively attributed to transfer to polymer at the acidic methylene 
group ct to the nitrile function. 

I N T R O D U C T I O N  

WHILE studying the flash pyrolysis o f  polyacrylonitrile (PAN) in nitrogen, (1) we have 
noticed that  the highly branched anionic P A N  samples ~2-4) behave differently f rom 
their linear radical homologues.  Unfortunately,  the microstructure o f  the anionic 
chains is quite complex, and a simple model  for branched P A N  would be of  great 
interest. As branching mainly occurs by chain transfer to polymer at the tertiary 
hydrogen a tom (2-4) and seems to be limited to cyanoethylat ion in specific cases, (5) 
the branched structure may be represented as (I) or  (II):  thus, polymerizat ion o f  
1-methyleneglutaronitrile [(IIIa), M G N ]  may  lead to the required model, similar to 
a completely cyanoethylated P A N  [(IIIb), P M G N ] :  

C N  C N  C N  C N  

I I I I 
~ C H 2 - - C  ~¢ ,~wCHE_C,~w CH2---C , ,~CH2--C,,~ 

I I I I 
CH2 CH 2 CH2 CH2 

I I I I 
C H - - C N  CH 2 C H  2 CH 2 

C N  C N  C N  

(I) (II) (IIIa) (IIIb) 

branched P A N  cyanoethylated P A N  M G N  P M G N  

M G N  is a relatively new monomer ,  (6'7) and little attention has been devoted to its 
study. It  is unable to undergo radical homopolymerizat ion,  and its m o n o m e r  reactivity 
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ra t io  is l o w / s )  O n  the  o t h e r  hand ,  a p a t e n t  ~9) descr ibes  its an ion i c  p o l y m e r i z a t i o n  in 

to luene ,  d i m e t h y l f o r m a m i d e  ( D M F )  o r  l iqu id  a m m o n i a ,  in i t i a ted  respec t ive ly  by 

n -bu ty l - l i t h ium,  s o d i u m  cyan ide  o r  meta l l i c  s o d i u m ;  very  of ten ,  the  r e a c t i o n  gives l ow 

yields o f  c o l o u r e d  p o l y m e r s  o f  l ow in t r ins ic  viscosi t ies  a n d  they  h a v e  no t  been  fu r t he r  

cha rac te r i zed .  

W e  r epo r t  he re  p r e l i m i n a r y  resul ts  on  the  an ion i c  p o l y m e r i z a t i o n  o f  M G N  in a 

d i p o l a r  ap ro t i c  m e d i u m  ( D M F )  a n d  on  s o m e  cha rac te r i s t i c  fea tures  o f  the  s t ruc tu re  

and  d i lu te  so lu t ion  p rope r t i e s  o f  the  po lymer .  

E X P E R I M E N T A L  

I. Solvents, reagents andpolymerization 
D M F  was purified according to Zaugg and Schaefer ~1°~ and finally dried and stored over molecular 

sieves (4 A). THF was distilled over the sodium-benzophenone complex. MGN was vacuum distilled 
and dried over molecular sieves (4 A); it showed a single peak in gas chromatography; it was finally 
vacuum distilled directly into a Schlenk vessel just before polymerization. 

All the experiments involving organo-lithium reagents were carried out under a slight pressure of 
purified argon (50 mm Hg) in an all-Pyrex glass reactor allowing the use of vacuum and argon 
sweeping cycles. 

Lithium-naphthalene and diphenylmethyl-lithium [(C6Hs)2CH-Li +] solutions in THF were 
prepared according to Normant; ~11) they contained about 0-5 at. Li/l. and were titrated against known 
amounts of acetanilide up to the coloured end-point. 

For polymerization experiments, after neutralization of the solvent impurities at the selected low 
temperature by a few drops of initiator according to Wenger's procedure/12~ the initiator was intro- 
duced and a known amount of precooled monomer (in equilibrium with crystallized monomer at 
--9'6 °) was added dropwise with vigorous stirring into the initiator solution; at the end of the poly- 
merization (_~ 2 hr) the reaction medium, which was almost gelified, was acidified at low temperature 
by 1 N HC1, and the polymer was precipitated into a large excess of methanol. Samples were purified 
by precipitation into methanol in a Waring Blender from a D M F  solution; they were finally dried at 
60 ° under vacuum. For comparison, some AN polymerizations were carried out similarly. ~3~ 

II. Flash pyrolysis 
Flash pyrolysis experiments were carried out in nitrogen using a Fisher-Simon apparatus character- 

ized by a very fast induction heating of the filament up to its Curie point (in about 30 msec). Ten t,g 
of the sample were deposited on the filament as a film from a DMF solution. After pyrolysis (3 sec) 
at the selected temperature, the thermal degradation products were separated and analysed by gas 
chromatography (Perkin-Elmer model 900) using both flame ionization and thermal conductivity 
detection; chromatographic separation was carried out at 230 ° on Porapak Q (column of 2 m length 
and 1/8 in. dia; nitrogen flow rate of 25 ml/min). 

III. Molecular weight and polydispersity determination 
Viscosity measurements were made in an automatic capillary flow viscosimeter; ~t3) intrinsic 

viscosities and Huggins constants (DMF, 25 °) were calculated according to Sakai. ~14~ 
Number average molecular weights were measured by osmometry on DMF solutions at 35 ° or 

45 ° (high speed membrane osmometer Mechrolab 52) using S.S.08 cellulose acetate membranes 
(Schleicher & Schuell) or ultracella allerfeinst membranes (Membrane Filter GeseUschaft). 

We have measured (Brice Phoenix BP 1000 V differential refractometer) the values of the refractive 
index increment of PMGN in a number of dipolar solvents at room temperature for ~ = 5460 A 
(Table 1). They depend linearly on the solvent refractive index, in good agreement with the empirical 
Gladstone-Dale relationship. While giving the highest dn/dc values, acetonitrile and nitromethane 
cannot systematically be used, since the higher molecular weight samples are not soluble in these 
solvents. 

The values of dn/dc in D M F  solution between 20 ° and 80 ° (the measurement cell at high temperatures 
has already been described t~5)) are a linear decreasing function of temperature, characterized by a 
value 

d"T ~c = -- 4"8 x 10 -4 ml/g per degree. 
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TABLE 1. SPECIFIC REFRACTIVE INDEX INCREMENTS OF PMGN IN SOME DIPOLAR SOLVENTS 

Refractive index 
dn/dc ml/g at 23 ° 

Solvent nD 2 5 .  F/5,460~ 25 t for A = 5,460 A 

Acetonitrile 1.3416 1.3429 0.179 
Nitromethane 1.3796 1.3818 0.143 
Propylene-carbonate 1 "4209 0-109 
Dimethylformamide 1 '4282 0"105 
y-Butyrolactone 1.4348 0'097 
Hexamethylphosphotriamide 1.4570 0'075 
Dimethylsulphoxide 1.4773 0.063 

* T. A. Riddick and W. B. Bunger, Organic Solvents, Wiley 0970). 
M. B. Huglin, Light Scattering from Polymer Solutions, Academic Press (1972). 

Light scattering measurements (Sofica apparatus) were carried out at room temperature or at 35 ° 
after preheating the solution at 50 °; we have checked the lack of any aggregation by some measurements 
at 55 ° and 80°; in this range, for a given sample, the molecular weight is independent of temperature. 
On the other hand, we have noticed a slight fluorescence as usually observed in the case of anionic 
PAN; nevertheless, the depolarization ratio was always below 0.04, and our measurements have been 
systematically corrected by the factor (1 -- p)/(1 + p).(x~) 

Sedimentation velocity patterns have been obtained in DMF or ~,-BL at 25 ° or 30 °, using a Beckman- 
model E analytical ultracentrifuge. Measurements were carried out for a single concentration at rotor 
speed of 60,000 rev/min. 

The molar specific volume of PMGN in DMF solution at 25 °, measured on a digital densimeter 
Anton Paar KG (Austria) model DMA-02, is 0.8157 ml/g. 

The PMGN samples were fractionated by precipitation with dimethylsulphoxide/toluene-ethyl- 
ether (1 : 1 v/v) at 20 ° as solvent/non solvent system. This was a modification of a procedure of 
Kobayashi et al. (aT) for PAN. 

R E S U L T S  A N D  D I S C U S S I O N  

The  anionic  po lymer iza t ion  of  M G N ,  carr ied out  in D M F  or  in D M F - T H F  
solu t ion  and ini t ia ted ei ther by  e lect ron t ransfer  ( l i th ium-naph tha lene )  or  doub le  
b o n d  add i t ion  (diphenylmethyl- l i th ium),  leads to high yields (>/ 75 per  cent)  of  fair ly 
white ( - - 7 0  ° ) or  pale  yellow ( - -35  ° ) polymers .  Elementa l  analyses o f  the  purified 
P M G N - 5  are as fol lows:  

Theory  C~o 67.90, H ~  5.70, N ~  26-39, 0~o 0.00; 
F o u n d  C ~ 66.75, H ~ 5.97, N ~ 25.98, 0 ~o 0.79. 

I t  may  be seen tha t  the P M G N  chain  conta in  some unexpected oxygenated  funct ion 
ar is ing f rom a t r ans fo rma t ion  of  the nitri le groups.  

The  po lymer  has solubi l i ty  proper t ies  s imilar  to radical  P A N .  It  is soluble in 
d ipo la r  aprot ic  solvents:  d imethylsu lphoxide ,  d imethylace tamide ,  d ime thy l fo rmamide ,  
N-methy lpyr ro l idone ,  ~,-butyrolactone, hexamethy l -phospho t r i amide ,  ethylene and 
p ropy lene  ca rbona te  and in concent ra ted  aqueous  salt solut ion ( N a S C N - H z O ,  50 per  
cent);  moreover ,  low molecular  weight samples (IVlw < 105) show unusual  solubili t ies 
in acetoni t r i le  and  n i t romethane  as do  the anionic  P A N  homologues3  a) 

1. Infra-red spectrum of  anionic P M G N  (KBr  disc, P e r k i n - E l m e r  225) 

The  infra-red spectra  of  P M G N  and anionic  P A N  are  c o m p a r e d  in Fig. 1. As  
expected,  P M G N  does  not  show any absorp t ion  a round  1350 and  1250 c m - 1  because 
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I 
of the lack o f - - C - - H  methine group vibration. On the other hand, some features are 

I 
common to both PAN and PMGN spectra. 
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FIG. 1. Infra-red spectrum of anionic PMGN and PAN. A: PMGN-6. B: PAN prepared in 
the same conditions. 

According to Miller, (5) the absorption at 1420 cm -1 which may occur in PAN 
samples obtained by polymerization in toluene initiated by n-butyl-lithium is directly 
related to the amount of cyanoethylated units. We do observe a strong and well- 
defined absorption at 1420 cm-1 in anionic PMGN, in good agreement with Miller's 
assumption. 

In the range 1580-1680 cm -1, PMGN shows a broad absorption with two well- 
defined maxima at 1660 and 1620 cm-i ;  both of them systematically occur in anionic 
PAN, (~s) but at different relative intensities. They have been correlated to terminal 
double bonds produced by chain transfer to monomer during the propagation 
[structure (IV)] but, because of their strong intensity, they may be more probably 
attributed to blocks of conjugated ketimine bonds -(-  C = N _)_(19,2o) arising from 
the anionic cyclization of the lateral nitrile groups [structure (V)]" 

CH2 = C--CH2--CH~ CH2 [ H2 H2 I 

CN CN R If I I I 
l/Cq /% /c\ 

~-~CH2--~ I N ~ N O 

C=N L J .  

Structure (IV) Structure (V) 
with R ---- H (PAN) or --CH2--CH2--CN (PMGN). 

These two bands may be tentatively correlated with the weak shoulder at 2190 cm- ~ 
observed in both anionic PAN and PMGN samples, which has been attributed to 
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/3-imino-nitrile function [structure (V)] by Grassie et al. ~21) Since P MG N  samples are 
fairly white or pale yellow, conjugated structures of type (V) are thought to be of 
little importance (see u.v. discussion). 

The absorption at 1720 c m - 1 ,  (22"23) c o m m o n  to anionic PAN and P M G N  but of 
much greater importance for the latter, may be attributed to the carbonyl function 
arising from an anionic attack of a nitrile function, followed by acid hydrolysis of the 
ketimine bond: 

I 
t t 2 0  

R -  + N ~ C - - C - -  > R - - C - - C - -  - -+  R - - C - - C - -  
H ÷ 

l 11 I iI 1 
N -  0 

The lack of any absorption in the range 2000-2045 cm-  ms)  rules out the possibility 
of ketene-imine structures arising from an unusual 1-4 propagation mechanism: 

[ 1 

II. Ultra-violet spectrum of P M G N  

Ultra-violet measurements have been carried out at room temperature on super- 
cooled 1 per cent solutions of P M G N  in ethylene carbonate (cell thickness 1 ram, 
Beckman Acta 105). The u.v. spectrum is characterized by a large absorption in the 
range 250-350 nm with a well-defined maximum at 305 nm and a shoulder at 265 nm; 
their intensity is stronger when the polymerization temperature is higher (--35 ° vs 
--70°). In sharp contrast with PAN, (24) the u.v. spectrum does not change upon 
addition of base [(Bu)4N+OH - in MeOH solution], and this rules out the presence of 
any enolizable chromophoric group. 

Following the conclusions of Beevers Cls) and Takata et  al., {2s) these absorptions 
may be related to short cyclized blocks, involving probably not more than two or 
three adjacent units: n = 1,2 in structure (V). 

Longer conjugated blocks lead to an important shift in the position of the maximum 
absorption in the range 350-460 nm, as in PAN thermally cyclized in homogeneous 
D M F  solution with (2s) or without °9,2°) base: P MG N  samples lack well-defined 
absorption in this range. Cyclization is highly favoured by an isotactic placement of 
successive monomer units in PAN. C2°) It may be limited to low values in the case of 
PMGN, because of the greater steric hindrance around the nitrile functions. As ten 
or eight atom rings are unlikely, cyclization probably occurs through nitrile groups 

to the backbone, in spite of the greater steric hindrance around this function. 

III. Flash pyrolysis 

Our results (Table 2) show that pyrolysis of PM G N  is quantitative for temperatures 
above 400 °, and that the two main degradation products are M G N  and AN; the 
minor products cyanhydric acid, acetonitrile, methacrylonitrile and cyanopicoline 
have been detected only in amounts lower than 1 per cent when the temperature is 
below 600 ° . 
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TABLE 2. FLASH PYROLYSIS OF SOME PMGN SAMPLES 

Pyrolysis temperature 

300 400 500 600 700 

PMGN-5 F6 Total yield %* 85 95 102 100 100 
1V-lw = 280,000 AN mole %t 12.4 11 9.2 9.3 10.7 
[7] = 0.950 dl g--i MGNmole %t 87.3 88.5 90.0 89.5 88.1 

PMGN-3 F1 Total yield %* 93 
lglw = 198,000 ANmole %t 13.7 
[7] =0.502dig-1 MGNmole %t 85.7 

PMGN-I Total yield ~* 94 
/i~l, = 40,100 AN mole % t 14 
[7] =0"310dig -~ MGNmole%t 85 

* Weight percentage of total volatile products with respect to the initial sample. 
t Mole percentage with respect to the total volatile products. 

The relative amounts of  M G N  and AN seem to depend slightly on temperature 
and on molecular weight, but it is not possible to draw any conclusion from these 
preliminary results. Depolymerization of P M G N  into its monomer  is the expected 
process (note the quantitative depolymerization of poly-a-methylstyrene, polymethyl- 
methacrylate and polymethacrylonitrile for instance). On the other hand, the presence 
of  A N  in rather large amounts in the degradation products is characteristic of  the 
polymer structure since we have checked that, for our experimental conditions, A N  
cannot arise from secondary processes, like M G N  degradation for instance. The most 
probable mechanism for AN formation involves a proton abstraction from the carbon 
a tom a to the nitrile group followed by scission fl with respect to the new radical, 
according to the following scheme: 

C N  CN 

I I 
~ ' C H 2 - - C ~ '  + R" ~ R H  ÷ ~ C H 2 - - C ~  

I I 
CH2 CH2 

I I 
CH 2 CH" 

I I 
C N  CN 

CN C N  

I I 
~wCH2--C~,~ --~ ~ C H 2 - - C - , ~  + C H 2 ~ C H - - C N  

I 
CN 



F ~ .  2. Sedimentation velocity pattern of PMGN-5. (0.7 per cent in DMF solution at 2 5 ;  
rotor speed of 60,000 rev/min). 

(Jacing p. 1154) 
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Another reaction path arises from the possibility of a rearrangement of the terminal 
growing carbanion during propagation, leading to the incorporation of AN units in 
the polymer backbone, and then to AN monomer as the major degradation product 
of the PAN blocks : 

CN CN CN CN CN 

I I I I I 
.++CHz-C -M zz -CH,-CH MGN> wCH,-CH-CH,-CH--CH2-C- 

I I I 
CH;? CHz CHz 
I I I 

CHz CH- CH, 
I I I 

CN CN CN 

However, this process seems less probable, because of the lack of any absorption of 

-C-H methine group vibration in the infra-red spectrum of the polymer. 

IV. Molecular weights, polydispersity and branching 

1. Unfractionated samples. Our main results are given in Table 3. 
Plots of the experimental results according to Kraemer’s relationship (log vr/C = 

[q] - k [q-l’ C) lead in most cases to negative values of the constant k, as for anionic 
PAN: this fact has often been interpreted as an indication of branched structures, but 
it has to be considered with great care, owing to the numerous factors determining 
the value of the different viscosity slope constants (polydispersity, thermal history of 
the solutions, etc. . .). 

In the narrow range of low (monomer)/(initiator) ratios we have studied, experi- 
mental number average molecular weights are generally in good agreement with the 
theoretical values or even sometimes higher. This rules out transfer to solvent or to 
monomer at the acidic methylene group a to the nitrile function. On the other hand, 
“killing” of the carbanionic species by residual impurities and possible coupling by 
addition of a growing chain on a nitrile function may increase a,,. Thus the initiator 
efficiency may be assumed to be nearly quantitative. 

The sample polydispersities determined directly from light scattering and osmo- 
metry are quite large, in particular when diphenylmethyl-lithium is used as initiator. 
On the other hand, sedimentation velocity patterns clearly show a bimodal distri- 
bution (Fig. 2). From these experiments, even if made at only one concentration, it is 
possible to estimate the fraction of higher molecular weight: it ranges from 5 per cent 
(sample 2) to 26 per cent (sample 5), depending on polymerization conditions. The 
higher I&, the more important the fraction of high sedimentation velocity. Apparent 
sedimentation constants (at a concentration of O-7 per cent) of the two fractions are 
quite distinct and may differ by a factor of 2 or more, 2.2 and 5.8, respectively, for 
PMGN-5. 

By analogy with the well-known features of the anionic polymerization of AN, 
numerous factors may be taken into account to explain this high polydispersity. 
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Various initiating species may arise from double bond or nitrile addition and from 
proton abstraction reactions on the monomer t27~ by the organo--lithium reagent; on 
the other hand, chain branching by transfer to polymer may occur to a large extent 
in a dipolar aprotic solvent like DMF. t2~> Both processes are known to induce a 
marked broadening of the molecular weight distribution, but it is more difficult to 
account for the bimodal shape of the sedimentation pattern; such bimodal distri- 
butions have been noticed for anionic PAN obtained in a non-polar solvent. (s> 
Finally, PMGN-3 and, to a greater extent, PMGN-4 show the strongest polydis- 
persities: this may be tentatively correlated with the fact that they have been obtained 
by addition of the initiator to the monomer solution. 

In spite of the polydispersities of the samples and of their bimodal molecular weight 
distributions, the experimental values of [~7] and/VI,, correlate reasonably well, fitting 
the following Mark-Houwink-Sakurada relationship: 

[7] dl/g : 3.16 × 10 -4 1Vlw o.rs DMF.25 o (Fig. 3). 

The only exception is PMGN-3, which lies far below the straight line, showing a 
very low intrinsic viscosity: this is attributed to a highly branched structure (see 
below). The radius of gyration of sample 4 is (/~=2)1/2 = 240 A for l~lw = 421,000 and 
[7] = 1.5 dl/g: this value shows at least qualitatively the existence of branching but, 
due to the high polydispersity of the sample, more precise discussion is impossible. 

2. Fractionated samples. The experimental results obtained on the higher molecular 
weight fractions arising from samples 3 and 5 are given in Table 4 and plotted in Fig. 3. 

J 

I I I ,. 
4"5 5 5.5 

10g ~w 
FIG. 3. Mark-Houwink-Sakumda relationships for PMGN in D M F  solution at 25 °. 
C)--Unfract ionated samples ( ); A__PMGN-3  fractions ( . . . . . . .  -); [ -q--PMGN-5 

fractions (- - - -). 

The efficiency of the fractionation system is poor, especially for the higher molecular 
weight polymer (sample 5). Nevertheless, the different experimental values correlate to: 

[~}] dl g-1 = 1.32 × 10 -2 1VIw °'3°, for PMGN-3 

DMF/25 ° 

[7] dl g - t  = 1.26 × 10 -2 IVIw °'34, for PMGN-5. 
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D M F  being a good solvent for these fractions (the values of  their second virial 
coefficient lie between 0.8 x 10 -4 and 1.3 × 10 -a at 35 ° and remain positive at 23 °, 
this result is quite surprising, since we obtain much lower values of  the exponent a of 
the M.H.S. relationship than for the unfractionated samples. We can try to explain 
this anomalous behaviour by taking into account the bimodal distribution of  mole- 
cular weight shown by ultracentrifugation. Let us assume that the fast sedimentating 
species are highly branched and therefore that they have a very low value of  the 
exponent a, and that the slower sedimentating species are much less branched or even 
linear. Since we have studied only the higher molecular weight fractions, we deal with 
the highly branched structures which explain the observed low value of the exponent 
a. On the other hand, in the whole sample, the highly branched fraction has a very 
low intrinsic viscosity, but contributes only to an increase of/~lw, this increase being 
probably constant for all the samples: thus, the same low value of the exponent a 
cannot be obtained for the unfractionated samples. It can also be understood in the 
same way that the experimental points of  the whole sample can lie either below 
(sample 3) or above (sample 5) the line related to its higher molecular weight fractions. 

Because of  the lack of well-defined linear PMGN,  the hydrodynamic behaviour of 
the samples cannot be described by the theories related to star, comb-shaped or 
randomly-branched polymers.C 2 a, 29) Moreover, the observed decrease of  the exponent 
of  the M.H.S. relationship is so high that it suggests a very dense packing of the 
branches in a nearly spherical molecule. According to Seely, ~3°) the hydrodynamic 
properties of very highly branched polymers may be treated in a simple way, consider- 
ing that the monodisperse polymer chains behave as porous spherical molecules of  
radius a, permeability K, porosity ~ and density pl and assuming that K and E values 
are independent of  molecular weight; molecular weight, molecular dimensions and 
intrinsic viscosity are related by the following equations: 

with 

M : p l ( 4 ~ r N a 3 / 3 ) ( 1  - - , )  

[~7]- A/[1 "t- B M -2/3] 

A = 5/[2(1 - -  e)p,] and 

B = 10 K[4~r N(1 --  ~)pl/3] 2t3. 

(1) 

(2) 

In spite of  the polydispersity and of the probably non-uniform branching density 
of the samples, the experimental results reasonably fit Eqn. (2) (Fig. 4); moreover, the 
values of  the radius of  gyration deduced from light scattering experiments agree with 
the calculated values of  the sphere radius a for fractions 2 and 4 of PMGN-5;  see 
Table 3. This may be a coincidence, but this model seems to be in accord with the 
experimental results. 

The calculated values of porosity ~ and permeability K are, respectively, 0.968 and 
5.620 × 10 -14 cm 2 for PMGN-3 fractions, compared with 0.988 and 3"785 × 10 -13 
cm 2 for PMGN-5 fractions: in spite of a lower molecular weight, PMGN-3 is 
characterized by a higher branching density and a less porous structure, probably 
because of  the higher polymerization temperature (--35 ° rather than --70°). It has 
to be pointed out that the same hydrodynamic model of a porous sphere molecule 
may be successfully applied to the anionic PAN samples prepared in the same 
conditions as PMGN.  ~a ~ 

E.P.J. 9 / I I - -E  
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FIG. 4. Seely's correlation between [,d and l~Iw for PMGN in DMF solutions at 25 °. A - -  
PMGN-3 fractions; V1--PMGN-5 fractions. 

In order to explain these highly branched structures, different chemical mechanisms 
may be assumed. 

As shown by spectrometric studies, the CN groups are not involved to a great 
extent in the polymerizations, and branching probably arises from transfer to polymer 
at the acidic methylene group, according to the following scheme: 

CN CN 
I I 

~wCH2--C~,~ + R -  ~ RH + ~wCH2--C,~ 
I I 

CH2 CH2 

C H  2 CH-  
t I 

CN CN 

MGN / 
/ / 

CN 
I 

~.svCH2---C~w 
I 

C H 2  C N  
I r 

C H - - C H 2 - - C ~  
F 1 

CN CH2 
I 

CH2 
I 

CN 

I 
This process does not contradict the lack of any - -CH methine group vibration in the 

I 
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infra-red spectrum: dilute solution properties are very sensitive to branching, even if 
the number of  branching points is too weak for infra-red analysis. 

This situation is obviously very similar to that of AN polymerization characterized 
by transfer to polymer at the tertiary hydrogen atom3 2-4) Nevertheless, it is not 
possible to exclude any addition of growing chains on the nitrile functions: this 
reaction, if it is limited to low extent, does not greatly affect the nitrile band in the 
infra-red spectrum, but it yields keto groups which have effectively been observed in 
greater amounts than in anionic PAN. An intramolecular process has no effect on the 
molecular weight but leads to macro rings of  lower intrinsic viscosity; an intermole- 
cular process is similar to a coupling reaction and it does not greatly change 1VI,, but 
contributes to the formation of  highly branched structure, and can perhaps explain 
the bimodal molecular weight distribution. 

CONCLUSION 

The anionic polymerization of M G N  at low temperature in homogeneous D M F  
solution leads with high yields to nearly white polymers. Spectroscopic and flash 
pyrolysis studies show that the P M G N  chain cannot be quantitatively described as a 
regular head-to-tail succession of  monomeric units: chemical irregularities such as 
very short cyclized blocks and keto functions may occur in small amounts. The 
hydrodynamic properties in dilute D M F  solution suggest a highly polydisperse and 
branched structure, arising probably from transfer to the acidic methylene groups in 
the polymer, which are a to the nitrile function. 

Owing to their similar chemical structure, M G N  and AN may show similar be- 
haviour in anionic polymerization. Our results have to be considered only as 
representative of the particular experimental conditions. The proton abstraction 
reactions and the nucleophilic addition to the double bond or to the cyanogroup 
between initiator and growing living chains, on the one hand, and monomer or 
polymer, on the other hand, are competitive processes in both the initiation and the 
propagation steps; all the factors which affect their relative importance may lead to 
very sensitive differences in polydispersity and branching density. In this sense, the 
natures of the solvent and the counter-ion and the temperature are important; it may 
be expected that polymerizations in a non-polar solvent, such as toluene, should lead 
to much less branched polymers, as was observed for AN. c3's> All these aspects 
obviously need further studies, but this is far beyond the scope of  our present work. 

Acknowledgement--The authors are greatly indebted to G. Pouyet, J. Ghigonetti and J. Guegen for 
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Dr. C. Strazielle for their critical discussion of the experimental results. 

REFERENCES 
(1) M. Leroy and M. Galin, IUPAC--Bratislava Preprint P-51 (1971); M. Leroy, M. Dukovska and 

M. Galin, Results to be published. 
(2) A. Tsukamoto, J. Polym. 8ci. A3, 2767 (1965). 
(3) J. C. Galin, J. Herz, P. Rempp and J. Parrod, Bull. Soe. ehim. Fr. 1120 (1966). 
(4) I. Kiss Youssef, Thesis, Universit~ Libre de Bruxelles (1970). 
(5) M. L. Miller, J. Polym. 3ei. 56, 203 (1962). 
(6) E. Herault, Rev. Prod. Chim. 599 (1966). 
(7) Paris, Ind. Chim. 4, 97 (1967). 
(8) E. G. Pritchett and P. M. Kamath, J. Polym. Sei. 413, 849 (1966). 



1162 MONIQUE GALIN and J.-C. GALIN 

(9) Fr. Patent, 1,452,716--National Distillers and Chemical Corp. 27.7.1965. 
(10) H. E. Zaugg and A. D. Schaeffer, Analyt. Chem. 36, 2121 (1964). 
(11) H. Normant and B. Angelo, Bull. Soc. chtm. Ft. 354 (1960). 
(12) F. Wengcr, Makromolek. Chem. 37, 143 (1960). 
(13) Ph. Grarnain and R. Libeyre, I. appl. Polym. Sci. 14, 383 (1970). 
(14) T. Sakai, Y. Polym. Sci. A2,6, 1535, 1659 (1968). 
(15) J. Ehl, C. Loucheux, C. Reiss and H. Benoit, Makromolek. Chem. 75, 35 (1964). 
(16) A. Ciferri, M. Kryszewski and G. Weill, Y. Polym. Sci. 27, 167 (1958). 
(17) H. Kobayashi and Y. Fujisaki, Y. Polym. Sci. BI, 15 (1963). 
(18) R. B. Beevers, Maeromolek. Rev. 3, 113 (1968). 
(19) N.A.  Kubasova, M. V. Shishkina, N. F. Zalianaya and M. A. Geiderickh, Polym. Sci. U.S.S.R. 

10, 1537 (1968). 
(20) N. A. Kubasova, Din Shaw Din, M. A. Heiderich and M. S. Shishkina, Polym. ScL U.S.S.R. 

13, 184 (1971). 
(21) N. Grassie and R. McGuchan, Europ. Polym. Y. 6, 1277 (1970); Europ. Polym. J. 7, 1091, 1357, 

1503 (1971). 
(22) A. Ottolewghi and A. Zilkha, J. Polym. Sci. AI, 687 (1963). 
(23) A. V. Novoselova, B. L. Yerusalimski, V. N. Krasulina and Y¢. V. Zashcherinskii, Polym. Sci. 

U.S.S.R. 13, 99 (1971). 
(24) J. R. Kirby, J. Bandrup and L. H. Peebles, Jr., Macromolecule$1, 53, 59 (1968). 
(25) T. Takata, I. Hiroi and M. Tawiyama, J. Polym. Sci. A2, 1567 (1964). 
(26) A. Schmitter, Th~se, Strasbourg (1967). 
(27) N. Kawabata and T. Tsuruta, Makromolek. Chem. 98, 262 (1966). 
(28) F. Candau, P. R©mpp and H. Bcnoit, Macromolecules 5, 627 (1972). 
(29) A. R. Schultz, Y. Polym. Sci. 3A, 4211 (1965). 
(30) T. S¢¢1y, Y. Polym. ScL AI, 5, 3029 (1967). 
(31) M. Galin and J. C. Galin, Results to be published. 

RG~a6--Pour  des rapports (initiatcur)/(monom6re) sup6rieurs/L 10-a, la polym6risation anionique 
de l'a-m6thyl6neglutaronitrile en phase homog6ne dam le DMF, amorc,6¢/t --35 ° par le naphtal6ne- 
lithium ou h --70 ° par le diph6nylm6thyl-lithium, conduit avcc des rcndements supchd©urs/t 75 pour 
cent,/L des polym6res blancs. La spectrom6trie i.r. et n.y. et la pyrolys¢ 6clair en atmosph6re inerte 
montrent que le groupement nitrile ne participe pratiquement pas/L la polym6risation. Les mesures 
de masse mol6culair¢, de vitess¢ de s6dimentation et le comportcment hydrodynamique en solution 
dilu6¢ clans le DMF mettent en 6videnc¢ la large polydispersit6 des polym6res brutse t  le tr6s haut 
degr6 de ramitlcation de lems fractions de poids mol6culaire 61ev6. Ces r6sultats et leur analogie 
avcc ccux rclatifs aux polyacrylonitriles obtenus dans des conditions identiques sugg6rcnt que la 
polym6risation est caract6ris¢~ par une importante r6action de transfert au polym6re au niveau du 
m6thyl6ne acide activ6 par la fonction nitrile. 

Sommario---Con rapporti di iniziatore/monomero superiori a 10 -3, la polimcri~TaTione anionica 
d©ll'~metilenvglitaronitril¢ in soluzione omogvnea in DMF (iniziata con litio-naftalvne a --35 ° oppurc 
con difenilmetil-litio a --70 °) conduce a polimcri alquanto bianchi con rcndimenti maggiori d¢l 
75 perc, entuale. Studi spettrometrici alrinfrarosso e aU'ultraviol©tto, come pure ¢sperimenti di pirolisi 
istantanea, mostrano che lv funzioni nitrile cntrano in gioco n¢lla polimcrizzazione solamente in 
piccola misura. D'altro canto, le misurazioni di peso molvcolare e di sedimentazione, come pure il 
comportamento idrodinamico del polimero in soluzione DMF, lasciano supporre un largo grado di 
dispersione per i campioni ed un'elevatissima densit~ di diramazione per le frazioni a pid elevato 
peso molvcolare. Tali caratteristich¢ vanno mess¢ in relazione con quelle del poliacrilonitrile anion- 
ico; esse potrebbero essere attribuite al trasferimcnto in polimero in corrispondenza d¢l gruppo acido 
di metilene a nella funzione di nitrile. 
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Zummmeafa~m~--Bei Molverh~tnissen Initiator]Monomeres > 10 =a fiihrt die bei --70°C durch 
Lithium-Naphthalin oder Lithium-Diphenylmethyl initiierte anionische Polymerisation des 2-Methy- 
lenglutars~uredinitrils in homogener DMF-L6sung zu weil3en Polymeren mit einer Ausbeute 
> 70 pro cent. IR- und UV-spektroskopische Untersuchungen sowie flash-Pyrolyse unter Inertgas 
zeigen, dab die Nitrilgruppe praktisch keinen Anteil an tier Polymerisation nimmt. 

Molekulargewichtsmessungen, Sedimentationsexperimente sowie das hydrodynamische Verhalten 
der Polymeren in verdfinnter DMF-L6sung best~tigen eine grol3e Molekulargewichtsverteilung der 
erhaltenen Polymeren ebenso wie einen sehr hohen Verzweigungsgrad bei hSheren Molekularge- 
wichtsfraktionen. Die erhaltenen Resultate zeigen viel .~hnlichkeit mit dem charakteristischem 
Verhalten dcx tinter gleichen Bedingungen hergestellten Polyacrylnitrile und erlauben die Annahme, 
dab die Polymerisation yon einer bedeutenden, dutch die Nitrilgruppen angeregten Obertragungs- 
reaktion mit dem sauren Methylen des Polymeren begleitet wird. 


