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Synopsis
Acrylates and methacrylates of homoterpenylmethyl carbinol and a-campholenol 

were homopolymerized. Copolymers with each other and acrylonitrile were studied. 
Terpolymers of the acrylate of homoterpenylmethyl carbinol and the acrylate of a- 
campholenol with butadiene and styrene or acrylonitrile were also prepared. The 
lactone ring in the homopolymer of methacrylate of homoterpenylmethyl carbinol was 
opened up under basic conditions at room temperature, yielding a water-soluble polymer. 
Films of this polymer were cast from a water solution. The acrylate of homoterpenyl
methyl carbinol gave a high molecular weight copolymer with acrylonitrile which could 
be molded into a transparent, extremely tough, film. The terpolymers of the acrylate 
of homoterpenylmethyl carbinol with butadiene and styrene or acrylonitrile were ob
tained in high yield and could be molded into strong, rubbery films. Several polymers 
were epoxidized and cured with p-phenylenediamine.

INTRODUCTION

In continuation of the studies on the preparation of polymers containing 
terpenes and various terpene derivatives, 1' 6 two new derivatives from 
a-pinine have been investigated: (1) homoterpenylmethyl carbinol, 6 -hy- 
droxy-2 -(l-hydroxy-l-methylethyl)heptanoic acid 7 -lactone (I), and (2) 
a-campholenol, 2-(2,2,3-trimethyl-3-cyclopentenyl) ethyl alcohol (II). I was

prepared by Howell and Hedrick by the platinum oxide reduction of homo
terpenylmethyl ketone in sodium hydroxide solution;7 II was obtained by 
reduction of the corresponding aldehyde, a-campholene aldehyde.8 The 
properties and reactions of II and a-campholene aldehyde have been de
scribed.8 Synthesis of various esters of II, conversion of the esters to 
epoxides, and evaluation of the epoxides as plasticizer-stabilizers for poly
vinyl chloride) have also been described. 9
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The work here describes the preparation and polymerization of the acryl
ates and methacrylates of I and II. In addition, studies on the epoxidation, 
curing, and hydrolysis of some of the polymers of JI were conducted. Poly
mers containing the unit 1 would be expected to undergo the lactone ring 
opening to yield water-soluble polymers. Polymers of II would be expected 
to undergo an epoxidation readily. The reaction products of epoxidized 
polymers with, for example, fatty acids could find applications in the coat
ings field.

RESULTS AND DISCUSSION 

Monomers

Samples of a-campholene aldehyde, I and II, were provided by Dr. G. W. 
Hedrick of the Naval Stores Laboratory of the Southern Utilization Re
search and Development Divisions, Agricultural Research Service. In the 
preparation of additional II, a-campholene aldehyde was reduced with lith
ium aluminum hydride.8 The physical constants of the three materials are 
given in Table I.

TARLE I
Physical Constants of Terpene Derivatives

Derivative
B p-, °C./

mm. llg 20 
71 d Remarks

a-Campholene aldehyde 86/14 1.4645 [a]d 5 —3.71 (10 cm., neat)
a-Campholenol, II 
Homoterpenylmethyl

92/1.5 1.4700 Il2 absorption: 96% of one mole

carbinol, I 140/0.4 1.4675

The acrylates and methacrylates of I and II were prepared according to 
the procedure of Marvel and Schwen. 10 However, instead of distilling the 
products, chromatography on silicic acid with diethyl ether-hexane mix
tures as eluent was used for purification of the monomers. Physical charac
teristics of the monomers and their analytical data are given in Table II. 
Infrared analysis showed the presence of a trace of hydroxyl-containing

TARLE II
Physical Characteristics and Analytical Data of Acrylates and Methacrylates of I and II

Monomer 27n D Appearance

Calculated 

C, % H, %

Found

C, % H, %

Acrylate of I 1.4630 Very light yellow, vis
cous oil

64.62 8.40 64.68 8.18

Methacrylate of I 1.4634 Yellow, very viscous 
oil

66.11 8.72 65.71 8.55

Acrylate of II 1.4659 Water-clear liquid 74.94 9.70 75.26 9.72
Methacrylate of II 1.4658 Yellow oil 75.63 10.00 74.77“ 10.25“

• A 0.68% residue was found in the analysis of this monomer.
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material in the acrylate and methacrylate of I. Although there was a good 
agreement in analytical data between the calculated and experimental 
values, it is possible that a minor amount of the hydrolyzed lactone was 
still present in the derivatives of I or the hydroxyl band may have been 
due to absorbed moisture. The residue found in the analysis of the meth
acrylate of II was probably due to colloidal silicic acid introduced inad
vertently during the chromatography of the monomer.

Homopolymerization
The experimental conditions and polymerization results for the various 

polymers are given in Table III.
Homopolymerizations were conducted in an emulsion system with the 

use of a detergent (Siponate DS-10) rather than a soap as the emulsifier. 
The detergent gave better latices and conversions. The low inherent vis
cosities for the homopolymers of methacrylate of I and acrylate of II were 
unexpected. The polymers were isolated as white powders which could be 
molded (at about 150°C.) into water-clear, brittle films. On one occasion 
the acrylate of I gave a material which could be molded into a strong film. 
In the homopolymerization of the acrylate of II, whenever the conversion 
exceeded 35%, some insoluble polymer began to form. Similarly, long 
drying periods insolubilized the material, probably by oxidative coupling 
at the allylic position. The polyacrylates of I were soluble in ethyl methyl 
ketone and chloroform. The polyacrylates of II were soluble in tetrahydro- 
furan, ethyl methyl ketone, and methylene chloride. Whereas only a trace 
of a hydroxyl-containing material was indicated in the acrylate and meth
acrylate of I monomers the corresponding homopolymers appeared to con
tain more of the hydroxy acid despite the fact that their analytical data 
agreed with the calculated. A tightly bound water of hydration cannot be 
ruled out, as the infrared analysis is not conclusive on this point.

Copolymerization
Copolymers of the Acrylate of I. The acrylate of I was copolymerized 

with the acrylate and methacrylate of II, and with acrylonitrile. The 
acrylate copolymers were isolated as white, hard solids, soluble in ethyl 
methyl ketone, whereas the acrylonitrile copolymer was a yellow solid, 
soluble in Ar-m etl ly 1 py rro 1 id on c. The acrylate copolymers had inherent 
viscosities below 1 .0 ; the acrylonitrile copolymer had the exceptionally 
high viscosity of 4.4. The acrylates could be molded (at about 150°C.) 
into water-clear, brittle films, whereas the acrylonitrile copolymer gave 
an extremely tough, somewhat soft film.

The properties of all the copolymer films are given in Table IV. All of 
the copolymers gave transparent films.

Prolonged drying of the copolymers of the acrylate and methacrylate of 
II insolubilized them. In general, the copolymers of acrylate of I exhibited 
adhesion to a copper foil in varying degrees. This may have been due to 
the hydroxy acid component present in the polymers.
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TABLE
Polymers of Acrylates and Methacrylates of

Composition charged, wt.-%

Cata
lyst,

parts/
100

parts
mono
mers

Poly
meri
zation
time,
hr.

Con
ver
sion,
% VinhHM CAC H M CM* 1 TCEAe T C E M f AN* FN>‘ S ty1 BDJ

100 ____ __ _ — — — — 1 20 94 1.06
_ 100 — — — — — — 1 20 99 0.28
— — 100 — — — — — 0.4 18 go1 0 .48m
— — — 100 — — — — 0.5 20 85 1 .21,n
50 — 50 — — — — — 2 20 851 —
60 — 40 — — — — — 1 16 98 0.25
50 — — 50 — - — — — 1 20 90 0.83
60 — — 40 — — — — 0.5 16 83 0.56
50 — — — 50 — — — 1 20 —100 4.4011

— 50 50 — — — — — 2 20 951 0.60
__ 50 — 50 — — — — 1 20 90 0.60
— 50 — — 50 — — — 1 20 —100 1.11"
— — 50 — 50 — — — 2 20 95p

COc

— — — 50 50 — — — 1 20 —100e! 0 .65n
— — — 50 — 50 — — 2r 20 14 0 .29n
40 — — — 9 — — 51 1 16 —100 —
60 — — — 6 — — 34 1 16 90s 0.98*
80 — — — 3 — — 17 1 16 85 0.63*
40 — — — — — 18 42 2 16 90 —
60 — —• — — — 12 28 2 16 85 —
70 — — — — — 9 21 1 14 92 0.98
80 — — — — — 6 14 2 16 90 0.52

— — 40 — 9 — — 51 0.5 16 9 —
— — 60 — 6 -— — 34 0.5 16 12 0 .98m
— — 80 — 3 — — 17 0.5 16 33 1 .26m
— — 40 — — _ 18 42 0.5 16 5 —
— — 60 — — — 12 28 0.5 16 10 —
— — 80 — — — 6 14 0.5 16 8 —

a A ll of the polymerizations were conducted at 60 ±  2°C. by tumbling the tubes end-over-end; 
Siponate DS-10 (alkyl-substituted benzene sodium sulfonate) was used as emulsifier in  about 1-2% 
amounts; potassium persulfate was used as catalyst.

b Determined on solutions of 0.019-0.219 g./lOO ml. of ethyl methyl ketone. 
c Acrylate of homoterpenylmethyl carbinol. 
d Methacrylate of homoterpenylmethyl carbinol. 
e Acrylate of ar-campholenol. 
f Methacrylate of a-campholenol. 
g Acrylonitrile. 
h Fumaronitrile.
1 Styrene, 
j Butadiene.

Copolymers of the Methacrylate of I. The methacrylate and acrylate 
copolymers were isolated as white, hard solids soluble in ethyl methyl 
ketone; the acrylonitrile copolymer was a yellow solid, soluble in N- 
methylpyrrolidone. None of the methacrylate of I copolymers possessed 
adhesive properties.

Copolymers of the Acrylate and Methacrylate of II. The acrylate/ 
acrylonitrile copolymer was isolated as a yellow solid in a 95% yield of 
which only 30% was soluble in IV-methylpyrrolidone. The insolubility 
was probably due to the crosslinking of the acrylate portion.

The methacrylate/acrylonitrile copolymer was isolated in a quantitative 
yield; however, only about 2 0 % of it was soluble in IV-methylpyrrolidone.
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Homoterpenylmet.hyl Carbinol and a-Campholenol
I I I »

Composition found wt..-% Calculated Found

TC EA TC EM  AN  FN Sty BD* C, % H, % N, % C, % H, % N, %

— — — — — — 64.,62 8 .40 _ 64 .81 8..66 __
— — — — — — 64. 36 8.,78k — 64 . 19 8 .65 —
— — — — — — 74..94 9 .70 — 74..78 9. 65 —
— — — — — — 75.,63 10 .00 — 75..29 10..10 —
45 — — — — — 69.,26 8 .98 — 69 04 9..05 —
40 — — — — — 68 .74 8 .92 — 68 .44 8,.91 —
— 48 — — — — 69 .90 9 .17 — 69 ,62 9 .58 —
— 34 — — — — 68 .35 8 .94 — 68 .47 8 .92 —
— — 44 — — — 66 .05 7..20 11.62 65 ,32 7..35 12.18
60 — — — — — 70 .70 9 .32° — 70 .60 9 .15 —
— 50 — — — — 70 .00 9 .39° — 70 .17 9,,30 —
— — 39 — — — 65. 73 7..56° 10.30 64 .86 7,,46 10.83
— — 40 — — — 72. 10 8..10 10.56 69..67 8. 22 10.11
— — 44 — — — 72. 22 8. 10 11.62 70 .03 8. 10 11.02
— — — 13 — — 73..78 9. 03 4.66 73. 53 9..18 4.17
— — 9 — — 61 79. 59 9. 92 2.38 79..61 9. 93 2.40
— — 7 — — 33 72. 44 9. 29 1.85 72. 62 9. 14 1.75
— — 5 — — 17 68. 86 8. 76 1.32 68. 69 8. 86 1.20
— — — — 18 42 79. 73 9. 49u — 79..98 9. 46 —
— — — — 10 27 72. 64 8. 98u — 72. 79 8. 94 —
—• — — — 10 24 73. 16 9. 01u — 73. 03 8. 96 —•
— — — — 6 14 69. 64 8. 76u — 69. 35 8. 70 —
— — 11 — — 39 79. 51 9. 88 2.91 79. 88 9. 82 2.97
— — 8 — — 34 79. 03 9. 93 2.11 79. 37 9..97 2.08
— — 5 — — 20 77. 32 9. 82 1.32 77. 69 9. 99 1.21
— — — — 13 32 81. 59 9. 92u — 81. 32 9. 81 —
— — — — 13 32 81. 59 9. 92u — 81. 78 10. 06 —
— — — — 9 21 79. 36 9. 85u — 79. 19 9. 90 —

k Calculated for a 60/40 mixture of the lactone methacrylate/hydroxy acid methacrylate.
1 Includes 5% gel.
m Determined in tetrahydrofuran.
n Determined in A-methylpyrrolidone.
0 Calculated for a 60/40 ratio of lactone/hydroxy acid for the methacrylate of I.
P Only 30% of the total polymer isolated was soluble.
q Only 20% of the total polymer isolated was soluble.
r Polymerized in benzene solution at 80°C. w ith the use of azobisisobutyronitrile.
8 Includes 8% gel.
 ̂ Determined in chloroform.

u Calculation done assuming 70/30 B D /S ty  ratio in the terpolymer.

The solution methacrylate/fumaronitrile copolymer was isolated as a 
dark tan solid, soluble in tetrahydrofuran.

Terpolymerization
Terpolymers of the Acrylate of I. Two series of terpolymers involving 

the acrylate of I have been prepared. One of the series involved BD/AN  
comonomers. The terpolymers were isolated as water-dear to white 
rubbery masses which could be molded (at about I30°C.) into clear tough 
films. Whereas the 30/61/9 acrylate/BD/AN terpolymer was essentially 
insoluble in hot tetrahydrofuran and chloroform, only 10% of the 60/33/7 
acrylate/BU/AN terpolymer was not soluble and the 78/17/5 acrylate/ 
BD/AN terpolymer was soluble in chloroform and tetrahydrofuran.
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TABLE IV
Properties of Films of Various Copolymers

Composition, wt.-%

T4MCA HMCM TCEA TCEM AN FN Properties of films

55 45 — — — Brittle, adheres to copper foil
GO 40 — — — Brittle, adheres to copper foil
52 — 48 — — Brittle
66 — 34 — — Brittle, adheres to copper foil
56 — — 44 — Light tan, extremely tough, soft

40 60 — — — Brittle
50 — 50 — — Brittle
61 — - 39 — Light tan, very tough

---  ---- 60 — 40 — Tan, weak
---  --- — 56 44 — Light tan, weak
---  --- — 87 — 13 Dark tan, brittle

The other series involved BD/Sty comonomers. These materials again 
were isolated as water-clear to white rubbery masses which could be molded 
(at about 130°C.) into clear, tough films. A film prepared on copper foil 
of the 80/14/6 acrylate/BD/Sty terpolymer adhered strongly to the foil. 
Of the four compositions only the 80/14/6 and 66/24/10 acrylate/BD/Sty 
terpolymers were partially (~70% ) soluble in hot ethyl methyl ketone.

Terpolymers of the Acrylate of II. Another terpolymer series identical 
to the one described but with the acrylate of II was attempted. How
ever, with both, the BD/AN and BD/Sty comonomers only low conversions 
were realized. The best yield (33%) was obtained with the 75/20/5 
acrylate/BD/AN terpolymer. The two terpolymers, 75/20/5 and 
58/34/8, on which inherent viscosities were run, were soluble in tetra- 
hydrofuran and had good viscosity values. The films pressed (at about 
130°C.) from these materials were clear, rubbery, and strong.

Epoxidation

Epoxidation of several polymers was explored to increase their function
ality. Development of adhesive properties was also sought. The follow
ing polymers were investigated: (/) polyacrylate of II, (2) 60/40 acrylate 
of I/acrylate of II copolymer, and (3) 66/24/10 acrylate of I/B D /Sty ter
polymer. The in-situ method11 with hydrogen peroxide/glacial acetic acid 
with a resin catalyst (Amerlite IR-120) was explored. This method was 
preferred over the ones involving use of preformed peracids because it gave 
higher oxirane oxygen content in a shorter time and less contamination in 
the final product. Ethyl melhyl ketone was used as a solvent for the poly
mers. Normally, in epoxidations of polymers, secondary reactions prod
ucts, such as glycol derivatives, ketones and ether derivatives, would be ex
pected.

According to the infrared analysis of the epoxidized materials, only a 
trace amount of unsaturation was observed in the epoxidized homopoly
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mer of acrylate of II and no unsaturation was detected in the other two ma
terials. Furthermore, absorption bands attributed to epoxides12 (1250, 
840 cm.-1) were observed in the epoxidized polymers.

Analytical data, calculated on the basis of one oxygen atom addition 
across the double bond, indicated that for the polyacrylate of II only 10% 
of the theoretical addition had taken place, for the copolymer 38%, and for 
the terpolymer 25%. A more accurate determination could be probably 
achieved by the ether-HCl method. 13

Although the epoxidized copolymer was isolated as a soluble product from 
the reaction mixture, drying it at 39°C. for 26 hr. insolubilized it com
pletely.

In the epoxidation of the terpolymer (66/24/10 acrylate of I/BD/Sty), 
two products were pi'oduced in about equal amounts. One of the materials 
was water-soluble, the other was water-insoluble. The water-soluble ma
terial was also insoluble in hot ethyl methyl ketone, was extremely tough, 
and a good film could not be molded. Hence an infrared spectrum could 
not be obtained. The water-soluble material was pressed into a film; 
the infrared spectrum showed it to be the hydroxy acid and contained ab
sorption bands characteristic of epoxides. Analytical data on the water- 
soluble material could also be accounted for by assuming opening of the 
lactone ring. It is surprising that the lactone ring was opened under 
these acidic conditions.

Curing

Epoxypolybutadienes cured with polyamines or anhydrides are good ad
hesives to metallic substrates. 14 Accordingly, the epoxidized polyacrylate 
of II and the acrylate of I acrylate of II copolymer were mixed with 
p-phenylenediamine, placed between copper foil, and compressed and 
heated at 160°C. for 2  min. The film from the polyacrylate of II was ex
tremely hard and completely nonadhesive; the copolymer film was par
tially adhesive.

Hydrolysis of Polymethacrylate of I

The lactone ring in polymers of I should be susceptible to basic hy
drolysis. A sample of the methacrylate homopolymer was hydrolyzed 
with 3.5% ethanolic potassium hydroxide at room temperature. After a 
period of about 2  hr. the infrared spectrum showed that, most of the lactone 
ring had been opened; the product was soluble in ethanol and water. In 
water the hydrolyzed polymer formed a light blue, very viscous solution. 
Evaporation of water yielded a transparent, strong film.' Infrared analysis 
on the film showed the presence of a strong absorption band for the earboxy- 
late anion at 1565 and 1390 cm. " 1 and only a minor absorption band at 
1775 cm.-1, indicative of the lact.one carbonyl. Thus, the potassium 
hydroxide-treated polymer is essentially all potassium salt of the polycar- 
boxylate. The extremely facile opening of the lactone ring suggests an easy 
preparation of water-soluble polymers.
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placed (under nitrogen) in a pressure tube ( 1 X 7  in.), emulsified at room 
temperature for 5 min., and polymerized at 60 ±  2°C. for 20 hr. A blue 
latex with few polymer particles was obtained. The latex was poured into 
400 ml. of methanol, the precipitated material was next dissolved in 50 ml. 
of ethyl methyl ketone, and reprecipitated in 400 ml. of methanol. The 
yield was 1.8 g. (90%) of vacuum oven-dried (38°C./26 hr.) white powder. 
The infrared spectrum showed no characteristic absorption bands for the 
monomers.

Solution Copolymer of the Methacrylate of II and Fumaronitrile

The methacrylate of II (1.0 g.), fumaronitrile (1.0 g.), benzene (10 ml. 
dry, thiophene free), and azobisisobutyronitrile (0.04 g.) were charged un
der nitrogen in a pressure tube ( 1 X 7  in.) and polymerized at SO ±  1°C. 
by tumbling end over end for 20 hr. A viscous solution was obtained. It 
was poured in 400 ml. of methanol, and 10 drops of 17% hydrochloric acid 
were added to speed up the settling out of the polymer. The precipitated 
material was dissolved in 40 ml. of tetrahydrofuran and reprecipitated in 
250 ml. of methanol. The yield was 0.28 g. (14%) of vacuum-oven dried 
yellow solid. The infrared spectrum showed no characteristic absorption 
bands for the monomers.

Typical Terpolymerization Recipe:
Terpolymer of the Acrylate of I, Acrylonitrile, and Butadiene

The acrylate of I (0.80 g.), and acrylonitrile (0.18 g.), Siponate DS-10 
(0.04 g.), K2S50 8 (0 . 0 2  g.), and air-free distilled water (8 .0  ml.) were 
charged under nitrogen in a pressure tube (1 X 7 in.). The tube was 
cooled to about — 1 0 °C., and butadiene (1 . 0 2  g., high purity) was added. 
An excess of butadiene was used to purge the tube before capping. The 
charge was emulsified at room temperature for 30 min. and polymerized 
at 60 ±  2 °C. by tumbling end over end for 16 hr. A milky suspension was 
obtained. It was poured into 400 ml. of methanol to which 40 drops of 
17% hydrochloric acid was added to speed up the settling out of the poly
mer. The filtered material was suspended in 100 ml. of refluxing tetra
hydrofuran. Only a few per cent of the polymer was soluble. The suspen
sion was next poured into 400 ml. of methanol. The yield was 2 g. 
(-~100%) of vacuum oven-dried (40°C./16 hr.) water-clear, rubbery solid.

Typical Epoxidation Procedure

The acrylate of I/acrylate of II copolymer (3.0 g., 0.013 mole), methyl 
ethyl ketone (30 ml.), glacial acetic acid (0.42 g., 0.007 mole) and Amberlite 
IR-120 (0.19 g.) were all combined in a three-necked flask equipped with a 
reflux condenser, thermometer, mechanical stirrer, and a dropping funnel. 
The bath was then heated to 65°C., and 30% hydrogen peroxide (3.4 g., 
0.016 mole) was added dropwise. After the addition of hydrogen peroxide, 
the temperature was raised to 79°C. and maintained there for 6  hr. The re
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action mixture was then filtered through a sintered glass funnel and poured 
into 400 ml. of methanol. The collected precipitate was washed with warm 
water and dried in a vacuum oven (39°C./26 hr.). A white powder ( 2  g.) 
was isolated. The infrared spectrum showed absorption bands charac
teristic of epoxides and no trace of unsaturation. Analytical data on the 
epoxidized materials are as follows.

Anal. Acrylate of II Homopolymer. Calcd. for 10% of theoretical epoxidation 
C, 74.41%; If, 9.63%. Found: C, 74.85%; II, 9.82%.

Acrylate of I/Acrylate of II Copolymer. Calcd. for 38% of theoretical epoxidation: 
C, 67.95%; H, 8.82%. Found: C, 68.35%; II, 9.06%.

Acrylate of I/B D /S ty  Terpolymer. Calcd. for 25% of theoretical epoxidation: 
C, 71.93%; II, 8.89%. Found: C, 72.01%; II, 9.21%.

This is a partial report of work done under contract with the Western and Southern 
Utilization Research and Development Divisions, Agricultural Research Service, U.S. 
Department of Agriculture, and authorized by the Research and Marketing Act. The 
contract is supervised by Dr. T. II. Applewhite of the Western Division.
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Résumé
On a homopolymérisé des acrylates et méthacrylates des carbirrols de homoterpényl- 

nréthyle et de a-campholénol. Leurs copolymères avec l’aerylonitrile ont également 
été étudiés. Les terpolymères <1'acrylate de homoterpénylméthyl-carbinol et de 1'acryl
ate de a-campholénol avec le butadiene et le styrène ou l’acrylonitrile ont également été 
préparés. L’anneau lactonique du homopolymère de méthacrylate de homoterpényl- 
nietliyl-earbinol a été ouvert dans des conditions basiques à température de chambre, 
fournissant, un polymère soluble dans l’eau. Les films de ce polymère ont été coulés au 
départ d ’une solution aqueuse. L’acrylate de homoterpénylméthyl carbinol donnait un 
copolymère de poids moléculaire élevé avec l’acrylonitrile qui peut être fondu en un 
film transparent extrêmement tenace. Les terpolymères d’acrylate d’homoterpényl-



I I O M O T E R P E N Y L M E T H Y L  C A R B L Y O L  A  Y D  « - C A M P I I O L E Y O L  1 49 9

méthyl carbinol avec le butadiène et le styrène ou l’acrylonitrile ont été obtenus en 
rendement élevé et pouvaient être fondus en des films fort caoutchouteux. De nom
breux polymères ont, été époxydes et ensuite traités à la p-phénylène diamine.

Zusammenfassung
Acrylate und Méthacrylate von Ilomoterpenylmethylcarbinol und a-Campholenol 

wurden homopolymerisiert. Copolymere der Monomeren untereinander und mit 
Acrylnitril wurden untersucht. Auch Terpolymere der Homoterpenylmethylcarbinol- 
und a-Campholenolacrylate mit Butadien und Styrol oder Acrylnitril wurden darge
stellt. Der Laetonring des Homoterpenylmethylcarbinolmethacrylates wurde unter 
basischen Bedingungen bei Raumtemperatur unter Bildung eines wasserlöslichen 
Polymeren geöffnet. Filme dieses Polymeren wurden aus Wasserlösung gewonnen. 
Das Honioterpenylmethylcarbinolaerylat lieferte mit Acrylnitril ein hochpolymeres 
Copolymeres, aus welchem ein transparenter, extrem zäher Film hergestellt werden 
konnte. Die Terpolymeren aus Homoterpenylmethylcarbinolacrylat, Butadien und 
Styrol oder Acrylnitril wurden in hoher Ausbeute erhalten une konnten zu festen, 
kautschukartigen Filmen verarbeitet werden. Einige Polymer wurden epoxydiert 
und mit p-Phenylendiamin gehärtet.
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Synopsis
Several homopolymers and copolymers of the title compounds have been prepared by 

radical initiation with potassium persulfate or diethyl azobisisobutyrate. The copolymers 
exhibit a combination of the properties of the homopolymers of the monomers. The 
homopolymers are adhesive, very slightly elastic, and show cold flow. Several of the 
copolymers show possible promise for use as adhesives.

INTRODUCTION

The work reported herein was undertaken in an effort to find useful 
polymers and copolymers derived from the fatty acids in oil seeds which are 
produced in this country. In particular, it was believed that these poly
meric products might prove useful in the formulation of the adhesive mix
tures.

The monomers were prepared in our laboratory and at the Western 
Utilization and Development Division of the United States Department of 
Agriculture. Methyl 12-acryloxystearate (MAS) and V,V-dimethyl 1 2 - 
acryloxysteramide (DMMA) are derived from ricinoleic acid, and methyl 
14-acryloxyeicosanoate (MAE) is derived from lesquerolic acid. They 
were prepared by reduction of the acid, esterification, or amidation, fol
lowed by introduction of the acryl group. Although poly(hexydecyl 
acrylate) is a solid, the homopolymers of the title compounds are tacky, 
soft, slightly elastic, and show cold flow.

RESULTS AND DISCUSSION 

Monomers
The monomers which were studied were of different qualities as described 

in Table I. Methyl 12-acryloxy stearate was supplied in two batches. 
The first batch was colored but was easily decolorized by treatment with 
Norite in petroleum ether or Skellysolve B (IA). Because 10-20% of it 
was lost during purification and the color could be removed from the 
polymer by stirring it in petroleum ether, most of the polymerizations were
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TABLE II
Bulk Polymerization of Methyl 12-Acryloxystearate (MAS) 

at 60°C. with Diethyl Azobisisobutyrate

Code’*
Initiator,

0//o
Time,

hr. TJitxii1

I 2 46 0.81
IA 2 46 0.92
IB-1 1 64 0.76
IB-1 2 48 0.87
IB-2 2 4S 0.57
IC i 64 0.51
IC 2 64 0.60
ID 1 64 0.54
IC-D1 1 86 0.26
IC-D2 1 86 0.61

a See Table I.
b Inherent viscosities measured on about 0.2% tetrahydrofuran solution at 30°C.

run on the unpurified monomer (MAS I). Table II compares poly
merization of I and IA. The second batch of MAS contained a crosslinking 
agent which was removed by distillation (IB).

Some monomer prepared in our laboratory formed crosslinked polymer. 
It was noted that the methyl 12-hydroxy stearate from which the monomer 
is derived contained about 1% of the dihydroxy derivative. 3 Prior dis
tillation of the ester removed the impurity. Nevertheless the prepara
tions (IC, ID) contained an unidentified chain transfer agent. Distilla
tion proved to be the best method for purification and resulted in removal 
of all but a trace of this material.

Polymerization of methyl 14-acryloxyeicosanoate (MAE) yielded poly
mers whose inherent viscosities approached 1.0. Efforts to increase the 
molecular weights by further purification of monomer by distillation were 
not successful.

It is difficult to prepare A—dimethyl 12-acryloxystearamide (DMAA)
without the formation of several side products. The monomer as received 
gave either very low molecular weight or crosslinked polymers. It was 
found that pure monomer could be obtained by distillation. Table I 
gives the physical properties of these monomers.

Polymers

In general the properties of the homopolymers of these monomers are 
much alike. They are clear, soft, very slightly elastic, adhesive, slightly 
tacky polymers which are soluble in tetrahydrofuran, benzene, and acetone. 
A,A-Dimethyl 1 2 -acryloxystearamide is different, in that it does not cold 
flow and is soluble in methanol. Although initial indications suggest that 
poly (methyl 1 2 -acryloxy stearate) would act as a tackifier for ethylene- 
propylene rubber more extensive testing showed that it was not of practical 
value.
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Methyl 12-Acryloxystearate (MAS)

Purification
By Charcoal. Several grams of I were dissolved in petroleum ether or 

Skellysolve B. To this solution was added Norite. The mixture was fil
tered and treated again with Norite until the solution was clear. The sol
vent was removed under vacuum. Approximately 10-20% of the monomer 
was lost during purification.

By Distillation. The following Labglass Inc. Micro-distillation equip
ment was used: 15-ml. or 50-ml. round-bottomed distillation flask (ML 
1110, 14/20), distilling head (jacket length 100 mm., 14/20 joints, column 
length 82 mm., ML-850), and multiple fraction collector equipped with 3 
15-ml. flasks.

A porous boiling chip and a piece of copper wire extending from the bot
tom of the distillation flask to the condenser junction were added. The 
apparatus was wrapped with an asbestos heating tape from t he exposed por
tion of the distillation flask to the condenser. Table I gives the results of 
distillation.

By Column Chromatography. The thin layer chromatogram (TLC) of 
the monomer IC (see Table I) had two spots at R f 0.8 and 0.2 [20% diethyl 
ether in petroleum ether (30-75°C.), plain silica gel forTLC]. The mono
mer was eluted through a 230-ml. silica gel column with 20% diethyl ether 
in petroleum ether (30-75°C.). The final fraction had broad OH and acry
late absorptions in the infrared, suggesting that it is 1 2 -acryloxystearic acid.

Testing for an Emulsifying Agent
Samples made from 000 parts water, 100 parts monomer, and 8 parts 

soap were placed in a 4-in. polymerization tube and capped. The contents 
were shaken for 70 min. The following soaps were tested: Siponate DS10 
(sodium dodecylbenzene sulfonate), Maprofix WAC (sodium lauryl sul
fonate), ORR (Office Rubber Research soap, sodium stearate, sodium 
palmitate, and sodium oleate), Triton X-202 (sodium alkylaryl polyether 
sulfonate), Triton X-400 (stearyldimethylbenzylammonium chloride), 
Triton N-57 (alkylaryl polyether alcohol), Triton QS-15 (sodium salt of 
amphoteric surfactant). Only ORR and Tritons X-400 and N-57 gave 
stable emulsions at room temperature. These emulsions were heated in a 
water bath. The Triton N-57 emulsion was stable up to 92°C. The 
emulsion from ORR was the only one stable in the presence of salt and at 
elevated temperatures.

Hydrolysis of Poly (methyl 12-Acryloxystearate)
Poly(methyl 1 2 -acryloxystearate) was heated to dryness with an excess 

of aqueous sodium hydroxide. The tough, nontacky film was washed with 
water until its pH was neutral. Acidification of this polymer produced 
poly (12-acryloxystearic acid). The infrared spectrum showed broad 
peaks at 3000 and 1730 cm.-1.
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Preparation of Methyl 12-Hydroxy stearate

12-Hydroxystearic acid (Matheson, Coleman and Bell, practical) was 
est.erified in methanol with a trace of sulfuric acid and a small amount of
2,2-dimethoxypropane. The ester was precipitated from a methanol solu
tion by water. It was dried and distilled twice through a Vigreaux column 
heated by an infrared lamp; b.p. 1S0-187°C. 0.025 mm. Hg.

Methyl 14-Acryloxyeicosanoate (MAE)

Distillation

The same procedure was used as described for MAS. Compound III 
(n2Jj2 = 1.4520) was distilled and three fractions were collected: frac
tion 1 , b.p. 225-238°C./0.04 mm. Hg, nff = 1.4539; fraction 2 , b.p. 238- 
245°C./0.04 mm. Hg, no = 1.4536; fraction 3, b.p. 245-255°C./0.04 mm. 
Hg, = 1.4540. The infrared spectrum showed absorptions at 1750, 
1730, 1640, 1625, 1440, and 1410 cm.-1. Each fraction had the same spec
trum but the peak ratios of the 1440 and 1410 cm. - 1  absorptions were dif
ferent.

By Thin-Layer Chromatography

A plain silica gel was used for TLC. With petroleum ether (b.p. 30- 
75°C.), three spots were observed; R f 0.87 (faint), 0.833 (half-moon shape), 
0.833 (major spot). The half-moon line was a hair line just above the 
major spot.

Emulsion Tests

Emulsion tests were carried out similarly to those for MAS. Only the 
ORR emulsion was stable in the presence of 2 % K2S20s. The Triton X- 
400 emulsion was stable in the absence of salts.

X,X-DimethyI 12-Acryloxystearamide (DMAA)

Thin-Layer Chromatography

A plain silica gel was used for TLC. With 1% methanol in petroleum 
ether (30-75°C.), three spots were observed; R f  0.35 (major), 0.60, 0.85.

Column Chromatography

A 300-ml. column containing a silica gel bed wet with petroleum ether 
(30-75°C.) was prepared. About 10 ml. of DMAA was put on the column, 
and eluted with 1 % methanol in petroleum ether (30-75°C.). Aliquots 
were collected and checked for impurities and DMAA by TLC. Frac
tions were separated. These refractive indices varied irregularly between 
1.4641 and 1.4659 at 25°C. Each fraction was polymerized in bulk and 
gave crosslinked polymer.
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Résumé
De nombreux homopolymères et copolyméres des composés cités si-dessus (voir le titre) 

ont été préparés par initiation radicalaire avec du persulfate de potassium ou de l’asobisi- 
sobutyrate de diéthyle. Les copolymères montrent une combinaison de propriétés de 
homopolymères et de monomères. Les homopolymères sont des adhésifs très faiblement 
élastiques et montrent un écoulement à froid. De nombreux copolymères montrent 
des possibilités prometteuses dans leur usage comme adhésif.

Zusammenfassung
Einige Homopolymere und Copolymere der im Titel genannten Verbindungen wurden 

durch Radikalstart mit Kaliumpersulfat oder Diäthylazobisisobutyrate dargestellt. 
Die Copolymeren zeigen eine Kombination der Eigenschaften der Homopolymeren der 
entsprechenden Monomeren. Die Homopolymeren sind klebrig, sehr wenig elastisch 
und zeigen kaltes Fliessen. Einige Copolymere könnten als Klebestoffe verwendbar 
sein.
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Synopsis
The oxidative and thermal degradation of some polyaromatie heterocyclics in air and 

helium has been studied by dynamic thermogravimetry to 1400°C. Decomposition 
characteristics are the result of polymer structure, molecular weight, and method of 
preparation. Decomposition in air follows first-order rate laws, while degradation under 
inert conditions does not appear to follow simple rate laws. The activation energies for 
the decomposition in air are between 30 and 35 kcal./mole for most polymers investi
gated. Carbonaceous polymer residues at, 1400°C. are present in varying quantities.

INTRODUCTION

In recent years, the search for new high molecular weight polymers with 
superior thermal stabilities lias led researchers to investigate a new family 
of macromolecules known as polyaromatic heterocyclics. Vogel and 
Marvel1 published their findings on wholly aromatic polybenzimidazoles and 
reported that these polymers are remarkably stable compounds. The 
preparation of fully aromatic benzoxazole polymers was recently reported 
by Moyer, Cole, and Anyos. 2 The results of our experiments on poly- 
benzoxazoles indicated excellent oxidative and thermal stability.

Completely aromatic polybenzothiazoles possessing superior oxidative 
and thermal characteristics have been prepared from bis(o-mercapto- 
phenylamines) and aromatic dicarboxylic acids and their benzothiazole- 
forming derivatives by Hergenrother, Wrasidlo, and Levine. 3

Although the majority of investigators evaluated the thermal stability 
of their polymers by dynamic thermogravimetry, a comparative evaluation 
of the polymers is not possible because the experimental conditions used by 
various investigators were significantly different. Thermogravimetric 
measurements are subject to errors which are often overlooked. These 
include the effect of air buoyancy and convection, the measurement of 
temperature, the effect of sample particle size, and the effect of atmosphere, 
heating rate, and heat of reaction.

The object of our work was to examine the thermal decomposition of 
several aromatic polyheterocyelics- -polybenzimidazoles, polybenzoxazoles 
and polybenzothiazoles— by dynamic thermogravimetry under identical 
thermal environments, to study the effect of structure, method of prepara-
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tion, and variations in molecular weight on the thermal properties, and to 
compare thermal degradation of these polymers on a quantitative basis.

EXPERIMENTAL

Materials

All polymers investigated were prepared in our laboratory and are listed 
in Table I. Two conventional synthetic routes were chosen. The first 
involved reaction in poly (phosphoric acid) (PPA) for several hours between 
200 and 240°C. in an inert atmosphere. The second route involved melt 
condensations at 200-260°C. until the reaction mass solidified, followed 
by solid-state polymerization cycles for 1-2 hr. at 400°C. under reduced 
pressure. Polymer identity was confirmed by infrared spectroscopy and 
elemental analysis. The inherent viscosities of all polymers were measured 
as 0.5% solutions in concentrated sulfuric acid.

Apparatus and Procedure

Thermogravimetric experiments were carried out on an automatic 
Stanton (Model HT) recording thermobalance. Measurements were 
accurate to ± 0 . 2  mg. Samples were ground in a mortar and pestle, 
screened with a microsieve, and fractions between 140 and 240 mesh 
selected for thermal analysis. One hundred milligram samples were placed 
loosely in #000 Coors glazed porcelain crucibles and heated at a rate of 
6.3°C. min. from ambient temperature to 1400°C. or until 0% residue was 
recorded. Temperature measurements were made with a 28-gage plat- 
inum-13% rhodium-platinum thermocouple located y 4 in. above and 
y 4 in. from the furnace wall. Recordings were made both in air and with a 
constant stream of helium to maintain an inert atmosphere and to remove 
the volatile products.

RESULTS AND DISCUSSION 

Dynamic Thermogravimetry

The thermal behavior of all polymers examined in air was characterized by 
a relatively slow rate of initial weight loss followed by a rapid increase with 
maximum rates depending on the temperature of pyrolysis. In all cases, 
1 0 0 % volatilization was achieved in air. Comparative weight loss curves 
of those polymers having similar chemical structures are shown in Figures
1-6. Figures 1 and 4 are the curves in air and helium, respectively, for 
three polyheterocyclics of the A-B type. Figures 2 and 5 are those of 
their AA-BB type analogs containing the m-phenylene moiety, and Figures 
3 and 6  are weight loss curves of three AA-BB type polymers containing a 
diphenyl ether group in the polymer chain in place of the m-phenylene 
group.
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In general, the rates of maximum weight loss in air were three to five 
times greater than those in helium; the temperature at which these 
maxima occurred were between 50 and 100°C. lower in air, and the tem
peratures of initial weight loss in helium were approximately 50-100°C. 
higher.

A total of 92 weight loss curves were examined and the quantitative data 
derived from those we considered most representative are listed in Tables I 
and II. Duplicate weight loss curves were obtained for several polymers 
with excellent reproducibility as also shown in Tables I and II. Tempera
tures are reported to ± 1 0 °G.

Fig. 1. Thermograms of polyaromatic heterocyelics in air.

The data given in Table I also contain information concerning the 
methods of preparation and the inherent viscosities of the polymers eval
uated. Elemental analyses were obtained in some cases and showed that 
the residues were essentially carbon. Generally, the form of the weight 
loss curves in helium were extremely complex and indicated that a com
plicated degradation mechanism had taken place.

Duplicate weight loss curves obtained in helium gave essentially no 
differences in temperatures of initial weight loss, rates of maximum weight 
loss, and temperatures of maximum rates of weight loss, but the form of the 
curves were different, again indicating complicated degradation mech
anisms.
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Effect of Structure, Preparation, and Molecular Weight on the Thermal
Decomposition

The relative stabilities of different polymers were compared by in
spection of weight loss curves, which involved calculation of the rates of 
maximum weight loss, the temperatures of initial weight loss, and the 
temperature of maximum rates of weight loss. Results for the decomposi
tion in air indicated the relative order of oxidative stability to be polv- 
benzothiazoles > polybenzoxazoles > polybenzimidazoles.

Results for the decomposition in helium indicated the relative order of 
thermal stability to be polybenzothiazoles >  polybenzimidazoles >  
polybenzoxazoles. However, the rate of maximum weight loss was found 
to be less for polybenzimidazoles than for either polybenzothiazoles or 
polybenzoxazoles.

Fig. 2. Thermograms of polyaromatic heterocyclics in air.

Melt preparations gave higher initial temperatures of weight loss values 
in air than those prepared in PPA. This is particularly evident with 
polymers .5 and 6  (Table I) where the inherent viscosity of the polymer 
prepared in PPA is much higher than the melt polymer but is less stable. 
Even when the inherent viscosities are similar (polymers 9 and 10, Table 
I), polymers synthesized in PPA are less stable.

Again, values for the temperature of maximum rate of weight loss were 
greater for those of melt preparations than those of PPA preparations. 
Examination of rate of maximum weight loss values shows that melt 
preparations gave lower or same values as PPA preparations. Therefore,



P Y R O L Y S I S  O F  P O L Y A R O M A T I C  H E T E R O C Y C L I C S 1 5 2 1

the method of preparation appears to influence oxidative and thermal 
stability, and an increase in molecular weight does not enhance oxidative 
or thermal stability except where the molecular weight is increased signifi
cantly from an initial low value.

The lower initial weight loss temperature exhibited by polymers syn
thesized in PPA does not necessarily indicate poorer stability inherent in 
the molecule because the presence of phosphorous containing materials is 
known to adversely effect stability. Also Marvel has just recently re
ported4 that impurities present in commercial PPA adversely effect sta
bility.

TEMPERATURE, °C

Fig. 3. Thermograms of polyaromatic heterocyclic« in air.

Structural modification of mer unit structure, by use of different mono
mers, has a noticeable effect on both thermal and oxidative stability. This 
can be seen in Tables I and II.

It must be recognized that the presence of impurities can produce 
significant effects on polymer stability. This parameter was not ex
amined in this work; however, the polymers were synthesized under rigor
ously controlled conditions such as inert atmosphere, deaerated solvents, 
and highest purity monomers to either minimize or preclude impurities.

Overall Activation Energies

The expressions developed by Reich6 were used to determine the overall 
activation energies and frequency factors for the decomposition of the most
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Fig. 4. Thermograms of polyaromatic heterocyelies in helium.

Fig. 5. Thermograms of polyaromatic heterocyelies in helium.
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Fig. 0. Thermograms of polyaromatic heterocyclics in helium.

(103/T ), “K*1

Fig. 7. Arrhenius plots for thermal degradation of polyaromatic heterocyclic in air
(AB polymer).

representative polym ers in air. The portions of the weight loss curves 
betw een approxim ately 90%  and 10% weight residue were found to follow  
first-order kinetics. For first-order kinetics, the follow ing equation m ay  
be written:
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In In
— E*  , ( A  A T \  
R T  + l 'l \ ( R H ) )

where R H  =  constant heating rate (m aintained throughout the polym er 
pyrolysis); AT  =  sm all and equal tem perature intervals; E* = energy of 
activation; TK, and W  =  w eights of residues at tem peratures T t and T, 
respectively; A  = first-order frequency factor.

Fig. 8. Arrhenius plots for thermal degradation of polyaromatic heterocyclic in air
(AA-BB polymer).

(103/ t ), °K_1

Fig. 9. Arrhenius plots for thermal degradation of polyaromatic heterocyclic in air
(AA-BB polymer).
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The values for W t/ W  were taken at intervals of 1 /T  of 1.5 X 10~hK ~ l. 
The kinetic plots for th e w eight loss curves in Figures 1 to 3 are shown in 
Figures 7 through 9. The activation  energies and frequency factors were 
calculated from the slopes and intercepts of the lines in Figures 7 through 9 
and are listed in Table I. In view  of the abnorm ally low frequency factor, 
the authors do not regard the observed activation  energies for the pyrolysis 
as a m easure of the dissociation energies of the polym ers and suggest that 
the reactions were probably heterogeneous.

CONCLUSION
In general the pyrolytic behavior and therm al and oxidative stab ility  

of the three polyheterocyelic typ es studied is a result of their basic structure, 
m ethod of preparation, m olecular w eight when large, and variation of 
structure. M ethods of preparation and structural variations can favorably  
or adversely affect therm al an d /or oxidative stability . Initial degradation  
in air, at a heat rise of 6 .3 °C ./m in ., occurs between 500 and 600°C . w ith  
rates of m axim um  w eight loss between approxim ately 3 and 4 .5% /m in . 
at tem peratures between 550 and 680°C . Oxygen appears to enhance 
degradation, giving rise to higher rates and a decom position m echanism  
different from th a t in helium . D egradation under inert conditions is 
extrem ely com plex and does not follow  sim ple kinetic rate laws. The  
polybenzim idazoles, polybenzoxazoles, and polybenzothiazoles show ther
m al stabilities superior to other organic polym ers studied in the past.

The authors are particularly grateful t.o Dr. R. D. Stacy, P. M. Hergenrother, Dr. 
N. Loire, and K. J. Kjoller for the preparation of polymers under Contract No. AF 
33(615)-2283 (Air Force Materials Laboratory) and Contract No. NOw 64-0524-c 
(U. S. Nav3T, Bureau of Naval Weapons), and to the helpful discussions of H. Levine.
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Résumé
La dégradation thermique à Fair et à l’atmosphère d’hélium de polymères aromatiques 

hétérocycliques a été étudiée par gravimétrie dynamique à 1400°C. La plupart des 
caractéristiques de décomposition thermique sont le résultat de la structure du poly
mère de base plutôt, que des variations de poids moléculaires et des méthodes de prépara
tion. Les vitesses de dégradation sont toutefois sensibles aux méthodes de préparation 
du polymère. Les décompositions à l’air suivent des lois de réaction de premier ordre. 
Les énergies d’activation des décompositions à l’air étaient entre 30 et 35 Kcal/mole 
pour la plupart des polymères étudiés. La dégradation dans des conditions inertes ne 
suit pas des lois cinétiques simples. Les résidus polymériques charbonnés à 1400°C 
sont formés dans des capacités variables.
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Zusammenfassung
Der thermische Abbau von polyaromatischen Heterocyclen in Luft und Heliumat

mosphäre wurde mittels dynamischer Thermogravimetrie bis 1400°C untersucht. Die 
Charakteristik der thermischer Zersetzung ist grössten Teils bedingt durch die Grund- 
stuktur des Polymeren und nicht durch Variierung des Molekulargewichts und der 
Darstellungsmethode. Die Abbaugeschwindigkeit ist dagegen von der Darstellungs
methode abhängig. Die Zersetzung in Luft folgt dem Geschwindigkeitsgesetz erster 
Ordnung. Die Aktivierungsenergie der Zersetzung in Luft liegt bei den meisten unter
suchten Polymeren zwischen 30 und 35 Kcal/Mol. Der Abbau unter inerten Redin
gungen scheint nicht einfachen Geschwindigkeitsgesetzen zu folgen. Rei 1400° C 
treten kohleartige Polymerreste in wechselnder Menge auf.

R eceived .July 27, 1965 
R evised  D ecem ber 19, 1966 
Prod. N o. 5219A
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C o l o r e d  E l e c t r i c a l l y  C o n d u c t i n g  P o l y m e r s  f r o m  

F u r a n ,  P y r r o l e ,  a n d  T h i o p h e n e

M . A R M O U R , A.G. D A V IE S, J. U P A D H Y A Y ,*  and A. W A SS E R M A N N , 
W illia m  R a m sa y  a n d  R a lp h  F orster Laboratories, D ep a rtm en t o f C h e m is try , 

U n ive rs ity  College, L o n d o n , E n g la n d

Synopsis
Furan, pyrrole, and thiophene were polymerized under catalysis by trichloro- and tri- 

fluoroacetic acid to produce colored polymers which were characterized by various 
methods, including electronic and proton magnetic resonance spectra and electrical 
conductances of deeply colored trichloroacetic acid adducts. The predominant repeat 
units of these polymers are of the same type as those of deeply colored cyclopentadiene 
polymers, except that a CRL group is replaced by O, Nil, or S.

The polym erization of furan, pyrrole, and thiophene b y  acidic catalysts  
has been described before,1-4 but it could not be decided whether the repeat 
units of the products were cyclic, as in polym erized cyclopentadiene6-8 
or dihydrofuran,9 or w hether ring opening, as in polytetrahydrofuran,10 
occurs. W e show that the polym ers now to  be described are predom inantly  
cyclic and that hydrogen m igration produces a short sequence of conju
gated  double bonds, w hich are responsible for color, proton acceptor prop
erties, and electrical conductance.

EXPERIMENTAL

M olecular w eight determ inations,6 brom inations,11 and alkaline hydrol
yses8 were carried out, respectively, in benzene or m ethylene chloride at 
25.0°C ., in carbon tetrachloride or chloroform, and in benzene-ethanol. 
T he m ethods of m easuring electronic, infrared, and proton m agnetic res
onance spectra, viscosities, proton transfer equilibria, and electrical 
conductance have been described.5-7 Optical densitites, d m  [see eq. (4)] 
were estim ated b y  p lotting the observed optical densities d against the  
reciprocal acid concentrations, 1 /[H B ];  sm ooth  graphs were obtained  
which could be extrapolated to (1/ [H B ])[hb] -» o- These optical densities 
were m easured in nitrogen: the optical cells were fitted  w ith  rubber caps 
and the solutions, from  which air had been rem oved, were introduced w ith  
the help of hypoderm ic syringes.

* Present address: Chemistry Department, University of Luzacka, Cambia.
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T he m onom ers were dried over calcium  chloride or sodium  sulfate, 
shaken w ith  chrom atographic alum inum  oxide, and redistilled before use. 
Trichloroacetic and trifluoroacetic acid, benzene, and m ethylene chloride 
were purified as described before.5,6 8 In polym erizing furan or pyrrole at 
20°C. the acid catalyst was slow ly added to  the m onom ers. If a tem pera
ture rise occurs, if the specified concentration and tim e conditions are 
altered, or if air is freely adm itted, infusible polymers, insoluble in all sol
vents listed in T able II, are obtained. Such m aterials are also formed  
during storage unless the products are kept in the dark in carefully evacu
ated, sealed-off containers.

RESULTS

Preparation of Polymers ; Oxidation

T he m onom ers were polym erized w ithout diluent. Under condition 1 
the reaction m ixture was 10-4M  w ith  respect to  the antioxidant (« -to 
copherol); under condition II the solution was refluxed w ith  exclusion of 
m oisture. C ondition III , m entioned in T able I, refers to the rem oval of 
trichloroaeetate groupings from polym ers G and H , by alkaline hydrolysis,8 
benzene-ethanol and ethanol being used as solvent. T he m ethods of isola
tion referred to in T able I were as follows. M ethod a involved  precipita
tion of the polym er w ith  ethanol and neutralization of traces of free acid 
by potassium  bicarbonate under conditions w hich have been described.5,6 
M ethod b was like m ethod a, except that pentane was the precipitant. 
In  isolation m ethod c, the reaction m ixture was added to ethanol (40 
volum es) which produced a precipitate. T his was extracted w ith  pentane, 
dried, dissolved in benzene (5-10% ), and shaken for several hours w ith  
solid potassium  bicarbonate to rem ove acid; th e filtrate was added to  
pentane (10 volum es) and the precipitate was dried. In  m ethod d, the  
alkaline reaction m ixture was filtered and added to  pentane (10 volum es); 
the precipitate was dried, extracted w ith  water, and redried. In  m ethod e, 
the alkaline reaction m ixture was added to pentane (10 volum es), a 
precipitate was centrifuged off and discarded; the centrifugate was con
centrated to a sm all volum e and the residual solution repeatedly washed  
w ith  water, thereby giving a viscous precipitate, w hich was separated by  
decantation. The precipitate solidified on drying.

A suspension of polym ers G, H , or J (10 g.) in concentrated aqueous 
nitric acid (600 m l.) was heated to 100°C., evaporated to  dryness, redis
solved, and evaporated. T he w ater-soluble product was dried and tw ice  
sublim ed (100°C ., 0.2 nun.), w hen oxalic acid (0 .1 -0 .5  g.), identified by  
m elting point and mixed m elting point was obtained.*

* When a deeply colored cyelopentadiene polymer5 was oxidized under these condi
tions oxalic acid was obtained in similar yield.
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Properties of Polymers; Analytical Data
T hese are in Tables II -IV . The chlorine content of polym ers G and I i  

and the results of alkaline hydrolysis (Table IV) indicate the presence of 
trichloroacetate groupings. T his is confirmed by infrared tests (see below) 
and b y  th e fact that the hydrolyzed polym ers G ' and H ' contain no signifi
cant am ount of chlorine. E lim ination reactions, involving the loss of 
atom s X  in each repeat unit* or uptake of oxygen m ay play a m inor role 
during the polym erization of these monom ers. If such side reactions are 
disregarded, as a first approxim ation, polym ers G and H can be represented  
by the structure I,

O
I!

(C4H4X)n_ d(C4H4X )(H .. .0 —CCCl3)]r 
I

where X  isO  or N H , n is the num ber-average degree of polym erization, and 
r is the num ber of repeat units com bined w ith  the catalyst to form an ester 
or a salt. In  the former case the acid adds to a double bond of the repeat 
unit, while in the latter case charge separation occurs and an acid proton is 
taken up b y  X ; th is is not indicated b y  structure I, which refers to both  
types of reaction.

Infrared Spectra
Table V, relating to  the infrared spectra of these polym ers (which were 

measured in potassium  brom ide disks w ithin  the range 2 .5 -20  a) shows the 
tota l num ber of observed peaks and those w hich could be assigned to 
specified m odes of vibration. Polym er G appears to be a trichloroacetic 
acid ester because of the typ ical ester carbonyl peak at 5 .70 a- T he spec
trum  of polym er H  contains instead a sharp and strong peak at 6.01 a- 
As the sam e peak occurs in the spectrum  of pyridinium  trichloroacetate, it 
appears that polym er H is a salt, the proton of the trichloroacetic acid being 
taken up b y  a nitrogen of one of the repeat units. T he spectra of the “h y
drolyzed” polym ers G ' and H ' showed no peaks between 3.5 and 6.1 a-

Proton Magnetic Resonance Spectra
A typical spectrum  is shown in Figure 1 and the peak positions of these  

polym ers (r values) are listed in T able V I. The r values in colum ns I I - I V  
in the range 2 .50-3 .84  are assigned to hydrogens bound to olefinic carbons, 
and the other r values in colum ns V -X IV  in the range 5 .3-9 .30 , to hydro
gens bound to nonolefinie carbons.14 N o assignm ent is m ade of the r values 
in colum n I. Previous workers14 observed that the. r values of hydrogens 
bound to  a  carbons of furan were lower than those of hydrogens bound  
to /3 carbons. For this reason we assign the r values of polym ers G and G ' in

* Such reactions are comparable to those occurring in the addition of maleic anhydride
to substituted thiophenes.12,13
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T -------------

Fig. 1. Proton magnetic resonance spectrum of furan polymer G' in deuterochloroform.

colum n II of T able VI to hydrogens bound to a-carbons, while the r values 
in colum ns III and IV  are assigned to hydrogens bound to  olefinic carbons 
not in a  positions. The figures in the last two colum ns of T able VI are 
defined b y  eqs. (1) and (2):

X o. hydrogens of polym ers bound to nonolefinic carbons 
N o. hydrogens of polym ers bound to olefinic carbons

N o. hydrogens of furan polym ers bound to  
olefinic carbons in positions other than  a 

N o. hydrogens of furan polym ers bound  
to  olefinic carbons in a  position

and were obtained from the integrated signal areas.

TABLE V
Infrared Absorption of Polymers

Peaks“
Polymer

G
Polymer

Gr
Polymer

H
Polymer

H'
Polymer

J

No. peaks observed 26 29 19 14 24
0 —H is), M 2.82 2.93 — — 2.90
N—H (s), M — — 2.97 3.0-3.1 —
C—H («), ¡i 3.41, 3.50 3.40, 3.47 3.20, 3.47 3 2 -3 .5 3.43, 3.53
C = 0 , ester (s), m 5.70 — — —
C = 0 , carboxvlate 

(s), M
— 6.01

C =C  (s), M 6.30 6.10, 6.19 6.30 6.20 6.10
C—H (dr), M 8.10 7.21, 8.25 7.53 7.50 8.10
C—0 —C (s), M 9.94 9.90 — — —
C—H (A), M 11.35 11.32 10.80 10.90 12.0
C—Cl (s), M 12.15 12.0 — —
C—H ( (h ), /i 
C—S (s), M

14.75 14.8 13.5 14.7
14.2

<* s = stretching mode; ch = C—II in-plane deformation mode; ds = C—H out-of
plane deformation mode.
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Proton Acceptor Properties and Electrical Conductance
On addition of trichloroacetic, acid to solutions of these polym ers in 

aprotic solvents deeply colored adducts are formed. Tn benzene, for 
instance, th e electronic spectra are characterized by the peak posit ions and 
intensities listed in T able V II. The adduct form ation is reversible, be
cause by reaction w ith  bicarbonate or other proton acceptors (e.g., ethanol) 
the original polym ers are q uan titatively  recovered from the adducts. The 
reaction between polymer, P, and acid, H B , is form ulated5'6'8 as shown in
eq. (3)

K +
P +  H B  ^  PH . . . B (3)

+ —
where K  is the equilibrium  constant of proton transfer and P H  . . .  B is 
the deeply colored adduct; this is regarded as an ion pair containing the 
protonated polym er cation and the trichloroacetate anion. The K  values, 
listed in T able V III, were measured by the previously described tech
nique.5'6'8 The ratio

A =  (tl — do) / (</,, -  d) (4)

where d, do, and d„ are optical densities of equilibrium  solutions con-
+ — + — + 

taining, respectively, P  and P H  . . . B , P  w ithout P H . . . B, and P H -

. . .B w ithout P. T he w avelengths of the light was near to the relevant 
Amax value (see T able V II). The functional relationship betw een the con
centration of the acid and the A value was sim ilar to that shown b y  Figure: 
4 of reference 3. A ll log A -log H B  plots were linear w ith  slope 1.0 ±  0.1.

If these polym ers, together w ith  trichloroacetic acid, are dissolved in 
m ethylene chloride, the specific electrical conductance r, is an order of 
m agnitude larger than the k values of solutions containing either th e poly
mer or the acid. The effect is due to th e dissociation of the ion pairs formed  
in reaction (3). In the concentration range, specified below, the form ation  
of the carriers of the current is

~\~ —  K d  +  —

PH . . .B  P H  +  B (5)

TABLE VII
Electronic Spectra of Trichloroacetic Acid Adducts of Polymers 

in Benzene at 20°C.“'b

i , „  x  io-»,
Polymer m̂ax) m/Z l./mole-cm.

G 600 4.0
G ' 600 4.3
H 480 1.0
H' 460 2.1
J 520 0.10

" Trichloroacetic acid concentration: 1-2 mole/1.
6 Similar Amax and e values were observed in methylene dichloride as solvent.
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TABLE M il
Equilibrium Constanta of Proton 'Transfer K (20°O.),

Limiting Molar Conductances A0 (25.0°C.), and Ion-Pair Dissociation 
Constants K d (25.0°C. ) in Methylene Chloride

Au,
Polymer log K cm.-/ohm-mole log K d

G 1.36 ±  0.05 15 ±  2 4.2 ±  0.2
G' 1.6 ±  0.1 20 ±  2 4.1 ±  0.2
II 1.7 ±  0.2 23 ±  2 5.4 ±  0.2
H' 1.6 ± 0 .2 33 ±  3 5.4 ±  0.2
J 0.24 ±  0.03 1.1 ±  0.1 2.8 ±  0.3

where K d is the ion-pair dissociation constant. To estim ate K d we cal
culated m olar electrical conductances of the ion pairs from eq. (6):

A  =  [«PH . .  .b  (<£p +  «h b ) ] / c ( 6 )

where the k’s are the specific electrical conductances of the species indi
cated b y  subscripts (corrected for k of the solvent) and r is the concentra
tion of the ion pairs calculated from stoichiom etric concentrations w ith  the 
help of the known equilibrium  constants of proton transfer. These A 
values were treated b y  Shedlovsky’s m ethod (as in ref. 8), thereby obtaining  
the lim iting conductances A0 and the K d values in the last two lines of T able  
V III. In these experim ents the concentration of trichloroacetic acid was 
0.100 mole/1. and the polym er concentration was varied from 10-2 to  
10~6 m ole/1.; at least five concentrations of each polym er were tested.

DISCUSSION

Possible structures of repeat units of these polym ers are II -IV , where X  
is O, N H , or S. The observed unsaturation, as shown the data of Table III
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and the oxidative degradation into oxalic acid, are compatible with struc
tUl'es of types II or III. The nuclear magnetic resonance spectra should be
a more powerful diagnostic tool, because the calculated ratios a and {:1,

defined by eqs. (1) and (2), are as shown in Table IX.

TABLE IX
Calculated a and fJ Values

IIa IIb III

a 1 00

fJ 1 00

The observed ratios a and {3 in Table VI on the other hand, are in the range
1.2-2.5; it is concluded, therefore, that these polymers are built up of both
repeat units II and III and that the furan polymers contain repeat units
IIa and lib. An estimate of the proportion of the various structures can be
obtained from Figure 2, in which calculated a and {3 values are plotted
against ratios l' and 0, defined by l' = Number of repeat units (II)/Num
bel' of repeat units (III); 0 = Number of repeat units (lIa)/Number of
repeat units (lIb). The numerical values of l' and 0, listed in Table X were
obtained from these graphs, in conjunction with the observed a and (3 values.

TABLE X
Propurtion of Repeat Units

Polymer

G, G'
H,E'
J

3 ± 1
7±4
2 ± 0.5

1..') ± 0.3

The unsaturation of these polymers and the formation of oxalic acid on
oxidation could be explained by the assumption that the polymers contain
repeat units of types IVa and IVb in the ratio 1 :1. This would require an
a value of 1.0, which is at variance with the observed results. It follows
that stepwise Diels-Alder reactions or ring-opening play no significant
role, and that the predominant repeat units are of the same type as in
deeply colored cyclopentadiene polymers. 5- 7 In all these polymers the
repeat units are cyclic, but the formation of new (J bonds at the expense of
rr bonds in the monomer is accompanied by migration of hydrogens.

The latter reaction appears to be responsible for the formation of con
jugated double bonds, the occurrence of which is shown by the electronic
spectra of the polymers (see Tables III and VII). The marked shift of the
peak positions on addition of trichloroacetic acid must be due to a proton
transfer to the conjugated double bonds, as ill previously investigated
systems.o,6,8 This conclusion is in accordance with the numerical values
of the equilibrium constants of proton transfer, listed in Table VIII.
Under the conditions of these experiments protonation of the atoms X in
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Fi[!;.2. Graphs for estimating proportion of different types of repeat units in polymers.
For significance of symbob see text.

each repeat unit and of oxygen atoms in trichloroacetate residues attached
to some of these polymers will also occur. One would expect, therefore,
the addition of (n + r) acid molecules to one molecule of polymer (n and r
are defined as above, structure 1), rather then the simple reaction (3). The
participation of more than one acid moleeule i~ incompatible, however,
with the observation that the slopes of all the log L'1-log [HB] plots are
unity. It appears, therefore, that the numerieal values of the observed
optical densities, d and dao , in ratio (4), at the specified wave lengths are
mainly due to proton tran~fer to conjugated double bonds and that the
contributions of those optical densities, whieh are duc to protonation of
oxygen, nitrogen, or sulfur are not significant.

Confirmatory evidence for proton uptake by conjugated uouble bond~

are the ion pail' dissociation constants, [(d' of reaction (Ii), whieh are
given in Table VIII. Like thc [(d values of the previously5.ti,8 investigated
polycycIopentadiene-trichloroacetic acid adducts, they are larger than
those of saltsl5, 16 containing cations with localized charge.
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Résumé
Le furane, le pyrrole et le thiophène ont été polymérisés catalytiquement par l’acide 

trichloro-et trifluoroacétique avec production de polymères colorés qui ont été carac
térisés par différentes méthodes y compris les spectres de résonance magnétique nucléaire 
et électronique et les conductivités électriques des produits d’addition fortement colorés 
de l’acide triehloroacétique. Les unités périodiques de ces polymères sont du même 
type que celles des polymères cyclopentadièniques fortement colorés, sauf que les groupes 
CH; sont remplacés par O, Nil, ou ¡S.

Zusammenfassung
Furan, Pyrrole und Thiophen wurden unter der katalytischen Einwirkung von Tri- 

ehlor-und Trifluoressigsäure unter Bildung gefärbter Polymerer polymerisiert, welche 
mit verschiedenen Methoden wie protonmagnetische Resonanzspektroskopie und 
elektrische Leitfähigkeit der tiefgefärbten Trichloressigsäureaddukte charakterisiert 
wurden. Die vorherrschenden Kettenbausteine dieser Polymeren sind vom gleichen 
Typ wie diejenigen der tiefgefärbten Cydopentadienpolymeren, ausgenommen, dass 
eine CfR-Gruppe durch O, N il oder S ersetzt wird.

R eceived  April 29, I960  
R esubm itted  July 29, 1966 
Prod. N o. 5231A
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G r a f t i n g  i n  R e a c t i o n  o f  P o l y e t h y l e n e  a n d  

P o l y ( m a l e i c  A n h y d r i d e )

W tO D Z IM IE R Z  G A B A R A  and ST A N ISR A W  PO R EJK O ,
Department of the Technology of Polymers, Polytechnic Institute of 

Warsaw, Warsaw, Poland

Synopsis
Polyethylene has been grafted in a reaction with poly (maleic anhydride) in the pres

ence of radical initiators. The role of oxygen, the comparison of the effectiveness of 
benzoyl peroxide and AIBN, and the kinetics of the reaction suggest that side chains are 
formed via a combination of the macroradicals of both polymers.

INTRODUCTION
In  investigations of m aleic anhydride hom opolym erization Josh i1'2 proved  

th a t the process is characterized by a high value of the constant for chain  
transfer to monomer. T he cause of th is phenom enon Joshi considered to 
be th e presence of hydrogen atom s neighboring on an anhydride group. 
T h e sam e structure is also preserved in poly(m aleic anhydride). T he goal 
of our work was to  exam ine whether this structure of poly(m aleic anhy
dride) allows grafting on polyethylene in a reaction of two polym ers in the 
presence of radical initiators.

I t  has already been found th a t grafting of m aleic anhydride on p oly
ethylene takes place readily w hen polyethylene is sim ultaneously oxidized. 
O xidation causes the form ation of peroxide and hydroperoxide groups.3 
Therefore the reaction of two hom opolym ers was conducted under the con
ditions described3 elsewhere.

EXPERIMENTAL

G rafting was conducted on a low -density polyethylene (molecular weight 
17,000) in the form of 0.03 mm. film, which was previously extracted w ith  
benzene for 90 hr. at 5 0 °C. to rem ove substances added during m anu
facturing.

P o ly  (m aleic anhydride) was obtained by the heating of a ¿30% solution  
of m aleic anhydride in acetic anhydride in the presence of benzoyl peroxide 
(concentration of 5 g./lOO g. of solution) at 100°C. for 48 hr. T he polym er 
w as precipitated in benzene and purified by dissolving in acetone and pre
cipitation in benzene. The precipitate was washed w ith benzene and dried 
at 50° C. in  vacuo.

1539
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G rafting was carried out in a 50-ml. conical flask with agrou n d-glass  
stopper. T he poly(maleic. anhydride) and the initiator were dissolved in 
acetic anhydride (20 g.); subsequently the film was im mersed in the solu
tion. A cetic anhydride was used as a solvent because of its influence toward  
increasing the rate of polyethylene oxidation.4 The reaction was effected  
by heating th e film in solution in air at tem peratures of 9 0 -1 10°C. The  
tem perature was m aintained to an accuracy of ± 0 .5 °C . After reaction  
the film was extracted with boiling acetone to constant weight and subse
quently  the film w as dried at 50°C .

The degree of grafting was determ ined as the percentage of increase in 
film w eight. The m ethod of purifying the copolym er and the m ethod of 
determining the percentage of grafting were tested  in our previous work.3

RESULTS AND DISCUSSION 

Properties of Grafted Film
U nder these conditions the obtained w eight increase was up to 10%. 

The properties of grafted films were sim ilar to those of films grafted in re
action w ith m aleic anhydride.3 T he films were brown and insoluble and 
only swelled in solvents for polyethylene and poly (maleic anhydride). 
T hey did not m elt, but decom posed at high tem peratures.

Mechanism of Reaction
Side chains in a reaction of two polym ers are formed by com bination of 

the m acroradicals of both polym ers. Thus, we attem pted  to find the re
actions which led to the form ation of these macroradicals.

A  com parison of the course of the reaction in air and under nitrogen  
showed that the presence of oxygen is of great im portance. A t concentra
tion of benzoyl peroxide of 0.1 g./lOO g. of solution and of poly(m aleic  
anhydride) of 1.5 g./lOO g. at 100°C. and after 20 hr. reaction, the per
centage of grafting obtained in air was 4.4% , and in nitrogen 1.0% . Thus, 
as in the case of grafting in the reaction w ith  a m onom er,3 polyethylene  
macroradicals are formed m ainly by the decom position of hydroperoxide 
and peroxide groups, which result from oxidation of polyethylene. The  
radical m echanism  of the reaction, as w ell as the fact that the increase of 
the film m ass is not due to diffusion of poly(m aleic anhydride) into the film, 
were confirmed by the influence of p-benzoquinone on the percentage of 
grafting (Table I). R eactions were conducted under the above given  
conditions.

Poly(m aleic anhydride) m acroradicals resulted from the reaction be
tw een the polym er and radicals formed from the initiator. In this situation  
the results obtained with azobisisobutyronitrile (A IB N ) should be lower 
than those obtained with benzoyl peroxide. T he results obtained for a 
reaction carried out for 20 hr. a t 100° C. and at a poly (maleic anhydride) 
concentration of 1.5 g./lOO g. of solution are given in T able II.
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TABLE I
Influence of p-Benzoquinone on Grafting

Inhibitor 
concentration, 

g./lOO g.
Grafting,

C7 /O

0 4.4
0.1850 2.6
0.5040 0.8

TABLE II
Grafting in the Presence of AIBN and Benzoyl Peroxide (BP)

Initiator
concentration, Grafting,

Initiator mole/100 g. X 104 %
AIBN 4.05 1.4
BP 4.11 4.4
AIBN 8.81 2.2
BP 8.30 3.3
AIBN 12.50 2.3
BP 12.27 0.4

The results in T able II show th a t the percentages of grafting obtained  
w ith A IB N  are lower than those with benzoyl peroxide. M oreover, the 
m axim um  grafting in the presence of A IB N  appears at a higher initiator 
concentration than in the case of benzoyl peroxide. Such differences were 
not observed when the m onom er was grafted on a polyethylene film ,3 but 
the percentages of grafting obtained w ith  these initiators were clearly 
differentiated when m aleic anhydride was grafted on polyethylene in a 
hom ogeneous m edium , v ia  the chain transfer reaction.6

Thus, it seem s that the form ation of polyethylene macroradicals is due 
to polyethylene oxidation, and that poly(m aleic anhydride) m acroradicals 
are form ed in the chain transfer reaction.

Kinetics of the Reaction
This m echanism  of grafting should be reflected in the kinetics of the re

action.
Figure 1 gives the curves of interdependence of the percentage of grafting  

and in itiator concentration for different tem peratures. A ll the curves 
pass through m axim a. The in itial increase of the percentage of grafting  
is m ost probably due to an increase of the rate of polyethylene oxidation, 
and consequently to the increase of the concentration of polyethylene  
macroradicals. The increase of in itiator concentration causes an increase in 
the concentration of polyfm aleic anhydride) macroradicals also.

A t the sam e tim e, com petitive reactions occur w ithin the investigated  
system , am ong them  m ainly the m utual com bination and disproportiona
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% 1  3

o 0,1 0,2 0,3 0,U BP ig/100gl

Fig. 1. Percentage of grafting vs. benzoyl peroxide concentration: (f)90°C.; (2) 100°C.; 
(3) 110°C. Poly (maleic anhydride) concentration, 1.5 g./100 g. ; time of reaction, 20 hr.

tion of poly (m aleic anhydride) macro radicals. The rates of these re
actions m ay be represented by eqs. (1)~(3).

Here R„ is the rate of grafting, R d is the rate of disproportionation, and 
R c is the rate of com bination, and [PE • ] and [PM A • ] are the concentration  
of polyethylene and poly(m aleic anhydride) macroradicals, respectively.

As clearly shown in eqs. ( l ) - ( 3 ) ,  a high concentration of poly(m aleic 
anhydride) macroradicals favors their m utual com bination and dispro
portionation rather than grafting. The com petitive reactions cause the  
appearance of the m axim um .

The character of the curves does not change w ith  increasing tem perature, 
but the rate of reactions responsible for grafting and that of com petitive  
reactions increases; this causes shifting of the m axim um  to lower initiator 
concentrations.

The situation  is similar when the concentration of poly(m aleic anhy
dride) changes. The increase of poly(m aleic anhydride) concentration in
creases the probability of reaction w ith  radicals formed from the initiator, 
and thus the concentration of poly(m aleic anhydride) m acroradicals in
creases. The appearance of a m axim um  on the curve of the influence of 
poly (m aleic anhydride) concentration on the percentage of grafting (Fig.
2) is also caused by the above-described com petitive reactions.

Since side chains are formed as a result of com bination of polyethylene  
macroradicals w ith poly(m aleic anhydride) macro radicals, the m olecular 
w eight of poly(m aleic anhydride) should have a significant influence on the  
percentage of grafting. R esu lts shown in Figure 3 indicate that the higher 
the m olecular weight, the higher the percentage of grafting. M oreover, 
a change in the m olecular w eight of poly(m aleic anhydride) causes a dis-

R„ = k ,  [P E -H P M A -]  

R r = K  [PM A  • ]2 

Ra =  feu [PM A ■ p



PO LY ETH Y LEN E AND POLY(M ALEIC A N H Y D R ID E) 1543

-X-
1,0 2,0 3,0 4,0 PMA lg/100g)0

Fig. 2. Percentage of grafting vs. poly(maleic anhydride) concentration. Benzoyl 
peroxide concentration, 0.1 g./lOO g.; temperature, 100°C.; time of reaction, 20 hr.

placem ent of the m axim um  on the curve of dependence betw een the per
centage of grafting and the polym er concentration. This is probably due 
to the fact that the rate of com bination and disproportionation of poly (m aleic 
anhydride) macroradicals is related to their molar rather than their m ass 
concentration.

If the proposed m echanism  is correct, the m ass of film ought to influence 
the percentage of grafting, as is the case in the grafting of m onom er on 
polyethylene.3 B ecause th e percentage of grafting was small, it was im 
possible to stud y the reaction when the m ass of film was smaller than  0.03
g. W ith sm aller films the change of w eight during reaction was w ithin  the  
range of the experim ental error. B u t even in th is lim ited range of film  
m ass, the percentage of grafting decreased w ith increasing m ass of film 
(Fig. 4).

Fig. 3. Percentage of grafting vs. poly (maleic, anhydride) concentration: (i) r j re d  = 
4.66 ml./g.; (ii) = 5.38 ml./g.; (3) ijrod = 8.99 ml./g. Benzoyl peroxide concentra
tion, 0.1 g./100 g.; temperature, 100°C. ; time of reaction, 20 hr.

%

2,0 3,0 PM A (g/100gl
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The reasons for this phenom enon are m ost probably the sam e as those  
discussed in the paper dealing w ith the grafting of the maleic anhydride on 
polyethylen e.3 W hen the am ount of film increases and the am ount of 
solution is constant, the ratio of oxygen to polyethylene decreases. (The 
am ount of oxygen in a reaction m edium  is lim ited and small because the

Fig. 4. Percentage of grafting vs. film mass. Temperature, 100°C.; polyfmaleic 
anhydride) concentration, 1.3 g./l()0 g.; benzoyl peroxide concentration, 0.1 g./lOO g.; 
total solution, 20 g.; time of reaction, 20 hr.

reaction is carried out in closed flasks and at a high tem perature.) T his in 
turn brings about a lower concentration of peroxide and hydroperoxide 
groups formed on polyethylene, and consequently a lower percentage of 
grafting.

CONCLUSIONS
G raft copolym er was obtained in a reaction of poly (m aleic anhydride) 

with polyethylene in the presence of radical in itiators. Its properties 
were found to be similar to those obtained in the reaction of m aleic an
hydride with polyethylene.

Grafting in this system  is due to  the com bination of m acroradicals of 
both polym ers. The m acroradicals of polyethylene are formed m ainly as 
a result of oxidation of polyethylene, while those of poly(m aleic anhydride) 
are formed via a chain transfer reaction from radicals.
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Résumé
Le polyéthylène a été greffé ail cours d’une réaction avec le poly(anhydride maléique) 

en présence d’initiateurs radicalaires. Le rôle de l'oxygène, l’efficacité relative du per
oxyde de benzoyle et de l’azobisisobutyronitrile et la cinétique de la réaction elle-même 
suggèrent que les chaînes latérales sont, formées par suite de la recombinaison de macro
radicaux des deux polymères.

Zusammenfassung
Es wurde ein Propfpolymer von Polymaleinsäureanhydrid auf Polyäthylen in Gegen

wart von Radikal-Initiierungsmittel erhalten. Der Einfluss von Sauerstoff, der Verg
leich des Reaktionsverlaufes in Gegenwart von Benzoylperoxyd und Azodiisobutter- 
säuredinitril, wie auch die Reaktionskinetik suggerieren dass sich die Seitenketten infolge 
der Rekombination der Makroradikalen beider Polymeren bilden.

R eceived  August 30 ,1966  
R evised  October 12,1966  
Prod. N o. 5300A
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Synopsis
Polyethylene has been grafted with maleic anhydride, as proved by the infrared spec

tra and the properties of the grafted films. The influence of oxygen and a comparison of 
the effectiveness of benzoyl peroxide and AIBN showed that polyethylene macroradicals 
are formed through the decomposition of hydroperoxide and peroxide groups. Side 
chains of poly(maleic anhydride) are formed by a combination of polyethylene macro
radicals with those of po)y(maleic anhydride). This mechanism of reaction was con
firmed by the influence of the amount of film, the initiator and monomer concentrations, 
and temperature on the percentage of grafting.

INTRODUCTION
For several years it was thought that 1,2 d isubstituted  ethylenes, am ong 

them  m aleic anhydride, do not undergo hom opolym erization. Steric hin
drance was considered to  be the major reason for th is phenom enon. Just 
recently, Lang and his co-workers1-3 and also Josh i4'6 published papers in 
which th ey  described conditions under which the hom opolym erization of 
m aleic anhydride takes place. Josh i4 found th a t high values of chain 
transfer constants to the m onom er and in itiator are characteristic of the  
polym erization of m aleic anhydride. T his fact he considered to  be the  
cause of d ifficulty in polym erization.

There are few data, and those m ainly in p atent literature,9-8 about the 
use of m aleic anhydride as an agent to m odify the properties of polyolefins. 
T he data indicate on ly the possib ility  of grafting but do not offer any sug
gestion  concerning th e m echanism  of the reaction.

T he goal of th is work was to stud y the m echanism  of grafting of m aleic 
anhydride on polyethylene.

EXPERIMENTAL
G rafting was carried out w ith  a low -density  p olyethylen e (molecular 

w eight 17,000) in the form of a 0.03-m m . film. T o rem ove substances 
added during m anufacturing, th e film was extracted w ith  benzene a t 5 0 °C.

1547
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for 90 hr. before grafting. After th is tim e its w eight was constant. Sub
sequently the film was dried at 5 0 °C. E lem entary analysis and th e in
frared spectrum  confirmed the purity of polyethylene treated in th is way.

T he m aleic anhydride (produced by British D rug H ouses Ltd.), benzoyl 
peroxide, azobisisobutyronitrile (A IB N ) and acetic anhydride used were 
chem ically pure and were not additionally purified before the reaction.

T he reaction w as carried out in a 50-m l. conical flask w ith  a ground- 
glass stopper. In  th is flask were placed the film, benzoyl peroxide, and 20 
g. of a solution of m aleic anhydride in acetic anhydride. Copolym eriza
tion was effected by h eating in air a t tem peratures of 80-110°C . The 
tem perature was m aintained to an accuracy of ± 0 .5 °C . A fter reaction  
the film was extracted w ith  boiling acetone to constant w eight and was 
subsequently dried at 50°C .

T he degree of grafting was m easured by the percentage of w eight in
crease. R esu lts obtained by w eighing were in accord w ith  those from ele
m entary analysis. Under the described conditions the obtained w eight 
increase w as up to 130%.

In all the reactions described below the concentration of the in itiator is 
given in grams per 100 g. of solution, and the m onom er concentration in 
w eight per cent.

R ESULTS A N D  D ISC U SSIO N  

Properties and Structure o f Grafted Film

There are several lines of evidence which prove that the product of re
action  is a graft copolym er.

The films w ith a percentage of grafting exceeding 10% are brown, similar 
to poly (maleic anhydride). T h ey  are insoluble in both boiling benzene and 
boiling Tetralin. In these solvents the films only swell. T h ey  also swell 
in good solvents for poly(m aleic anhydride) (acetone, water, solutions of 
bases) at higher tem peratures. Since the films, even those w ith a low  
percentage (more than 5% ) of grafting, do not m elt, th ey  probably have a 
crosslinked structure.

The infrared spectra (Fig. 1) of the grafted film confirms the presence of 
poly(m aleic anhydride). In comparison w ith  the infrared spectrum  of 
pure polyethylene, that of the graft copolym er shows very strong bands at 
1779 and 1859 cm .“ 1 which are characteristic of cyclic anhydrides. The 
band at 918 cm ." 1 is also associated w ith the presence of an anhydride 
group, and the band at 1221 cm ." 1 corresponds to the C— O stretching  
vibrations in the cyclic anhydride. Interesting in this spectrum  is the 
occurrence ol a strong band at 1057 cm ." 1. This band appears also in the 
spectrum  of the monomer, but not in the spectrum  of the homopolymer. 
These last results are in line with those reported by Joshi.4 To verify  that 
the appearance of this band in the spectrum  of the graft copolym er is not 
due to the presence of traces of monomer, a num ber of spectra of grafted
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film were taken after prolonged extraction w ith  boiling benzene. M aleic 
anhydride dissolves easily in boiling benzene, and th e films swell in it a 
great deal. Thus, there is little  probability that after extraction the m on
omer would still appear in the film. T he infrared spectra of these sam ples 
rem ained the sam e even after extraction. Since th is band does not appear 
in the spectrum  of the hydrolyzed copolym er (Fig. 2), it  is undoubtedly  
related to th e anhydride group. So far w e have not determ ined the reasons 
for the appearance of th is band. I t  seem s that Joshi’s hypothesis about 
sym m etrical conjugation im parting som e arom atic character to the m on
om er structure, which causes the appearance of the band at 1060 cm .-1 , is 
not certain because in the graft copolym er there is no double C = C  bond.

T he analysis of further changes in the infrared spectrum  of the hydro
lyzed  copolym er confirms the structure of the copolym er. On heating the  
films in boiling water, the band at 1057 cm .-1 and other strong bands at 
1859, 1779, and 918 cm .-1 , related to the anhydride group disappear. On 
the other hand, a broad band at 3133 cm .-1 characteristic of th e O— H  
group in COOH and the strong band at 1707 cm .-1 characteristic of the C =

Fig. 2. Infrared spectrum of the hydrolyzed graft copolymer.
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0  group in COOH appear. T h e infrared spectrum  of th e hydrolyzed  
graft copolym er, the fact that on hydrolysis for 2 hr. in boiling w ater the  
w eight of the films did n ot change, and th e results of the elem entary anal
ysis confirm that the obtained product is not a m ixture of hom opolym ers, 
and that this w ay of purifying the product is sufficiently effective.

Mechanism of Grafting
D uring the heating of polyethylene in a solution of m aleic anhydride with  

radical initiators in air, the form ation of m acroradicals of polyethylene m ay  
be due to tw o reactions: (1) chain transfer from radicals formed by de
com position of the in itiator or from growing chains of poly (m aleic anhy
dride) or (2) decom position of peroxide and hydroperoxide groups formed  
during the oxidation of polyethylene.

M acroradicals of polyethylene formed in these reactions can in itiate the  
polym erization of m aleic anhydride or com bine w ith  the growing chains of 
poly (maleic anhydride). B oth  reactions m ay, of course, occur sim ultane
ously.

To determ ine w hich m echanism  more closely corresponds w ith  reality, 
reactions in air and nitrogen atm osphere were com pared. Oxygen was 
rem oved by alternate degassing under vacuum  and passing oxygen-free 
nitrogen through the reaction m ixture. T he operation was repeated three 
tim es. Grafting was conducted in a 30%  solution of m aleic anhydride in 
acetic anhydride at 100°C . (Table I).

Clearly the percentage of grafting is m uch higher in the presence of 
oxygen. The fact th a t oxygen  is a decisive agent was confirmed by the  
agreem ent of the results from Table I (positions 4, 5, 6) w ith  the results 
obtained when, upon rem oving the oxygen, air was passed through the  
solution for 6 hr. T his great difference in the percentage of grafting does 
not result from different positions of the m axim um  on the curve of inter
dependence of the percentage of grafting and the in itiator concentration. 
The reaction in nitrogen was studied for concentrations of benzoyl peroxide

TABLE I
Comparison of Grafting in Air and in Nitrogen

No.
Atmos
phere

Time
of

reaction,
hr.

Benzoyl
peroxide
concn.,

g./100 g.

Mass
of

film,
g-

Mass of 
grafted 

film, 
g-

Percen
tage of 

grafting,
%

1 N, 20 0.1 0.0365 0.0387 6.0
2 n 2 20 0.1 0.0363 0.0386 6.3
3 n 2 20 0.1 0.0357 0.0378 5.8
4 Air 20 0.1 0.0362 0.0570 57.4
5 Air 20 0.1 0.0360 0.0562 56.1
6 Air 20 0.1 0.0364 0.0556 52.7
7 n 2 48 0 0.0364 0.0366 0.5
8 Air 48 0 0.0364 0.0445 22.2
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up to  5 g./lOO g. of solution] the percentage of grafting did not exceed
10%.

T h ese results suggest th a t the form ation of polyethylene macroradicals is 
due to  the oxidation of the polymer.

A com parison of results obtained when grafting was conducted w ith  
benzoyl peroxide and w ith  A IB N  indicates that grafting is n ot based on a 
chain transfer reaction to polyethylene. In investigations conducted to  
d ate9 it was found that in grafting v ia  the chain transfer reaction A IB N  
is less active than  benzoyl peroxide. In  our work, though, w e found that 
th e results obtained w ith  both initiators are of the sam e order, and even  
that the percentages of grafting in the presence of A IB N  are a little  higher. 
T able II  includes th e  resu lts of reactions conducted at 100°C. in a 30%  
solution of m aleic anhydride in  acetic anhydride w ith  an in itiator concen
tration of 8.3 X  10-4 m ole/100  g. of solution. T he reactions were con
ducted  for 20 hr.

TABLE II
Grafting with Benzoyl Peroxide (BP) and AIBN

Initiator

Mass of 
film, 

g-

Mass of 
grafted film, 

g-

Percentage 
of grafting,

%
AIBN 0.0362 0.0474 30.9
AIBN 0.0360 0.0452 25.5
BP 0.0357 0.0455 27.4
BP 0.0364 0.0449 23.3

Thus, p o lyethylen e m acroradicals are formed m ainly through the de
com position of hydroperoxide and peroxide groups w hich result from the  
oxidation of the polymer.

I t  is m uch more difficult to decide w hether the form ation of th e graft 
copolym er is due to  th e in itiation  of polym erization by th e polyethylene  
macroradicals or to  their com bination w ith  th e growing chains of poly- 
(m aleic anhydride). To acquire som e data on this subject, th e influence of 
previous form ation of hydroperoxide and peroxide groups on polyethylene  
was in vestigated . Since acetic anhydride accelerates oxidation of p oly
eth y len e,10 heating of th e film w ith  benzoyl peroxide in acetic anhydride 
in air atm osphere was used as one m ethod for the form ation of those groups. 
T he reaction was carried out at 100°C. for 20 hr. A fter oxidation the  
films were washed in acetone and dried at room tem perature. The graft
ing was conducted both in air and nitrogen in a 30%  solution of th e m on
om er w ith  benzoyl peroxide (concentration 0.1 g./lOO g. of solution) for 
20 hr. at 100°C . (Table I II ) . T he resu lts in T able III  point out th a t pre
vious oxidation of p o lyethylene has no influence on the percentage of 
grafting.

T he resu lts of grafting on films irradiated w ith  u ltraviolet radiation in 
air lead  to  a sim ilar conclusion. T he irradiation was carried out w ith  a



1552 W. GABARA AND S. PO REJK O

TABLE III
Grafting on Oxidized Films

Time of 
oxidation, 

hr.

Atmosphere
during

grafting

Percentage 
of grafting,

%

20 Air 55.8
20 n 2 5.7

0 Air 55.8
0 N2 6.0

S-300 lamp from a distance of 30 cm. G rafting was conducted w ithout  
any in itiator a t 100°C . for 48 hr. in air (T able IV ).

TABLE IV
Grafting on Ultraviolet-Irradiated Films

Time of Mass Mass of Percentage
irradia- Monomer of grafted of

tion, concn., film, film, grafting,
hr. /o g- g- c;/o Extinction

0 50 0.0578 0.0706 2 2. 1 0.378
48 50 0.0610 0.0755 23.7 0.620
0 30 0.0364 0.0445 22.2 0.150

70 30 0.0409 0.0484 18.3 0.235

To determ ine w hether this m ethod of form ing hydroperoxide and per
oxide groups is effective, a ttem p ts were m ade to determ ine the quantity of 
the hom opolym er formed during grafting. Since the quantities of hom o
polym er were sm all, precipitation could not be em ployed. It was decided  
to utilize the color of the hom opolym er. Since it was found that the inter
dependence of extinction and concentration of the polym er changes with  
changing conditions of polym erization (concentration of initiator, concen
tration of m onomer, tem perature) preparation of standard curves was im
possible. Therefore this m ethod m ay be used only as a qualitative one, 
and only w hen th e above-m entioned conditions are constant. K esults 
from T able IV  (last colum n) show that in the case of previous irradiation  
of the films, the quantity  of hom opolym er increases. This proves that 
during irradiation in th e above-m entioned conditions hydroperoxide and 
peroxide groups are formed. The fact that those groups have no influence 
on the percentage of grafting is m ost probably related to a high constant of 
chain transfer to m onom er during the polym erization of m aleic anhydride.4

These investigations suggest that a com bination of polyethylene macro
radicals w ith the growing poly(m aleic anhydride) chains is responsible for 
the form ation of side chains.

To provide further proof, investigations were conducted on the influence 
of th e length of tim e the solution was heated  before the him was placed in 
it. A 30%  solution of m aleic anhydride, w ith  benzoyl peroxide (0.1 g . /
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100 g.) was heated at 100°C. in air. After certain periods of tim e the  
film was introduced, and grafting was conducted for 20 hr. T he results 
presented in Figure 3 are in accordance w ith  the hypothesis that grafting  
is due to a com bination of both kinds of macroradicals. W ith the increase 
of the tim e of previous heating the concentration of poly (maleic anhydride) 
m acroradicals increases. Thus, the rate of com bination of both kinds of 
m acroradicals rises, and the percentage of grafting increases as well. B ut 
w ith a further rise in the concentration of poly(m aleic anhydride) macro- 
radicals their m utual com bination outw eighs their com bination w ith poly
ethylene macroradicals. A t the sam e tim e the concentration of radicals 
formed from benzoyl peroxide decreases but the presence of these radicals 
still accelerates the oxidation of polyethylene. As a result of th ese  con
trary tendencies the m axim um  appears at 0.5 hr. of previous heating.

Fig. 3. Influence of time of previous heating of solution on the percentage of grafting. 
Temperature, 1(K)°C.; maleic anhydride concentration, 30%; benzoyl peroxide con
centration, 0.1 g./100 g. of solution; time of grafting, 20 hr.

If th is m echanism  of reaction is correct, then at least a number of side 
chains should be connected to the main chain by ether bonds. T he h y
drolysis of these bonds was carried out by using the m ethod described by  
H ouben-W eyl.11 Grafted films were heated in a boiling m ixture of X al 
and 95%  H 3PO4 (weight ratio 4 :5 .9 ) for 7 hr., and subsequently were ex
tracted with boiling acetone. A fter the reaction the loss of weight of the 
films corresponded to 40 -50% of the grafted poly(m aleic anhydride).

Thus, the form ation of side chains is m ost probably due to  the com bina
tion  of both kinds of macroradicals. T his reaction m echanism  ought to be 
reflected in kinetic investigations.
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Fig. 5. Percentage of grafting vs. benzoyl peroxide concentration at various maleic 
anhydride concentrations: (1) 10%; (8) 30%; (3) 50%; (4) 75%. Temperature,
100°C.; time of reaction, 20 hr.

The percentage of grafting depends not only on the quantity of side 
chains but also on their molecular weight, which undoubtedly decreases 
with increasing initiator concentration. Beyond a certain point this causes 
a decrease in the percentage of grafting.

At the same time reactions which are competitive to grafting take place 
in the solution; i.e., combination and disproportionation of poly (maleic 
anhydride) macroradicals. When the concentration of poly (maleic an
hydride) macroradicals increases, the rate of their combination and dis
proportionation increases faster than the rate of their combination with 
polyethylene macroradicals. These two factors are responsible for the de
crease in the percentage of grafting.

The curves obtained at temperatures of 90 and 110°C. are analogous. 
The only important changes are in the positions of the maxima. With the 
increase of temperature the maximum shifts to lower initiator concentra-
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Fig. 6. Percentage of grafting vs. benzoyl peroxide concentration: (1) 90°C.; {2)
1()0°C.; (3) 11()°C. Time of reaction, 20 hr.; maleic anhydride concentration, 30%.

tions, e.g., for 90°C. the maximum is at 0.15-0.25 g./lOO g.; for 100°C. 
it is at 0.1-0.15 g./lOO g., and for 110°C. it is 0-0.05 g./lOO g. This is 
understandable because an increase of temperature causes an increase of 
the rates of both reactions responsible for grafting, and a more rapid de
crease of the molecular weight of side chains as well.

Influence of Monomer Concentration. The curves of interdependence 
of the percentage of grafting and monomer concentration in Figure 7 also 
pass through maxima. In this case the initial increase of the percentage 
of grafting is due to an increase of the rate of homopolymerization. Its 
subsequent decrease is a result of the predominance of bimoleeular ter
mination reactions of growing chains of poly(maleic anhydride) over their 
combination with polyethylene macroradicals.

These curves have the same character at all three temperatures, but with
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Fig. 7. Percentage of grafting vs. monomer concentration at various benzoyl peroxide 
concentrations: (7 )0 ; (2) 0.05 g./100 g.; (3) 0.1 g./100 g.; (4) 0.3 g./100 g. Tem
perature 100°C., time of reaction 20 hr.

increasing temperature the maximum shifts to lower monomer concentra
tions, e.g., for 90°C. it appears at a maleic anhydride concentration of 
50%, for 100°C. at about 45%, and for 110°C. at about 30%. The reason 
for this shift is probably the same as in the case of the interdependence of 
percentage of grafting and initiator concentration. The higher the tem
perature, the lower the monomer concentration at which mutual reactions 
of poly(maleic anhydride) macroradicals predominate over their reaction 
with polyethylene macroradicals.

Influence of the Time of Reaction. The dependence is presented in 
Figure 8 . After an initial rapid increase of the percentage of grafting, the 
curves for all monomer concentrations become parallel to the time axis. 
This is most probably related to the decrease in rate of polyethylene oxida
tion which takes place as the oxygen is consumed.

The character of the curves does not change with temperature. With 
increasing temperature the time in which the percentage of grafting rises 
rapidly decreases, e.g., for 90°C. it is over 100 hr., for 100°C. it is about 15 
hr., and for 110°C. it is 6  hr.

The character of curves also does not change with initiator concentration.
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Fig. 8. Percentage of grafting vs. time of reaction at various maleic anhydride con
centrations: (1) 10%; (2)20% ; (3)30% ; (4)60%. Temperature, 100°C.; benzoyl 
peroxide concentration, 0.1 g./100 g.

The only difference is that the time after which the rise of the percentage of 
grafting is arrested is longer when the initiator concentration is smaller, 
e.g., at 1 0 0 °C. for different maleic anhydride concentrations and at a ben
zoyl peroxide concentration of 0.1 g./lOO g. this time is about 15 hr., 
while under the same conditions, but without an initiator, it is about 75- 
SO hr.

These phenomena are due to the fact that both higher temperature and 
higher initiator concentration increase the rate of polyethylene oxidation 
and maleic anhydride homopolymerization.

Influence of Temperature. As we could have predicted on the basis of 
the above-described data, the curve of interdependence of the percentage 
of grafting and temperature of reaction passes through a maximum. As 
shown in Figure 9, the curve for a maleic anhydride concentration of 50% 
has its maximum at 1 0 0 °C. For lower monomer concentrations the maxima 
would appear at temperatures above 110°C. Unfortunately, the prop
erties of the polyethylene film made experiments at higher temperatures 
impossible. Figure 10 shows that for higher initiator concentrations the 
maxima appeared at lower temperatures.

The reasons for this phenomenon are most probably the same as those 
described when the influence of initiator concentration on the percentage of 
grafting was discussed.
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Fig. 9. Percentage of grafting vs. temperature at benzoyl peroxide concentrations of 
(/) 0.05 g./100 g. and (II) 0.5 g./100 g. and various maleic anhydride concentrations: 
(X ) 10%; (0)30% ; (A) 50%. Reaction time, 20 hr.

Influence of Film Thickness. The above-described studies were con
ducted with films of 0.03 mm. of thickness. A comparison of the percent
age of grafting obtained with films 0.03 and O.OG mm. thick (Table VI) 
showed, that in this range of thickness grafting takes place not only on the 
surface, but throughout the film.

Thus, the kinetic dependences described in this paper are not changed 
by the influence of diffusion.

I  IT

Fig. 10. Percentage of grafting vs. temperature at. maleic anhydride concentrations 
of (/) 30% and (II) 50% and various benzoyl peroxide concentrations: (X ) 0; (O) 
0.1 g./100 g.; (A) 0.2 g./100 g., ( • )  0.3 g./100 g. Reaction time, 20 hr.
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TABLE VI
Influence of the Film Thickness

Benzoyl
peroxide
conca.,

g ./100g.

Tempera
ture,
°C.

Monomer
concn.,

077c

Time of 
reaction, 

hr.

Film
thickness,

mm.

Percentage
of

grafting,
07Zo

0 110 30 7 0.03 4.4
0 110 30 7 0.06 4.6
0 110 30 48 0.03 43.0
0 110 30 48 0.06 41.7
0.2 100 30 20 0.03 50.0
0.2 100 30 20 0.06 52.2
0.2 100 75 20 0.03 22.9
0.2 100 75 20 0.06 18.8

CONCLUSIONS

/. The studies proved that heterogeneous grafting of maleic anhydride 
on polyethylene is possible.

2. Comparisons of grafting in air and in nitrogen and of grafting in the 
presence of benzoyl peroxide and AI BN, indicate that polyethylene macro
radicals are formed mainly during the decomposition of hydroperoxide 
and peroxide groups which in turn are a result of the oxidation of the 
polymer.

8. The formation of side chains is due to the combination of polyethylene 
macroradicals with those of poly (maleic anhydride). This conclusion is 
suggested by: (a) the lack of influence of previously formed hydroperoxide 
and peroxide groups on the percentage of grafting and (6) the appearance 
of a maximum on the curve of the interdependence of time of previous 
heating of solution and percentage of grafting.

4. Investigations on the influence of the mass of film, initiator and 
monomer concentrations, temperature, and reaction time on the percentage 
of grafting confirmed the mechanism of grafting.

5. The change of all factors which influence both reactions conditioning 
grafting (polyethylene oxidation and maleic anhydride homopolymeriza
tion) leads to the appearance of maxima in the dependence of the percent
age of grafting on these factors. This is related to the occurrence of re
actions competitive to grafting in the described system.
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Résumé

On a effectué la polymérisation greffée d’anhydride maléique sur un film de poly
éthylène. La formation du copolymère greffé a été confirmé par des spectres infrarouges 
et par l’examen des propriétés des films greffés. L’influence de l’oxygène et la comparai
son de l’efficacité du peroxyde de benzoyl de razobisisobutyronitrile ont démontré que 
les macroradicaux de polyéthylène sont formés par la décomposition des groupements 
peroxydiques. Des chaînes latérales sont formées à la suite de la recombinaison des 
macroradicaux de polyéthylène et de poly(anhydride maléique). Ce mécanisme de 
greffage a été confirmé par l’influence de la masse du film, de la concentration en initia
teur et en monomère, et de la température sur la rendement du greffage.

Zusammenfassung
Es wurde ein Propfpolymer von Maleinsäureanhydrid auf Polyäthylen erhalten. 

Dies wurde auf Grund von UR-Spektraluntersuchungen und der Eigenschaften der 
erhaltenen Produktes festgestellt. Der Einfluss von Sauerstoff sowie der Vergleich des 
Reaktionsverlaufes in Gegenwart von Benzoylperoxyd und Azodiisobuttersäuredinitril 
bewiesen, dass die Makroradikale des Polyäthylens sich infolge der Zersetzung von 
Peroxyd- und Hydroperoxyd-Gruppen bilden. Die Seitenketten von Polymaleinsäure
anhydrid entstehen infolge der Rekombination von Makroradikalen des Polyäthylens 
mit Makroradikalen des Polymaleinsäureanhydrid. Den Einfluss der Folienmasse, der 
Konzentration des Initiirungsmittels und des Monomers, sowie der Temperatur auf den 
Propfpolymerisationsprozess bestätigt der Reaktionsmechanismus.
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G rafting of M aleic Anhydride on Polyethylene. I I .  
Mechanism of G rafting in  a Homogeneous Medium 

in  the Presence of Radical In itiato rs

STANISLAW POREJKO, WLODZIMIERZ GABARA, and 
JANINA KULESZA, Department of the Technology of Polymers, 

Polytechnic Institute of Warsaw, Warsaw, Poland

Synopsis
Grafting of maleic anhydride on polyethylene is found to take place also in a homogene

ous medium. The course of reaction in nitrogen and in air and the influence of tempera
ture of initiator and polymer concentrations suggest that grafting is due to the chain 
transfer reaction to polyethylene.

INTRODUCTION
In our previous paper1 dealing with the grafting of maleic anhydride in a 

heterogeneous medium in the presence of radical initiators, it was reported 
that grafting is not due to a chain transfer reaction to the polymer. Under 
such conditions grafting is due to combination of poly(maleic anhydride) 
macroradicals with those of polyethylene. These latter result from oxidation 
of polyethylene and subsequent decomposition of hydroperoxide and 
peroxide groups so formed.

The goal of the present work was to examine whether the fact that the 
chain transfer reaction plays a negligible role in a heterogeneous grafting 
is due to the nature of the polyethylene-maleic anhydride system or to 
conditions unfavorable to this reaction at the time of interphase grafting. 
Thus, our efforts went in the direction of providing conditions most favor
able to the chain transfer reaction.

EXPERIMENTAL
Grafting was carried out on a low-density polyethylene with a molecular 

weight of 15,600. Before reaction the polymer was purified by dissolving 
in benzene and precipitation in methanol. The reaction was conducted 
in xylene, in which neither benzoyl peroxide nor azobisisobutyronitrile 
(AIBN) influences the rate of polyethylene oxidation.2

The maleic anhydride, benzoyl peroxide, AIBX, and xylene used were 
chemically pure and were not additionally purified.

Grafting was carried out in a three-necked flask equipped with a stirrer, 
condenser, and thermometer. The temperature in the flask, which was

1563
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heated in an oil bath, was maintained with an accuracy of ±0.5°C. In 
the flask were placed precisely determined amounts of polyethylene (about
0.7 g.) and xylene (about 72 g.). When the polymer was dissolved, maleic 
anhydride (weight concentration of 2 0 %) and benzoyl peroxide were added. 
From this moment on the time of reaction was measured. After a deter
mined time, the solution was poured into acetone and the precipitated 
product was centrifuged and washed in acetone until the solution over the 
precipitate was colorless. The product was subsequently dried at 50°C. 
in vacuo to constant weight.

To make possible a comparison of results obtained during heterogeneous 
and homogeneous grafting, the degree of grafting in the second instant was 
also determined on the basis of change in the polymer weight during re
action. Experiments conducted with pure polyethylene showed that 
during all operations the losses do not exceed 3-5%. This was confirmed 
by the agreement of the percentage of grafting determined by weighing 
with that from elementary analysis.

To find if this method of product purification is effective, the polymer 
was additionally dissolved in xylene and precipitated in acetone. The 
results of elementary analysis of the normally and additionally purified 
product were similar. Thus, the possible amounts of impurities (the 
monomer or homopolymer) were very small and did not influence the nu
merical value of the percentage of grafting.

Therefore, the applied method of polymer purification and of determin
ing the percentage of grafting is sufficiently accurate.

RESULTS AND DISCUSSION 
Properties of the Graft Copolymer

Like the copolymer obtained during heterogeneous grafting, the product 
with a higher percentage of grafting is brown, and the intensity of color in
creases with the increasing percentage of grafting. The copolymer does 
not dissolve in solvents of poly(maleic anhydride); at higher temperatures 
it only swells in water and base solutions. Since the copolymer is an an
hydride, it undergoes the typical reactions of anhydrides with amines, al
cohols, and water. In comparison with the properties of grafted films1 

there is one major difference. The copolymer is soluble, and it melts when 
heated. Solubility is clearly dependent on the percentage of grafting. 
Copolymer with a percentage of grafting of 8 % is partially soluble in boil
ing benzene, while when the percentage of grafting reaches about 50% 
only negligible quantities of the copolymer dissolve in it. The copolymer 
is insoluble in CC14 but soluble in tetralin and xylene. When the percent
age of grafting is high, the copolymer dissolves in xylene, though only 
after being heated for a long time at 130-140°C.

Viscosity of Graft Copolymer Solutions
The increase of molecular weight during grafting, the polymer degrada

tion (high temperature of reaction and the presence of oxygen), as well as
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Fig. 1. Reduced viscosity vs. percentage of grafting: (•)  pure polyethylene; (X ) graft 
copolymers obtained in air; (A) graft copolymer obtained in nitrogen. Copolymer 
concentration, 0.0020 g./m l.; temperature, 12o°C.

the formation of side chains undoubtedly influence the viscosity of solutions 
of the obtained graft copolymer. All these factors contribute to the com
plexity of the problem. Viscosity measurements were carried out solely 
with the aim of determining the predominant factors.

Measurements were carried out in tetralin solutions (concentration of 
copolymer of 0.0020 g./ml.) at 125°C. Before measurements all samples 
of the copolymer were purified by dissolving in boiling xylene and, after 
filtration, were precipitated in acetone. They were subsequently dried 
in vacuo at 50°C.

The results of measurements are presented in Figure 1. A clear in
crease of reduced viscosity confirms that the rise of molecular weight during 
grafting predominates over other factors. The very small difference be
tween reduced viscosities of copolymers obtained in air and nitrogen shows 
that the extent of oxidative degradation is small.

Mechanism and Kinetics of Grafting

Influence of Oxygen and Initiator Concentration. The interdependence 
of the percentage of grafting and initiator concentration in air and nitrogen 
atmosphere is shown in Figure 2. Oxygen was removed by passing oxygen- 
free and dry nitrogen through the reaction mixture during the whole time of 
reaction. As Figure 2 shows, the percentages of grafting obtained in the 
reactions with low initiator concentrations in air are a little higher than 
those in nitrogen. The difference falls within the experimental error, but 
since the results in air are higher over the whole range of low initiator 
concentrations, it seems that oxygen increases the rate of grafting in this
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initiator concentration range. When the concentration of benzoyl per
oxide exceeds 2.5 g./100 g. of solution, however, the percentage of grafting 
in nitrogen is clearly higher.

It seems that, unlike heterogeneous grafting, during the homogeneous 
reaction the chain transfer to polymer is responsible for the formation of 
polyethylene macroradicals. The formation of side chains may be due to 
the initiation of polymerization by these macroradicals or to their com
bination with those of poly(maleic anhydride). Since poly (maleic anhy
dride) is insoluble in xylene, it seems that it is rather the polymerization 
initiated by polyethylene macroradicals which is responsible for the forma
tion of side chains.

Fig. 2. Percentage of grafting vs. benzoyl peroxide concentration: (1) in air; (2) 
in nitrogen. Temperature, 110°C.; maleic anhydride concentration, 20%; polymer/ 
monomer, 0.04 g ./g .; t ime of reaction, .5 hr.

A comparison of results obtained with benzoyl peroxide and AIBN as 
initiators proves additionally that grafting is due to the chain transfer reac
tion to the polymer. The reactions were carried out with the same molar 
concentration of both initiators (0.0062 mole/ 1 0 0  g. of solution) at 110°C. 
for 5 hr. In the presence of benzoyl peroxide the percentage of grafting 
obtained was 46%, while with AIBN it was only 23.5%. Such a clear 
difference is caused by a much lower reactivity of radicals formed from
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AIBN. Thus, it seems that, the chain transfer reaction to the polymer in 
this system is due rather to the reaction with radicals formed from the 
initiator than with macroradicals of poly(maleie anhydride).

A slightly higher percentage of grafting in air than in nitrogen at the 
lower initiator concentrations is most probably due to the fact that poly
ethylene macroradicals formed during its oxidation take part in grafting.

The character of these two curves (Fig. 2) is typical for grafting result
ing from the chain transfer reaction. The initial increase of the percentage 
of grafting is caused by an increase in the concentration of radicals formed 
through the decomposition of the initiator. The higher their concentra
tion, the higher the rate of the chain transfer to the polymer. The pres
ence of a maximum is the effect of decreasing molecular weight of the side 
chains and of greater consumption of monomer in the process of homo
polymerization.

The shifting of this maximum to a lower initiator concentration range 
when grafting was conducted in air is most probably due to the inhibiting 
action of oxygen. The decrease of molecular weight with the increase 
of initiator concentration is much more pronounced in the presence of 
oxygen.

The fact that a maximum appears at much higher initiator concentra
tions than during heterogeneous grafting1 (during a heterogeneous reac
tion conducted at 110°C. it appears at about 0.05 g./100 g. of solution, and 
during a homogeneous one at about 2.4 g./100 g.) also confirms that in 
the homogeneous process, the chain transfer reaction to the polymer is of 
major importance.

Influence of Polyethylene Concentration. To make possible a compari
son with the heterogeneous reaction, the influence of polyethylene concen
tration was investigated in air. The reactions were carried out with different 
quantities of polymer, while the mass of solution was constant.

The character of the curve in this case is completely different from that 
for heterogeneous grafting. While the percentage of grafting during the 
heterogeneous reaction decreases with increasing quantity of polymer, 1 for 
homogeneous grafting the curve passes through a maximum (Fig. 3). 
This is typical for grafting via the chain transfer reaction. The increase of 
polyethylene concentration increases the probability of the reaction be
tween radicals and the polymer taking place. On the other hand, the 
increase of polymer concentration increases the viscosity of the reaction 
mixture, which in turn changes the rate of the transfer reaction. These 
opposing tendencies result in the appearance of a maximum.

The course of the curve also explains the reasons why during hetero
geneous grafting, even at high initiator concentrations, the chain transfer 
reaction to polyethylene does not play an important role. 1 The maximum 
ratio of polyethylene to maleic; anhydride at which the film was completely 
immersed in the solution was below 0 .0 1 , while during homogeneous 
grafting the percentage of grafting at this ratio was only about 1 %.

Influence of Time and Temperature. Figure 4 shows that the increase
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of the percentage of grafting in time is typical; the part parallel to the 
time axis is most probably a result of the consumption of radicals formed 
from the initiator.

The interdependence of the percentage of grafting and temperature 
(Fig. 5) is also in line with data published to date about other systems.3 

The appearance of a maximum is related to the fact that the increase of 
temperature, on one hand, increases the rates of transfer to the polymer 
and of monomer polymerization; on the other hand, it causes a decrease 
in the molecular weight of side chains.

Influence of Polyethylene Structure. To determine the influence of the 
structure of polyethylene, polymers with different molecular weights and 
different degrees of branching were used in the reaction.

Fig. 3. Percentage of grafting vs. polyethylene-maleic anhydride ratio. Temperature, 
110°C.; benzoyl peroxide concentration, 1.5 g./100 g. ; maleic anhydride concentration, 
20%; time of reaction, 5 hr.

The polyethvlenes were purified before grafting; they were dissolved in 
xylene and precipitated in methanol. Grafting was carried out at 1 2 o°C. 
for 5 hr. at a benzoyl peroxide concentration of 1.5 g./lOO g. of solution. 
The monomer concentration was 20%, and the weight ratio of the polymer 
to the monomer 0.03.
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TABLE I
Grafting on Different Kinds of Polyethylene

Polyethylene Type
Molecular

weight

Degree of 
branching, 

CHa/lOOOC

Percentage
of

grafting,
V/Xo

Rigidex 50 (Phillips) Linear 70,000 0 34.6
Rigidex 2 (Phillips) Linear 137,400 0 46.7
Fertene D (Fawcett) Branched 56,000 24.50 54.5
Fertene XX ( Fawcett) Branched 44,400 30.00 lo o
AC 617 (Fawcett) Branched 5,160 47.24 21.0

The results given in Table I show that the reaction takes place also with 
linear polyethylene. The fact that with the increase of molecular weight 
the percentage of grafting also increases (compare results for Rigidex 50 
with Rigidex 2), proves that endgroups do not play a decisive role in graft
ing. The increase of the percentage of grafting with increasing molecular 
weight may be due to the different courses of interdependence of the per
centage of grafting and the polymer/monomer weight ratio. A similar

Fig. 4. Percentage of grafting vs. time of reaction. Temperature, ll()°C.; benzoyl 
peroxide concentration, 1.5 g./100 g. ; maleic anhydride concentration, 20%; polymer/ 
monomer, 0.04 g./g.

situation is observed in the comparison of grafting on Fertene D and Fert- 
ene XX, in which the effect of the increase of molecular weight exceeds 
that of the increase of the degree of branching. A comparison of results 
for Fertene I) and Rigidex 50 (close molecular weights) shows that the 
branched structure is favorable to grafting based on the chain transfer 
reaction to the polymer. Similarly, in the case of Fertene XX and AC 
617, the influence of molecular weight is compensated by the diminishing 
of the degree of branching.
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Fig. 5. Percentage of grafting vs. temperature. Benzoyl peroxide concentration, 1.5 
g./100 g.; maleic anhydride concentration, 20%; polymer/monomer, 0.04 g./g.; time 
of reaction, 5 hr.

CONCLUSIONS

1. The studies conducted show that grafting of maleic anhydride on 
polyethylene, in a homogeneous medium, in the presence of radical initia
tors occurs mainly in effect of a chain transfer reaction to the polymer.

2. The presence of oxygen at low initiator concentrations leads to a 
slightly higher percentage of grafting as a result of additionally formed 
polyethylene macroradicals.

3. The influence of different parameters on the course of grafting of 
maleic anhydride is similar to that in other, already investigated, systems.

J+. Grafting takes place on both linear and branched potyethylene.
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Résumé
Des études effectuées ont démontré que le greffage d’anhydride maléique sur le poly

éthylène a lieu également en millieu homogène. L’allure de la réaction sous atmo
sphère d’azote et à l’air, l’influence des concentrations en initiateur et en polyéthylène, 
de même que l’influence de la température suggèrent que le greffage résulte d’une réac
tion de transfert de chaîne sur le polymère.

Zusammenfassung
Die in der vorliegenden Arbeit durchgeführten Untersuchungen bewiesen, dass auch 

im homogenem Medium in Gegenwart von Radikal-Initiierungsmittel dir Propfpoly- 
merisation von Maleinsäureanhydrid auf Polyäthylen verläuft. Der Reaktionsverlauf
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in Luft- und Stickstoff-Atmosphäre, der Einfluss der Konzentration des Initiierungs
mittel und des Polyäthylens in der Lösung, sowie der Temperatur suggerieren dass es 
sich hier um eine Kettenübertragung auf Polyäthylen handelt.
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Theoretical Depolym erization K inetics. IV . Effect 
of a V olatile Fraction on the Degradation of an 

In itia l "M ost Probable”  Polymer*

RICHARD H. BOYD, Department of Chemistry,
Utah State University, Logan, Utah 84321

Synopsis
The effect of volatilization of molecules larger than monomer has been introduced 

into the solution of the Simha, Wall, and Blatz kinetic equations for the degradation 
of a high polymer with an initial “most probable” distribution. Equations describing 
the rate of sample weight and average molecular weight change result. They differ from 
the previous “most probable” equations primarily in the presence of an additive term 
representing the random splitting near the chain ends due to bond scission or transfer 
attack. Equations are also obtained for the rate of formation of each volatile species 
and hence the product distribution. The effect of volatilization of larger fragments is 
discussed in detail for the special case of random scission initiation. The product dis
tribution is discussed for two special cases.

I. Introduction
The kinetic rate equations describing a general mechanism of thermal 

depolymerization have been derived by Simha, Wall, and Blatz. 2 The 
solution of the rate equations is difficult, 3“ 6 but it has been found possible7 '8 

to find the general steady-state solution to the equations for an initial 
molecular weight distribution of wide interest, the so-called “most proba
ble” 9 or exponential distribution. Simha and Wall3'6-6' 10 have emphasized 
that under certain conditions volatilization of molecules larger than mono
mer can be important and should be included in the kinetic treatment. 
This was not done in the original solution for the “most probable” distri
bution,8 and it is the purpose of the present work to include this effect in 
that solution.

II. Inclusion of the Effects of Volatilization of Molecules Larger Than 
Monomer in the “Most Probable” Distribution Solution

The effect of volatilization will be included on the same basis as was done 
by Simha and Wall. 10 that is, molecules of degree of polymerization (DP) 
L or greater are not volatile, but those of DP of less than L  are immediately 
removed by volatilization. The reactive intermediates (radicals) are 
assumed to react before volatilization regardless of DP.

* For the preceding paper in this series see Boyd and Lin,1 II.
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A polymer whose molecular weight distribution is expressed by9

1\  =  ( M i M  [1 -  (1/.T)]” - 1 (1)

whei'e Pn is (he number of polymer molecules of DP n, M\ = E  nP„, first
n  = 1

moment of molecular weight distribution, = W /m 0, where W  is sample 
weight and m0 is molecular weight of a repeat unit, and x is the number- 
average degree of polymerization, on removal of molecules of DP L — 1 
or less will still be characterized by a function of the form,

Pr, = C [1 -  ( 1 /V ) ] " - 1 (-)

The physical significance of C and x' can be determined by the condi
tions

M, = t n P n (3)
n — L

and

■r = E  n P J Y .I Pn (4)
7i =  L  n — L

Substitution of eq. (2 ) in eqs. (3) and (4) and summing11 results in

C = M ,/\ .r'2[l -  { l /x ')L~ l \\ +  (L -  \)/x '] \  (5)

and

.r = [1 +  (L -  l )/x ']x '  (6 )

The rate equations, in the notation of paper I of this series,8 under the 
above assumptions about volatility are as given in eqs. (7) and (8 ). 

Nonvolatile polymer molecules:

dPJdt  = - ( n  -  l)(*s +  k,R)P„ -  kEP n +  l:jR ±  P,
: j  =  n +  1

T kj (ch>/IlUu)Rn +  kran 

(7a)

dP Jd l = —(L — 1 )(ks +  k,R)PL -  k,:PL +  kjR t  Pi
Ì = L + 1

Volatile polymer molecules:

+  k M / I m 0)RL +  kTah

dPm/dt — k,R, E  Pj +  k^dit/Im^Rm +  kTam
: i= L + l

dPi/dt — k P(R — Ri) T [/,vd +  (ktdn/ nin))Rj 
Radicals:

(1 <  to <  L) (7b)
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dRn
= (2 ks +  k,R) £  P ,+  kEP n+1 -

=71 + 1

ido
m0

/  /c7q
77 + 1 _  l

\  m

+  kp +  kTf t \R n +  k PR,l + i (L <  n)

~  =  (2ks +  krR) £  P, ~ ( k A
dt = 7, \  m0

+  k P +  kTf3J R m +  kPR m+i

( 1  < m < L ) (8 )

~  = (2 ks +  kjR) —1 +  kBP, +  kE —  — ( '—  +  krfi^Ri +  k PR, 
dt x x \  mo J

The steady-state radical concentration R n is given by the solution to eq.
(8 ), with the left-hand side set, equal to zero, in terms of P n’s as,8

Rn — ( 1  +  y)n £
fc=77 + l

(2/<'g +  kjR) £  Pj +  kEP k
i ~k

kp( 1 +  y)k
n > L (9)

where I/ 7  = 1 / 7 (2;) = k P/ (k T(3 +  kjdo/mo), the average zip length between 
initiation and transfer or termination,8 and

! 1 first-order termination
R /V  = R(x), total radical concentration, 

second-order termination
where

R(x) = [(2ksdo/kTm0) +  (2kEd0/ k Tmox)] 1 / N

N  = 1 first-order termination
N  = 2 second-order termination

The solution then proceeds in a manner similar to that used in Part I.8 

Substitution of eq. (2) in eq. (9) and performing the summations results 
in,

Rn = { [(2ka + k M x ' /k p ]  +  (kE/kp)][(x' -  1 ) / 1  +  x'y(x)]Pn
(10)

Differentiation of eq. (2) with C defined by eq. (5) results in,

dPn
dt

| 1 dM  1 

= \M i  dt H------
L(L  -  1)

x ' \ x '  -  1 ) 1 +
dx'

(S ^ ))J -
n — 1 dx') 

x'(x' — 1 ) dt | Rn (11)
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Substitution of eqs. (2), (10), and (11) in the rate equations [eqs. (7a) 
and (7b) ] and performing the summations gives eqs. (12) and (13). 

First-order and disproportionation termination:

1 dMi n -  1 dx' 
M l dt +  x'(x' -  1 ) dt

L(L  -  1) 

s ' V  -  1) ( l  +

dx’
dt

= - ( n -  1 ) [k.s +  k,R(x)} -  kE +  k,R(x)(x' -  1 )

+
M o
lllll

+  kr/3
j  [-ks +  ktR(x)]x' +  kE\  x ' — 1 

’ A>  J 1 + i ' t (i )
(12)

Recombination termination :

1 c/il/i n — 1 dx'---------- 1 _|------------------—
Mr dt x'(x -  1 ) dt

L (L  -  1)

x'~(x’ - 1 ) 1  +
L -  1

dx’
dt - ( n  -  1 )[ks +  k,R{x)]

k¡dn i (2 /,■ ,s- +  k,R.(x) ].c' +  I x' — 1 
k ,  +  A7 /?(.T)(.r' -  1) +  • ' ~ “  ' . -  T + W

ino ( A> 1 1 +  .c y(x)

+
(n — l)d()/>> ) [2/i',s + (.f) ]-r' + kB\ 2 /  x '  — 1 V

2i//(,.r'2 i \1 +  x'y(x)J
(13)

Equations for .r' alone can be determined from e ([S . (12) and (13) ;8 since 
they must be valid for any value of n, the coefficients of n — 1 may be 
equated leading to eqs. (14) and (15).

f irst-order and disproportionation termination :

[l/'.r'(.r' -  1) ](dx'/dt) = ~ [k a +  k,R(.r) ] (14)

Recombinat ion terminal ion :

[l/.r'(.r' -  \)]{dx'/dt) = ~ [k s +  k,R(.r)]

+  (kTd,/2m„x^){([2kK + kjR(x) ].r' +  kB) /k P}*{ (x' -  1 ) / [ 1  +  r '7 W ])!
(15)

With the use of eq. (14) in eq. (12) or eq. (15) in eq. (13) there result eqs. 
( 1 (i) and (17), respectively.

First-order and disproportionation termination

= - {  m s  +  k M r)].r' +  /.-*[ 1 +  7 (* )]} /[l +  *'y(x)}

-  {(ks +  k,R) [L(L -  l ) / ( . r '  +  L -  1)]} (16)

Recombination termination :
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J _  d M i 

Mi dt
[2 ks +  kjR(x)]x' +  k. i / .  M i

\  mok. .1 +  x'y(x).

[2k s +  kjR(x) \x’ +  /cEj
1

_1 +  .c' t (-ï ).

(** +  kjR) -
L(L -  1)

x ’ +  L -  1
(17)

The composition of the volatile fraction may be obtained from the equa
tions for the volatile polymer molecules, P m, eq. (7b). First, the steady- 
state solution for the radicals R m is found11 from eq. (8 ) to be,

R m = C"( 1 +  7 )* (l +  y ) m
m

E
A- = 0

(2ks T  1\[1\)M i 
M  1  +  y)kx

(IS )

where the identity E  Pji = M i/x has been used. The constant C’ 
j -L

can be determined from the boundary condition supplied by eq. (S) for 
the L — I radical,

0 =
/ 2ks +  krR \  Mi
\  VP )  7

(1 +  7 ) R l - i +  R l (19)

so that,

Rm =  (1 +  y ) ’1
R l  +

2kg T  k jR \  Mi
k p

(1 + y ) l

+  C2ks y —  )  —  E 1 (1 +  7)-\  A)p /  X  k =  m +1 

where RL is given by eqs. (10) and (2) as,

Rl = ! m a + k,R)x' +  kE]/kF)
x ’ -  1 M i

1 + *'TM ' +^ )

(20)

(21)

The sum in eq. (2 0 ), E  (1 +  y ) ~ k is evaluated11 as =  -  [ (1  +  y )  h
k =  m 1

— (1 +  t) “'"_1]/[1 +  (1/7)1- Thuseq. (7b), written as

f̂ "‘ = h/R 1/1 +  k Py R m 1 < m < L — 1 
d l  .r

(22)

with R m from eq. (20) determines the rate of volatile molecule formation.
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III. Discussion

Inspection of eqs. (14) and (16) or (15) and (17) reveals that the principal 
effect of the volatile fraction is to contribute an additive term to the rate 
of weight loss, the form of the molecular weight change equation is unal
tered. However, the number-average degree of polymerization x is replaced 
by the closely related variable, x', (.x = x' +  L  — 1), everywhere except 
in y(x) and R(x). In the event the average DP remains much higher 
than L  — 1, the largest volatile molecule, the distinction between x and x' 
becomes insignificant.

The additive term in the weight loss rate due to volatilization of mole
cules larger than monomer, (ks +  krR)[L(L — 1) | dr, is the same as the 
rate that would result from chain splitting within L — 1 units of the chain 
ends and the resultant volatilization of such fragments after their radicals 
have terminated without unzipping. 3

The conditions under which the effects of volatilization are important may 
be investigated by means of eqs. (16) and (17). Equation (16), for ex
ample, shows that if L/x[(L — l)/x]  is small compared to one (and usually 
it will be) volatilization of larger fragments will be important only in the 
short zip limit. In this limit (1 / 7  <3C x'), eq. (16) becomes,

J _  cIMi 
M 1 dt

r 1 L{L -  1)1
ks  2 b ^ ---------- t

y x

-  h jR
1 L(L  -  1:

_y x
1 +  7

(23)yx

If (L — 1) /.i «  1 , then volatilization effects will be negligible for zip 
lengths 1,/y of the order of L  or larger. However, if L — 1 is not much 
smaller than x, then the effects of volatilization are important at larger 
values of the zip length 1 / 7  relative to L. Since at short zip lengths the 
molecular weight is rapidly degraded compared to conversion, the condition 
L — 1 <<C x may not be maintained through the degradation and the effects 
of volatile fragments may be more important in the later stages than 
initially.

These effects have been investigated in more detail for the special case 
of random chain initiation (no transfer or endgroup initiation, I,y = ks = 0 ). 
Equations (16) and (14) become

dM  ! 
dt

2  x '

Ll +  yx'
L {L  - 2 2

x ' " + L -  1
M i (24)

rlH
dt

- k sx n (25)

where x '  1 has been assumed. These equations can be combined and 
integrated to yield,
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In (Mi/ilfi0) = 2  In / yx'Q + 1 y
\x 'x '°y  +  l /_

+ r  +  1 +  l  -  i
in

i^x' +
L -  1

*' (> +

(26)

where x' = x'/x'°  (the superscript zero indicates the initial value), x 
= W  + (L -  l )/x'°]/[l  + [ L -  1 ]/*'<>]

and
yx° = yx ’°[1 +  (L -  l) /x '0].

With the approximation L =  L — 1, the results depend only on the ratios 

( l / 7 )x '°andi,/x ,0and eq. (26) reduces to

Fig. 1. Random chain scission initiation (no transfer). The relative rate of weight 
loss plotted vs. conversion for the ratio of zip length (l/-y) to initial molecular weight 
parameter, ( [/y)/x '°  = 0.1, at several ratios of the DP of the smallest nonvolatile 
molecule (L) to molecular weight parameter, L/x'°. The number-average DP, x = 
x ' +  L  — 1. From eq. (28) of text.

i r / l r n  „  / 1 +  y * '0 Y r x ’ +  l / x '° i -(£ /*'•) Ul/x') -  1]

M l/M l ~  X ( l  +  Xyx’») _ x '( l +  L / x ’°)_

The relative rate of weight loss is,

dMi/di 2 x /( l  +  x y x ’°) +  (L /x '» )2[ l / ( . r  +  (L/x'°))]Mi
0d l ih / d t)° 2 / ( 1  +  y x ’°) +  (L /x '° )2[ l / ( 1  +  ( L / x ' o ) ) ^

(27)
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Equations (27) and (28) have been used to calculate the average degree of 
polymerization and rate of weight loss as functions of conversion for several 
values of the ratio L/x'°  at each of two ratios of zip length to molecular 
length parameter, (l/y)/x '° . These results are plotted in Figures 1-4. A 
retardation of molecular weight degradation (Figs. 2 and 4) in the later 
stages when volatilization is present is particularly noticeable and is similar 
to the behavior of curves calculated by Simha and Wall3 for an initial 
monodisperse system.

Fig. 2. Random chain scission initiation (no transfer). The relative degree of poly
merization x ,V  plotted vs. conversion for the same parameters as Fig. 1. From eq. 
(27) of text.

Equation (24) or (28) (see also Fig. 3) leads to a maximum in the rate, 
—dMi/dt, against conversion at shorter values of the zip length, l /y  com
pared to L. The rate, —dMi/dt, from eq. (24) has a positive slope at 
t = 0 and hence a maximum for the case where the zip length is short com
pared to initial DP, 1 / 7  <5C.r'°, when

<  V l (l  -  1)
+  L  — 1

or if x'° »  L, when

H L  -  1)
x'° + L -  1

- < V l (l  
7 i)

(29)

(30)

For the limit. 1 7  —> 0 and L ~  L — 1 , the maximum occurs at 26% con
version, the sanie value fou ni 1 bv Simha and Wall3 for an initial monodis
perse System .

Finally we may illustrate the use of eqs. (2 2 ), (2 0 ), and (2 1 ) for ealcu-
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Fig. 3. Random chain scission initiation (no transfer). The relative rate of weight 
loss plotted vs. conversion for the ratio of zip length (1/y ) to initial molecular weight 
parameter, (1/ 7)/*'° = 0.01, at several ratios of the DP of the smallest nonvolatile 
molecule (A) to molecular weight parameter, L/xP. The number-average DP, x = 
x ' +  L  — 1. From eq. (28) of text.

lating the distribution of volatile products in two simple cases. First for 
no transfer or end initiation (kr, kE = 0 ), in the short zip limit, 1 / 7  <5C x, 
and for L — 1 «  x, eq. (21) reduces to

R L = 2ksM \/kPyx  (31)

and eq. (2 0 ) becomes,

R„ 2ksM i/kPyx

or from eq. (2 2 ),

dt
M i
x2k s ' 1 < m < L  -  1 (33)

Thus the rate of formation of weight of volatile molecules of DP m is pro
portional to,

c] yyi P
----- - = 2mks(M1/x) 1 <  m < L -  1 (34)

dt

and thus proportional to m up to the limit, L — 1. The total rate of weight 
accumulation (divided by the molecular weight of the repeat unit) due to
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volatilization of molecules of DP greater than one, obtained by summing 
eq. (34),

7  (  2  m Pm)  = 2 (  Y , m )  ksM i/x  = ksM iL(L  — l ) / x  (35)

reproduces, as it should, the right-hand term in eq. (16) which represents 
the same quantity.

In the special case of endgroup initiation only (lcs = 0) in the presence 
of transfer in the short zip limit, 1/y <3C x, and L  — 1 «  x, eq. (21) be
comes

R l = kE[( 1 +  (36)
where6

(7 — kjRkjg

Fig. 4. Random chain scission initiation (no transfer). The relative degree of poly
merization x/x° plotted vs. conversion for the same parameters as Fig. 4. From eq. 
(27) of text.

and eq. (2 0 ) reduces to,

R m  =  ( k E M \ / k P y x " )  [<TX -f- (1 -f- y ) m L \ (37)

Under conditions of short zip and L  — 1 «  x ,  L  must be » 1 /y  or L y  »  1 
if there is appreciable contribution from volatilization of larger fragments, 
in which case the ( 1  +  y)m ~ L term will contribute negligibly to the weight 
loss and may be dropped. Equation (22) becomes, then,

dPm/dt = 2 k E a M i / x  1 <  m < L  — 1 (38)

Thus the rate of weight formation of volatile molecules is proportional
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to m up to the limit, L  — 1 . Summing e<|. (.38) over in = 2 to L  — 1 re
produces the right-hand term in eq. (l(i).

The author is indebted to the University Research Council of Utah State University 
for support of this work.
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Résumé
L’efïect de la volatilisation de molécules plus grandes que le monomère a été introduit 

dans la solution des équations cinétiques de Simha, Wall et Blatz pour expliquer la dé
gradation de hauts polymères avec une distribution initiale la plus plus probable. On 
indique des équations décrivant la vitesse de variation du poids de l’échantillon et de son 
poids moléculaire. Elles diffèrent, des équations préalables les plus probables primaire- 
ment par la présence d’un terme additionnel représentant la rupture statistique au voisin
age des extrémités de chaînes due à la scission des liens ou attaque par transfert. Des 
équations sont également obtenues pour des vitesses de formation de chaque espèce 
volatile et partant de la distribution en produits. L'effet de la volatilisation de fragments 
plus grands est discuté en détail pour le cas particulier de l’initiation par scission statis
tique. La distribution de produits est discutée pour deux cas particuliers.

Zusammenfassung
Del' Einfluss der Verflüchtigung von Molekülen grösser als das Monomere wurde in die 

Lösung der kinetischen Gleichungen von Simha, Wall und Blatz für den Abbau eines 
Hochpolymeren mit einer “wahrscheinlichsten” Anfangsverteilung eingeführt. Es 
ergeben sich Gleichungen für die Änderung des Gewichts und des Molekulargewichts der 
Probe. Sie unterscheiden sich von den früheren “wahrscheinlichsten” Gleichungen vor 
allem durch die Gegenwart, eines additiven, die statistische Spaltung in der Nähe des 
Kettenendes durch Bindungsspaltung oder Überlragungsangriff darstellenden Terms. 
Weiters werden Beziehungen für die Bildungsgeschwiudigkeit, jeder flüchtigen Spezies 
und damit die Verteilung der lieaktionsprodukte erhalten. Der Einfluss der I erfliichti- 
gung grösserer Bruchstücke wird genauer für den Spezialfall der statistischen Spaltungs
initiierung diskutiert. Die Verteilung der Reaktionsprodukte wird für zwei Spezialfälle 
diskutiert.
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Base-Catalyzed Polym erization of A cryloyl- and 
Methacryloyl-a-am ino Acid Am ides

YOSHIO IWAKURA, FUJIO TODA, YOSHINORI TORII, and REIKI) 
SEKII, Department of Synthetic Chemistry, Faculty of Engineering, 

University of Tokyo, Bunkyo-ku, Tokyo, Japan

Synopsis
iV-Acryloylglycinamide, .Y-methacryloylglycinamide, A'-acryloyl-DL- and L-alanin- 

amide, and A'-methacryloyl-DL- and -L-alaninamide were polymerized by basic catalysts. 
Polymers with low viscosities were obtained. Automatic amino acid analyses of the 
hydrolyzates of these polymers indicated that a hydrogen transfer from the terminal 
amide group took place along with vinyl polymerization. Hydrogen transfer from the 
secondary amide group was also observed. The ratio of the hydrogen transfer and the 
vinyl polymerizations was determined by results of automatic amino acid analyses.

INTRODUCTION

S in c e  t h e  d i s c o v e r y  o f  t h e  h y d r o g e n - t r a n s f e r  p o l y m e r i z a t i o n  o f  a c r y l 

a m id e  b y  B r e s lo w  e t  a l . , 1 m u c h  w o r k  h a s  b e e n  d o n e  in  t h i s  h e l d  o n  m e t h 

a c r y l a m i d e , 2 c r o t o n a m i d e , 3 p - s t y r e n e s u l f o n a m i d e , 4 m a l e i m i d e , 5 a n d  o t h e r  

m o n o m e r s . 6' 8 M u r a h a s h i  e t  a l . 8 h a v e  r e p o r t e d  t h e  h y d r o g e n - t r a n s f e r  

p o l y m e r i z a t i o n  o f  / Y a c r y l o x y p r o p i o n a m i d e  ( C H 2= C H C O O C H 2C H 2-  

C O N H 2) ,  w h i c h  g a v e  a  c o p o l y m e r  w i t h  a l t e r n a t i n g  e s t e r  a n d  a m id e  l i n k 

a g e s .  S u c h  a  t r a n s f e r  r e a c t i o n  is  u n i q u e  b e c a u s e  t h e  a m id e  g r o u p  is  n o t  

c o n j u g a t e d  w i t h  t h e  d o u b le  b o n d .  I f  h y d r o g e n  t r a n s f e r  o c c u r s  f r o m  t h e  

t e r m i n a l  a m id e  g r o u p  o f  i V - a c r y l o y l g l y c i n a m i d e  ( C H 2= C H C O N H C H 2-  

C O N H 2) , 9 a n  a l t e r n a t i n g  c o p o l y m e r  o f  g l y c in e  a n d  /3 - a la n in e  s h o u l d  b e  

o b t a i n e d .  T h i s  w o r k  w a s  u n d e r t a k e n  w i t h  t h e  o b j e c t i v e  o f  e x a m i n in g  t h e  

p o s s i b i l i t y  o f  p r e p a r i n g  s u c h  a l t e r n a t i n g  c o p o l y m e r s  o f  a -  a n d  /3 - a m in o  

a c id s  f r o m  X - a c r y l o y l -  a n d  A - m e t h a r r y l o y l g l y c i n a m i d e s  a n d  N - a c r y l o y l -  

a n d  A - m e t h a c r y l o y l a l a n i n a m i d e s  b y  h y d r o g e n - t r a n s f e r  p o l y m e r i z a t i o n .

RESULTS AND DISCUSSION

M o n o m e r s ,  X - a c r y l o y l g l y c i n a m i d e  ( I ) ,  N - m e t h a c r y l o y l g l y c i n a m i d e  ( I I ) ,  

. Y - a c r y l o y l - D L - a l a n i n a m i d e  ( I I I - d l ) ,  N - a c r y l o y l - L - a l a n  in a m id e  ( I I I - l ) ,  

X - m e t h a c r y l o y l - D L - a l a n i n a m i d e  ( I Y - d l ) , a n d  Y - m e t h a c r y l o y l - L - a l a n i n 

a m id e  ( I V - l ) ,  w e r e  p r e p a r e d  b y  t h e  c o n d e n s a t io n  o f  a c r y l o y l  o r  m e t h a c -  

r y l o y l  c h lo r id e  w i t h  t h e  c o r r e s p o n d i n g  a m in o  a c id  a m id e  i n  t h e  p r e s e n c e  

o f  h y d r o q u i n o n e  a s  a n  i n h i b i t o r  o f  p o l y m e r i z a t i o n .

1585



13í!6 IWAKURA, TODA, TORII, SEKII

9 -H

S gí

O

O

o

H Mh-5 >> 
‘ JD

tí
'o
Ph

P m o  X tíH

o  o  oO O Tf

'N <N CN <N

o
hJ J h-¡ H* ► j hP HJ i-J i-H

m PQPQPQpq qq M w « ffl PQPQ
g g g g g g g ¿ ¿ ¿ s i

^
Q G 2  Q

, r>( <« ^  r><
q q p :

<1 <tj <j <íj
o  o  o  c  o  o  o
<1 «; <¡ <  <  <¡ <;

^ P h I^Pm P^Ch Ph ^ P h P^Ph Ph
H

D
M

F 
ñ-

B
uL

i 
0.

5 
20

 
10

0



PT
-1

4 
l-

A
Ä

A
 

Py
rid

in
e 

i-B
uO

N
a 

0.
25

 
20

 
10

0 
80

.3
 

0.
05

PT
-1

5 
d

l-
M

A
A

 
D

M
F 

n-
B

uL
i 

0.
5 

20
 

10
0 

35
.1

 
0.

04
PT

- I
ti 

d
l-

M
A

A
 

Py
rid

in
e 

re
-B

uL
i 

0.
5 

20
 

10
0 

43
.2

 
0.

04
PT

-1
7 

d
l-

M
A

A
 

D
M

F 
N

a-
di

s.
f 

0.
5 

20
 

10
0 

30
.4

 
0.

03
PT

-1
8 

d
l-

M
A

A
 

Py
rid

in
e 

N
a-

di
s.

 
0.

5 
20

 
10

0 
79

.9
 

0.
04

BASE-CATALYZED POLYMERIZATION OF ACID AMIDES 1587

T t CO CO IOo  o  o  o
© © © ©

oci

<N © CO ©

CO CO <N
*— > CO 04 CO

©<N

1-0 lO 1.0

o3 o3 c3
£  S5 £  4
o  o  o  ’Pjj
¿5 ffl fi

<D

<
<

<
<

<
<

& &
<1

o o j  a o a j

© © ’-i (M — Cl M Cl
r* H HP, ^ HPh



CHi=CHCONHCH2CONH2
I

Oil,,

0 II ('CON 110II .(‘ON 11,
II

Oils

0 1 1 s—  0 11 ( ' O  N 1 1 0  H  0 (  ) N  I I ;
III- DL, III-L

CHs CHs
I I

CH2=CGONHCHCONH2
I V -  DL, IV -L

These monomers were soluble in water, methanol, ethanol, acetone, di- 
methylformamide (DMF), pyridine, and dimethyl sulfoxide (DMSO), and 
insoluble in dimethylacetamide, tetrahydrofuran, dioxane, and hydro
carbons.

Polymerization reactions were carried out in DMF, pyridine, or DMSO 
with the use of a basic catalyst such asn-butyllithium, sodium ferf-butoxide, 
or sodium dispersion. The results of the polymerization are summarized 
in Table I. The polymers were hygroscopic and soluble in water, hot 
DMF, and hot DMSO, and insoluble in acetone, benzene, chloroform, car
bon tetrachloride. The polymer obtained from I was insoluble in methanol, 
while the polymers from the other monomers were soluble in this solvent. 
The polymers obtained from III-l and IY-l showed optical activities in 
water ([a]r? = —10.5° and —2°, respectively ate = 2g./dl.). Theeffects 
of various polymerization conditions such as temperature, reaction time, 
monomer concentration, solvent, and catalyst on the conversion and the 
intrinsic viscosity were studied. It was found that the polymerization 
hardly occurred below 100°C., that the conversion decreased with de
creasing monomer concentration, and that pyridine gave higher conversions 
than DMF with each catalyst. The intrinsic viscosity of the polymers 
examined ranged from 0.03 to 0.08. The molecular weights of polymers 
were determined by vapor pressure osmometry or by a cryoscopic method in 
water. The results are shown in Table II. The molecular weights of the 
polymers obtained were low, the highest being 2050 for polymer PT-7.

Since the monomers have a double bond and a primary and a secondary 
amide group, the following polymerizations are considered possible: 
hydrogen-transfer polymerization by the transfer of a hydrogen at the 
primary amide to the double bond [eq. (1 )]; anionic vinyl polymerization

TABLE II
Molecular Weight of Polymers Obtained by Base-Catalyzed Polymerization

Polymer
Molecular

weight Method of measurement

PT-5 844 Cryoscopy in water
PT-7 2050 Vapor pressure osmometry
PT-12 750 Vapor pressure osmometry
PT-14 745 Vapor pressure osmometry
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[e q .  ( 2 ) ] ;  h y d r o g e n - t r a n s f e r  p o l y m e r i z a t i o n  b y  t h e  t r a n s f e r  o f  a  h y d r o g e n  

a t  t h e  s e c o n d a r y  a m id e  t o  t h e  d o u b le  b o n d  [e q .  ( 3 ) ] ;  a n d

I t '  I t  I t 'R
i

CH2 = CCONHCHCONH2 — -fC H 2CHCONHCHCONH^-„
R It '

Hydrolysis

n  w
i i

CH>=CCONHCHCONH2 /
> NH2CII2CHCOOH +  N II2CHCOOH (1) 

R
|

C1I2C- \
CONHCHCONHs

A' /

I lyd roly sis

c h >=c c o n i i c h c o n i i2

(  f  \y ^ r  7
\  COOH/

(  ? )
-CIRCHCON-

R '
I

CILC-------- 1- +  NHoCHCOOII +  NIL (2)

COOH/

\
Hydrolysis

V R'CHCONH2/ „
R '
I

R

HOOCCHNHCILCHCOOH +  NIL (3)

Michael addition [eq. (4)] of a monomer to the secondary amide formed 
from the primary amide through reaction (1 ).

R R '

-fC H 2CHCONHCHCONH-K
/  R R '

/  I ICH2CHCONHCHCON- \

R

CHsCHCONHCHCONH, /
1 1 /R R ' / „

R R '

Hydrolysis 1.I00CCHCHjNHCJJjCHC00H  +  NH2CHCOOH +  NIL (4)

There was little difference in the infrared and X.\IR spectra of base- 
and radical-catalyzed polymers, and it was impossible to distinguish these 
two types of polymers by spectral analysis. The polymer was hydrolyzed 
with concentrated hydrochloric acid, and the hydrolyzate was analyzed. 
If reaction (1) occurred, then only a- and /8-amino acids should have re
sulted in a 1 : 1  molar ratio, while reaction (2 ) should result in the formation 
of poly(acrylio acid) or poly(methacrylic acid), an a-amino acid, and am
monia. By paper chromatography of the hydrolyzate of the polymer from 
I, 8 -alanine, glycine, and a third amino acid were detected. This third 
amino acid was found to- be AMarboxymethyl-fl-alanine, probably arising
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2.5/1 3 4 5 6 7 8 9 IO II 12 13 14 15

Wave number, cm.'1

Fig. 1. Infrared spectra of the polymer obtained from JV-acryloylglycinamide.

from  reaction  (3). T h e  existence o f /3-alanine c learly  show ed  th a t reaction  

(1) h a s  occurred  th o u g h  not exc lu sive ly. A u to m a t ic  am ino  acid  ana ly se s 

of the  above  h yd ro ly za te  show ed  th a t it conta ined  g lyc ine  in  m ore  th a n  an 

equ im o la r a m o u n t  to /3-alanine. A n a ly se s  of the  h yd ro ly za te  o f the rad ica l- 

cata lyzed  p o lym e r o f I  gave  o n ly  g lyc ine  in  an  8 9 %  y ie ld. T h e se  facts 

w ou ld  ind icate  th a t  reactions (1) and  (2) are ta k in g  p lace  com petitive ly.

TABLE III
Paper Chromatography of the Hydrolyzates of Polymers 

Obtained by Base-Catalyzed Polymerization
Sample“ R f  value1'

PAGA
Hydrolyzate 0.45 0.38 0.31
Standard 0.43 0.38 0.30
Assignment /3-Ala .Y-Carboxv- Gly

met hyl-/3-ala
PM G A

Hydrolyzate 0.60 0.31
Standard 0.59 0.31
Assignment a-Methyl-/3-ala Gly

PAAA
Hydrolyzate 0.45 0.40
Standard 0.42 0.39
Assignment /3-Ala «-Ala

PMAA
Hydrolyzate 0.63 0.50
Standard 0.63 0.48
Assignment a-.\Iethy]-/3-ala a-Ala
“ PAGA = poly-A'-acryloylglycinamide; PMGA = poly-.V-methacryloylglycin-

amide; I’AAA = jx>ly-Af-acry 1<>ylalaniilamide; PMAA = poly-.Y-methacryloylalanin- 
amide.

b Developing solvent: n-Bu0H-CH3C00H-H20 (4:2:1); detecting reagent: 0.3%
solution of ninhydrin in ethanol.
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a-ALA

Fig. 2. Amino acid analytical charts of the hydrolyzates of base-catalyzed polymers. 
( a  denotes the peak of iV-carboxymethyl-j3-alanine).

S im ila r  re su lts  were ob ta ined  in  the  base -ca ta lyzed  p o lym e riza tion  of other 

m onom ers (T ab le  IV ) .  I n  all cases, one o r  tw o a dd it ion a l p eak s appeared  

in  the  cha rt of the  am ino  acid  ana lyses. T h e se  peak s  m ig h t  p ro b a b ly  be 

a ttr ib u ted  to am ino  ac ids w h ich  re su lt from  reactions (3) o r (4). I n  the 

case o f P T -7 ,  an  a dd it ion a l p eak  w as found  to be due  to V -c a rb o x y m e th y l-  

/3-alanine b y  com parison  w ith  an  au then tic  sam ple, and  the  percentage 

content o f the  am ino  acid  am oun ted  to  5 2 % .  O n  the  other hand, no  

apprec iab le  am o u n t of su ch  am ino  ac id s were detected in  the  case of p o ly 

m ers from  I V - d l  and  I V - L .

F ro m  the re su lts  su m m arize d  in  T a b le  IV ,  the  ra tio  o f reactions (1) and

(2) w as e stim ated  on  the a ssu m p t io n  th a t the  reaction  (4) w ou ld  be neg

lected. S u c h  an  a s su m p t io n  w ou ld  be  v a l id  on  account o f the fact th a t 

the  q u a n t ity  o f sym m e trica l am ino  acid  w as v e r y  sm all. F r o m  T a b le  V ,  

it is seen th a t the  re su lt w ith  P T - 7  is specific because the  percentage ra tio  

o f the reaction  (1) is v e ry  h ig h  com pared  w ith  others. T h is  m a y  p ro b a b ly  

be due  to the  effect of the  p y r id in e  so lvent.

A s  described  th u s  far, in  the base -ca ta lyzed  p o lym e riza t io n  of iV -a c ry lo y l-  

a nd  A f-m eth ae ry loy lg lyc in am id e s and  V -a c r y lo y l-  a n d  A -m e th a c ry lo y l-  

a lan inam ides, h yd ro g e n  tran sfe r from  the  te rm ina l am ide  g rou p  h a s  cer

ta in ly  occurred. H ow ever, a t the  sam e tim e, a  su b sta n t ia l p o rt io n  of 

an ion ic  v in y l  p o lym e riza t io n  to o k  p lace  a lo ng  w ith  a  sm all p a rt  o f the 

h yd rogen -tran sfe r reaction  from  the se con d a ry  am ide.
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TABLE 15'
Amino Acid Analyses of the Hydrolyzates of Polymers Obtained by Base-Catalyzed

Polymerization"
1 letected amino acid

Polymer and amount, /xntole Other small peaks

PACA-R1' Glv 88.7 None
PA(SA(PT-6) ( ily 35.8, /3-Ala 10.1 Two peaks before Gly
PAGA( PT-7) Gly 27.1, a-Ala 19.0 One peak before Glyc
PM( 5A( PT-S) Gly 50.4, a-Methyl-/9-ala 15.1 Two peaks before Gly
ul-PAAA(PT-IO) a-Ala 41.9, /3-Ala 17.1 Each one peak before and 

after a-Ala
i.-PAAA(PT-Io) a-Ala 55. 6, /3-Ala 24.2 Each one peak before and

after a-Ala
nmPMAA(PT-17) a-Ala 65.5, a-Methyl-/3-ala 22.2 Two peaks so small as to be

neglected before a-Ala
l-PM AA( PT-22) a-Ala 38.1, a-\lethyl-/3-ala 9.6 Two peaks so small as to be

neglected before a-Ala
“ Sample: hydrolyzate of a polymer from 100 /nmole monomer.
b PAGA-R = the polymer obtained by radical-induced polymerization of .V-acrvloyl-

glycinamide.
c This peak is due to .V-carboxymethyl-jS-alanine; 28.7 /nnole.

TABLE V
Ratio of the Polymer Units Resulting from the Reactions of the Vinyl Type and

Hydrogen Transfer at a Primary Amide
Units from the

Vinyl type units, hydrogen transfer
Sample 0/

/o at a primary amide
PT-6 72(2.57'') 28(1'')
PT-7“ 29(0.41) 71(1)
PT-S 70(2.33) 30 (1)
PT-10 59(1.44) 41 (1)
PT-13 57(1.32) 43(1)
PT-17 66(1.94) 34(1)
PT-22 75(3.00) 25(1)

“ Vinyl type units, 14%; units from the hydrogen-transfer polymerization at a pri
mary amide, 34%; units from hydrogen-transfer polymerization at a secondary amide,

b Values in parentheses are the ratio of vinyl type units per units from the hydrogen 
transfer at a primary amide.

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

P re pa ra t io n  o f  M o n o m e r s

A c ry lo y l C h lo r id e  a n d  M e th a c ry lo y l C h lo r ide . A e r y lo y l ch loride  and 

m e th ae ry lo y l ch lo ride  were p repared  from  benzoy l ch lo ride  and  ac ry lic  or 

m eth acry lic  acid, respective ly, b y  the m ethod  reported  b y  S tem p e l.10

G ly c in a m id e  H yd ro c h lo r id e . T h is  c o m p ou n d  w as p repared  from  « - 

ch lo roacetam ide  and  2 8 %  a m m o n iu m  h yd ro x id e  b y  B e rg e ll’s  m e th od .11
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iV -A c ry lo y lg ly c in a m id e  (I) a nd  vV -M e th a c ry lo y lg ly c in a m id e  ( I I ) .  I  and
I I  were p repared  from  g lyc in am id e  h yd ro ch lo r id e  and  a c ry lo y l ch loride  

o r m e th a c ry lo y l chloride, respective ly, b y  the m ethod  reported  b y  H a a s .12 

T h e  y ie ld  o f I w as 4 0 .5 % ,  m.p. 135-136°C '., and  the y ie ld  o f I I  w a s  3 2 % ,  

ni.]>. 13") 137°C.

o l - and  L -A la n in e  E th y l E ste r,  on- and  x -a lan ine  e th y l ester h y d ro 

ch loride  were prepared from  dl- or L-alanine, respective ly, b y  the procedure 
reported  b y  M c K e n z ie ,13 and  w ith o u t  further purification, these  h y d ro 

ch lo rides were converted  to free esters b y  F isch e r’s m ethod .14

dl- and  n -A la n in a m id e . dl- and  L -A la n in a m id e  were prepared  fro m  dl 
o r L -a lan ine  e thy l ester, respective ly, and  am m on ia  b y  e ssen tia lly  the 

sam e m ethod  as reported  b y  Y a n g . 14 T h is  reaction  cou ld  be accom pan ied  

b y  a  side  reaction  g iv in g  3 ,6 -d im ethy l-2 ,5 -d ike top ipe raz ine  w h ich  can  he 

avo ided  b y  p re ve n t in g  the escape of X I I ;i from  the  reaction.

A^ -A cry lo y l-D L - and  L -A la n in a m id e  (III-dl a n d  I I I - l ). III-dl and  I I I - l  

were prepared  from  dl- or L-a lan inam ide , respective ly, a nd  a c ry lo y l 

ch lo ride  b y  e sse n tia lly  the  sam e  m ethod  as described  for I. T h e  y ie ld  of 

I I I - d l  w a s  6 6 % ,  m.p. 1 50 -151 .5°C . T h e  y ie ld  of I I I - l  w as 5 2 % ,  m.p. 

1 43 -1 44 ° C . T h e se  com pounds, I I I - d l  a nd  I I I - l , gave  n ea rly  identica l 

in fra red  spectra. T h e  characte rist ic  ab so rp t ion  b an d s  ob se rved  were: 

3326, 3225, 3150  (cnji), 1690 (am ide  I b an d  o f a p r im a ry  am ide), 1655 (am ide  

I  b an d  o f a se con d a ry  am ide), 1540 (am ide  I I  b a n d  o f a  se con d a ry  am ide), 

1628 (vc-c), 1405 cm .-1  (Sen o f a v in y l  g roup ). T h e  specific ro ta t io n  of

I I I -  l w as [a ]i°  =  — 50.8° (c =  2 g./dl., water).

Anal. Calcd. for CsHmO.N,: C, 50.69; It, 7.09%; N, 19.71%.. Found in III-dl: 
C, 50.41%; H, 7.26%; N, 19.76%. Found in III-l: C, 49.17%; H, 6.51%: N,
19.36%.

Y -M e th a c r y lo y l -D L -  and  L -A la n in a m id e  (IV-dl and  IV-l). I V  -dl and
I V -  l  were p repared  from  dl- o r L -a lan inam ide , respective ly, a nd  m e th a c ry l

o y l ch lo ride  b y  e ssen tia lly  the  sam e m ethod  as described  fo r I. T h e  

y ie ld  of I V - d l  w as 9 0 % ,  m .p. 147°C., a n d  the  y ie ld  o f I V - l  w as 7 3 % ,  

m.p. 120 .5 -122°C . T h e  in fra red  spectra  of I V - d l  a nd  I V - l  were nea rly  

identical. T h e  characte rist ic  ab so rp t ion  b an d s ob se rved  were: 3375,

3275, 3175  (vnh), 1695 (am ide  I  b an d  o f a  p r im a ry  am ide), 1660 (am ide  I 

b an d  o f a se con d a ry  am ide), 1534 (am ide  I I  b an d  of a  se con d a ry  am ide), 

1615 (rc=c), H 2 5  cm .-1 (5Ch of a v in y l  g roup ). T h e  specific ro ta t io n  of 

I V - l  w a s  [a ]o  =  — 6.8° (c =  2 g./dl., water).

Anal. Calcd. for C7Hi202N2: C, 53.83%; 11,7.74%; N, 17.94%'. Found in IV-dl: 
C, 53.80%; It, 7.42%; N, 17.97%. Found in IV-l: C, 53.54%,; It, 7.64%; N, 
17.59%.

T h e se  m onom ers  were purified  b y  re c ry sta lliza tio n  from  acetone.

S o lv e n t s  and  C a ta ly sts

T h e  so lve n ts  ( D M F , 16 p y r id in e ,17 and  D M S O 18) were purified  b y  es

se n t ia lly  the  sam e m ethod  as described  in the  literature. n -B u tv l l it h iu m
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in  n -heptane  (concen tration  0.99 X  1 0 -3  m ole/m l.), a nd  sod iu m  d ispersion  

in  paraffin  w ax  (concentration  4 0 % )  were ob ta ined  com m ercia lly. S o d iu m  

terf-butoxide w as p repared  b y  the  u su a l m ethod.

P o lym e riza t ion

T h e  general p rocedure  of p o lym e riza t io n  w as as follows. M o n o m e r,  

so lvent, and  phenyl-/3 -naphthy lam ine  as an  in h ib ito r  were p laced  in  a  g lass 

tube  a n d  heated  to  the  p o in t  w here a ll so lid  d isso lved. A fte r  the  tube  

w as filled w ith  d ry  n itrogen, a ca ta ly st w as added. T h e  tube  w as sealed 

u n de r a tm osphere  of n itrogen  and  a llow ed  to s ta n d  in a silicone  b a th  kept 

at a con stan t tem perature. A f te r  the  schedu led  reaction  time, the tube  

w as opened. W h e n  the  m onom er w as W -ac ry lo y lg ly c in am ide , the  so lid  

p o lym e r w as d isso lved  in  a sm a ll am o u n t of w ate r and  p recip itated  in to  a 

large  excess o f m ethanol. W it h  the  other po lym e rized  m onom ers, p re 

c ip ita tion  w as carried  ou t in  a large  excess of acetone, since these po lym e rs 

were so lub le  in  m ethanol. T h e  p rec ip itated  p o lym e r w as filtered, and  after 

another rep recip itation, the  p o lym e r w as d ried  in vacuo at 80°C . fo r abou t 

24 hr.

M o d e l  C o m p o u n d s

T h e  fo llow ing  am in o  and  im ino  ac id s  were used  as the m odel com p ound s 

fo r the  identifica tion  of the h yd ro ly za te s  of p o lym e rs  in paper ch rom atog 

ra p h y  and  am ino  acid  an a ly s is :  glycine, « -a lan ine, /3-alanine, a-methyl-/3- 

a lanine, iV -carboxym ethyl-/3-alan ine, and  im in o d ip rop ion ic  acid. G lyc ine , 

«-a lan ine, and  /3-alanine were ob ta ined  com m ercia lly . T h e  other com 

p o u n d s  were syn the sized  b y  the  fo llow ing  m ethod.

3 -A m in o -2 -M e th y lp ro p io n it r ile .19 A  m ix tu re  of 5.9 g. of m ethacry lo - 

n itr ile  and  70 ml. of 2 8 %  a m m o n iu m  h yd ro x id e  w as heated  at abou t 100°C. 

fo r 7 hr. in  an  autoclave. T h e  reaction  m ix tu re  becam e hom ogeneous, 

th o u g h  the  m ix tu re  w as separated  in  tw o la ye rs before the  reaction  oc

curred. A fte r  re m ova l of w ater and  am m on ia , the residue  w as d istilled.

3 -A m in o -2 -m e th y lp rop io n itr ile  b.p. G2.5°C./3.5 m m . H g ,  after rectifica

tion, w as ob ta ined  in  a y ie ld  of 4.2 g. ( 5 7 % ) .

« -M e th y l-/ ?-A la n in e . T h is  c o m p ou n d  w as p repared  b y  the h y d ro ly s is  

of 3 -am ino -2 -m ethy lp rop ion itr ile . T h e  h y d ro ly s is  w as carried  ou t b y  

e ssen tia lly  the  sam e m ethod  as reported  b y  C h od ro ff.20 T h e  p rod u c t w as 

purified  b y  re c ry sta lliz in g  from  aqueous m ethanol. T h e  y ie ld  w as 7 0 % ,  

m.p. 1 72 -1 76 ° C . T h e  in fra red  spectrum  of th is  co m p ou n d  h a d  rep resenta 

tive  b an d s  at 3325 (rNH3+), 1628, 1415 (rc=c), a n d  1550 cm .-1  (5Nh3+).
Anal. Calcd. for CJbCkN: C, 46.59%; H, 8.80%; N, 13.51%. Found: C,

46.33%; H, 8.69%; N, 13.51%.
3 -A m ino p rop ion itr ile  and  Im inod ip rop ion itr ile . B o t h  co m p ou n d s were 

prepared  b y  the  m ethod  g iven  in the  lite ratu re .21 T h e  m ole  ra t io  o f a m 

m on ia  to ac ry lon itr ile  w as 0.53 : 1. T h e  y ie ld  o f im in o d ip rop ion itr ile  w as 

7 4 % ,  b.p. 134--135°C./1 m m . H g ,  and  tha t o f 3 -am inop rop ion itr ile  w as 

1 7 % ,  b.p. 7 9 - S l° C ./ 1 6  m m . H g .
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iV - (2 -C ya n o e th y I)g ly c in e .22 T o  a so lu t io n  of 33.7 g. (0.357 m ole) of 

m onoch lo roacetic  acid  in  30 m l. o f w ate r w as added  28.6 g. (0.714 m ole) of 

so d iu m  h yd ro x id e  in  100 m l. o f water, a nd  the  so lu t io n  w as added  to 25 g. 

(0.357 m ole) o f 3 -am in op rop ion itr ile  w ith  stirr ing . A f te r  s ta n d in g  fo r 2 

hr., the  so lu t io n  w h ic h  becam e clear w as neu tra lized  w ith  30 m l. o f con 

centrated  h yd ro c h lo r ic  acid. A l l  above  step s were carried  o u t  a t a te m 

peratu re  be low  30°C . O n  a w ate r b a th  in  w h ich  the  tem pera tu re  w as 

kep t be low  50°C . the  neu tra lized  so lu t io n  w as e vapora ted  u n d e r reduced  

p re ssu re  u n t il a sm a ll q u a n t ity  o f w ate r rem ained, and  to the  re sidue  w as 

added  200  m l. o f m ethanol. A f te r  re m ova l o f p rec ip itated  so d iu m  ch lo 

ride  b y  filtration, the  h a lf  am o u n t of the  filtrate  w as d ist ille d  off. A f te r  

cooling, the  c ry sta ls  were rem oved, and  a second  crop  w as recovered  b y  

d is t il lin g  off the  ha lf a m o u n t  of the  filtrate  a n d  s ta n d in g  o v e rn ig h t  in  a 

re frige ra to r to g ive  a  to ta l y ie ld  o f 8.2 g. ( 1 8 % ) .  T h e  p rod u c t w as re

c rysta llized  from  aqueous m ethanol. T h e  y ie ld  w as 6.2 g. (9 .4 % ) ,  m.p. 

197°C .

Anal. Calcd. for C6HS02N2: C, 46.87%; II, 6.29%; N, 21.87%. Found: C, 
46.82%; H, 6.59%; N, 21.25%.

iV -(C a rbo xym eth y l)-/ 3 -A lan m e .23 T h i s  c o m p ou n d  w as p repared  b y  the 

h y d ro ly s is  of N -(2 -cyanoe thy l)g lyc ine , a n d  the  h y d ro ly s is  w a s carried  ou t 

a cco rd in g  to  the p rocedure  reported  b y  C h od ro ff.20 T h e  p ro d u c t  w as 

recrysta llized  from  aqueous m ethanol. T h e  y ie ld  w as 2 5 .6 % ,  m.p. 184 - 

185°C.

Im in o d ip ro p io n ic  A c id . Im in o d ip ro p io n it r ile  w as h y d ro ly ze d  w ith  

b a r iu m  h yd ro x id e  to g ive  im in o d ip rop ion ic  acid, m.p. 1 4 0 -1 4 5 ° C .20 T h e  

p ro d u c t  w as recrysta llized  from  aqueou s m ethanol.

P a p e r  C h rom a to g ra p h y

I n  1 m l. of h yd ro c h lo r ic  acid  w as h yd ro ly ze d  100 m g. o f the p o lym e r 

u n d e r reflux fo r 24 hr. to g ive  a  b ro w n  so lution, and  the  so lu t io n  w as 

neu tra lized  w ith  so d iu m  hyd rox ide . A fte r  h a v in g  been d ilu ted  to  a  s u it 

able concentration, the  so lu t io n  w as deve loped  on  a 40  cm. X  8 cm. paper 

a lo n g  w ith  a  s ta n d a rd  sam ple, an  aqueou s so lu t io n  of m ode l com pounds. 

T h e  fo llow ing  so lu t io n  sy ste m  w as u sed  as a  deve lop in g  s o lv e n t : n -b u ta n o l-  

g lac ia l acetic acicH w ater (4 :2 :1 ) .  A  0 . 3 %  so lu t io n  o f n in h y d r in  in  e thano l 

w as u sed  as a  detecting  reagent. Id e n t if ica t ion  and  a ss ign m e n t o f each 

spo t w as m ade  b y  com p a rison  w ith  au then tic  com pound.

A u tom atic  A m in o  A c id  A n a ly s is

T h e  p o lym e r (50 m g.) w a s h y d ro ly ze d  in 1 ml. o f h yd ro c h lo r ic  acid  un de r 

reflux fo r 24 hr., a nd  the  h y d ro ly ze d  so lu t io n  w as e vapora ted  to d ryne ss. 

T h i s  ope ra tion  w as carried  o u t  repeated ly  so  th a t  the p H  of the  so lu t ion  

w as abou t 3. T h e n  the  d ry  re sidue  w as d isso lve d  in  the  buffer so lu t ion  

(p H  3.25) co n sist in g  o f citric  acid, so d iu m  hyd rox ide , 2 ,2 '-th iod ie thano l, 

h yd ro c h lo r ic  acid, B R I J - 3 5  (trade  nam e  fo r a  non -io n ic  su rface -active
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agent com m ercia lized  b y  A t la s  P o w d e r  Co.), a nd  n -ca p ry lic  acid. T h is  

so lu t io n  and  the  s ta n d a rd  so lu t io n  ob ta ined  b y  d is so lv in g  the m ode l com 

p o u n d s  in  the  buffer so lu t io n  were ru n  in  an  au tom atic  am in o  acid  a n 

a lyze r (Sh ib a ta  C h em ica l A p p .  M fg .  Co., L td .  T o k y o ,  M o d e l  A A -6 0 0 ) :  

50  cm. co lum n, A m b e r lite  C G -1 2 0 , 0.21V citrate  buffer, p H  4.25, 5 m l./hr., 

5 0°C .

S u p p l e m e n t a r y  n o t e :  After this manuscript had been submitted to the J o u r n a l  o f

P o l y m e r  S c i e n c e , we found a paper [S. Tazuke and A. Nakamura, M a k r o m o l .  C h e m . , 95, 
92 (1966)], in which work rather similar to ours is described. That paper has referred to 
the anionic polymerization of A'-acryloylbenzhydrazide (CH2=CH—CONHNHCO— 
C6H5) and reported based on the infrared spectral data that a small amount of the 
hydrogen-transfer polymerization occurred along with vinyl polymerization.

The authors are indebted to Shibata Chemical App. Mfg. Co., Ltd. and Ajinomoto 
Co. Inc. for automatic amino acid analyses.
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R é su m é

On a polymerise en présence de catalyseurs basiques la Y-acryloylglycinamide, la N-
méthacryloylglycynamide, la Ar-acryloyl-DL- et L-alaninamide, la A’-méthacryloyl-DL- et
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i ,-alanhiamidc. Des polymères de basse viscosité ont. été obtenus. Les analyses auto
matiques des amino-acides des hydrolysate de ces polymères ont indiqué que la réaction 
de transfert d'hydrogène au départ du groupe amide terminal a lieu tout le long de la 
polymérisation vinylique. La réaction de transfert, d’hydrogène au départ du groupe 
amide secondaire a également été observée. Le rapport des poly mérisat ions par transfert 
d'hydrogène et par polymérisations vinyliques a été déterminé par des résultats analyt
iques de dosages d’amino-aeides.

Z u sa m m e n fa s su n g

A’-AcryloyIglycinamid, iV-Methacryloylglycinamid, iV-Aeryloyl-DL- und L-alaninamid 
wurden mit basischen Katalysatoren polymerisiert. Es wurden Polymere mit niedriger 
Viskosität erhalten. Automatische Aminosäureanalysen der Hydrolysate dieser Poly
meren zeigten, dass gleichzeitig mit der Yinylpolymerisation eine Wasserstoffübertra
gungsreaktion von der endständigen Amidgruppe stattfindet. Auch eine Wasserst-of- 
fübertratungsreaktion von der sekundären Amidgruppe wurde beobachtet. Das Ver
hältnis von Wasserstoff Übertragung zu Yinylpolymerisation wurde aus den Ergebnissen 
der automatischen Aminosäureanalyse bestimmt.

R e ce ive d  A u g u s t  16, 1966 

R e v ise d  O ctobe r 10, 1966 

P rod . N o .  5 3 0 6 A
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Synthesis and Polym erization o fiV -[l-(l-S ub stituted - 
2 -oxopropyl)] acrylam ides and -methacrylamides. 

Copolym erizalion of These Monomers with Styrene 
and Substituent Effects

Y O S H I O  I W A K U R A ,  F U J I O  T O D A ,  and  

H I D E A K I  S U Z U K I ,  Department of Synthetic Chemistry, 
Faculty of Engineering, University of Tokyo, Bunkyo-ku, Tokyo, Japan

S y n o p s is

The synthesis and polymerization of N -  [l-(l-substituted-2-oxopropyl)] acrylamides 
and -methacrylamides are described. Seven new monomers were prepared by two 
kinds of synthetic procedure. The polymerization of these monomers was carried 
out. Monomer reactivity ratios in the polymerization of these monomers with styrene 
were determined and the Alfrey-Price Q  and e  values calculated. The effects of sub
stituents on the reactivities in copolymerization were observed, and an interpretation 
of the results is given.

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

A  n um b e r o f s tu d ie s1“7 h a ve  been m ade  of the copo lym eriza t ion  of IV -su b - 

stitu ted  a c ry lam ide s and  m e th ac ry lam id e s w ith  som e reactive  v in y l  m o n o 

m ers. H ow ever, o n ly  a lim ited  am o u n t of in fo rm a t io n 1'2 abou t the  su b 

stitu e n t effect ha s  been obtained. IV -O x o a lk y l a c ry lam ide  d e r iv a t ive s  ha ve  

been stud ied  o n ly  b y  C o le m a n  and  h is  co -w orkers.7

I n  th is  paper, in  o rder to ob ta in  m ore  in fo rm a t ion  abou t the reactiv itie s of 

A 7-su b st itu te d  a c ry lam ide  deriva tive s, the  syn th e s is  and  p o lym e riza t io n  of 

the  new  m onom ers, iV - [ l- ( l- su b s t itu te d -2 -o x o p ro p y l) ]a c ry la m id e s  and  

-m ethacry lam ide s, were accom plished. T h e  effects of su b st itu en t on  the 

reactiv itie s of these m on om e rs  w ith  a  general typ e  of rad ica l in  copo lv - 

m erization  reaction  is d iscussed.

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

M o n o m e r  S y n th e s is

N e w  m onom ers, A - [ l- ( l- s u b s t itu te d -2 -o x o p ro p y l) ]a c ry la m id e s  and  

-m e th ac ry lam ide s ( I I I )  w ere p repared  b y  tw o k in d s  of syn th e tic  procedure. 

In  the  first m ethod, a -a m in o  ac id s w ere used  as s ta rt in g  m ateria ls. T h e  

a -a m in o  acids, DL-alan ine, DL-leucine, and  D L-phenyla lan ine , w ere acy lated  

b y  a c ry lo y l ch lo ride  and  m e th a c ry lo y l chloride. T h e  m e ltin g  p o in ts  and  

e lem ental an a ly se s  of A -a c y l-a -a rn in o  ac ids are sh ow n  in  T a b le  I.
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These N-tu~yl-a-alllilll)twids (I) were treated with all exee~~ of a(,C'ti{, all
hydride ill pyridille ullder cooling, lllld then the reaction mixture was heated
on a steam hath,

H~ Uj

I I
CH,=CCNHCHCOH -------;

II Iio ()
I

CH,=C-H,
I

/C"'"
N 0
I I

R1-C--C=O + 3CHaCOOH~
I Heating
C=O
I
CHa

II

H. R1

I I
CH,=CCNHCHCCHa + CO, + (CHaCO).O + CHaCOOH

~ ~
III (1)

This reaction [eq. (1)] is a variant of the Dakin-West reaction. 9 The
compounds (III) were prepared by this reaction in high yields.

The second method [eq. (2)] was the reaction of a-aminoketone hydro-

R, HI R. R1

I ! Na,CO, I I
CH,=CCCI + HC1·NH,CHCCHa~ CH,=CCNHCHCCHa + 2HCl (2)

II II II II
o 0 0 0

III

chlorides with corresponding acid chlorides in the presence of alkali. This
reaction is the Schotten-Baumann reaction. The yields by this method
were generally low, but the method had merit in that compounds which
could not be prepared by the former method were obtained, By the lat
ter method, the compounds (III) with R 1 = H, CH3, and CH2C6Ho were
prepared.

The structures of these lIew monomer:; were eonnrmed by elemental

TABLE II
Assignment of Infrared Spectra of New lVlollomers (III)

Absorption band, I'm. -I

3:300
1720
1660
1620
1520

At;signment

N-H
C-O (ketone)
C=O (amide)
C=C
amide II
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an a ly se s  and  in fra red  spectra. T h e  p r in c ip a l cha racte rist ic s  of the  in fra red  

spectra  are g iv e n  in  T a b le  I I ,  a nd  the  yie lds, p h y sica l properties, a nd  ele

m enta l ana ly se s are su m m arize d  in  T a b le  I I I .

H o m o p o lym e r iz a t io n

T h e se  m on om e rs  ( I I I )  w ere hom op o lym e rize d  un de r h e a tin g  at 60°C . 

w ith  a ,a '-a zo b is iso b u ty ro n it r ile  as an  in itia to r. P o ly m e r iz a t io n s  w ere ca r

ried  ou t in  benzene or d im e thy lfo rm am id e , and  gave  w ate r-in so lub le  p o ly 

mers, except fo r lV - [ l- (2 -o x o p ro p y l)  ]m ethacry lam ide  w h ich  swelled in  w ate r 

and  w as in so lub le  in  ether. T h e  p o lym e rs  d isso lved  in  benzene, d im e th y l

fo rm am ide, and  d ioxane. T h e  so lub ilit ie s  in  m ethano l depended  u p o n  the  

su b st itu en t IR ;  p o lym e rs  fo r w h ich  R i  w a s  benzy l swelled  in  m ethano l; 

the  o the rs w ere all m ethano l-so lub le  po lym ers. V - [ l - ( 2 -o x o p ro p y l ) ] -  

m e thacry lam id e  p o lym erized  on  sto rage  at room  tem perature, but o ther 

m onom ers h a d  good  the rm a l stab ilities.

C op o lym e riza tio n

C o p o lym e r iz a t io n  of these m on om e rs  w ith  sty rene  v fas carried  ou t ac

com p lished  in  benzene o r  in  d im e thy lfo rm am id e . M o n o m e r  re a c t iv ity  

ra t io s w ere determ ined, and  Q a nd  e v a lu e s  w ere ca lcu lated  b y  u s in g  the  

A lfre y -P r ic e  e qua tion s.10 T h e  re su lts  are su m m arize d  in T a b le  IV ,  and  

com p osit io n  cu rve s fo r the  copo lym ers are sh ow n  in  F ig u re  1.

T h e se  re su lts  show  som e notab le  differences in the reactiv itie s of the 

m onom ers, dep e n d in g  u p o n  the b u lk in e ss  of the  substituen ts. T h e  m ore  

b u lk y  the  su b st itu e n t IR ,  the  m ore  reactive  the  m onom er. I t  m a y  seem  

u n lik e ly  th a t  e lectrical effects of the su b st itu en t I R  sh ou ld  p la y  a  s ign ifi

can t role in  the  react iv itie s of v in y l  a nd  iso p rop e n y l g ro u p s  th ro u g h  

— C — N — C O —  bonds. C o m p a re d  w ith  the  reactiv itie s of v in y l  a nd  iso 

p ro p e n y l g ro u p s  of s im ila r  typ e  com pounds, gene ra lly  the  v in y l  g rou p  is 

m ore  reactive  because  of its  b e in g  free fro m  the  steric h in d ran ce  of the

TABLE IV
Copolyinerization Data of New Monomers (M->) with Styrene (Mi)

IF lti
I IC IL>=CCN HCHCCHii (M2)

M»
Hi r2 r  i r-2 Q i e 2

H ch3 1.15 ±  0.1 0. 13 ±  0.1 0.29 + 0.58
ch3 H 1.83 ±  0.02 0.05 ±0.02 0.16 + 0.74
c h3 CI-I, 0.91 ±  0.02 0.01 ±  0.02 0.20 + 1.35
C2H3(CH3)2 II 1.87 ±  0.1 0.25 ± 0.1 0.27 +0.07
C2H3(CH3)2 CIR 1.07 ±  0.05 0.25 ± 0.05 0.38 + 0.34
ch2c6h 3 H 2.06 ±  0.05 0.48 ±  0.05 0.44 -0.68
CHoC6H5 ch3 1.30 ± 0.1 0.57 ±  0.1 0.49 -0.26
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Mole fraction of the monomer (M2) in  each feed

Fig. 1. Composition curves for copolymers: (•) acrylamide derivatives; (O) meth
acrylamide derivatives.

m e th y l g ro u p  at the  a -ca rb on  a tom  of iso p rop e n y l group . H ow ever, the  

m onom er re a c t iv ity  ra t io s ri fo r  the  s t y r y l  rad ica l show  h igh e r reactiv itie s 

fo r the  m eth ac ry lam id e  d e r iva t ive s  th a n  the  acry lam ides. Therefore, it 

w ou ld  seem th a t  the  steric effects of the  su b st itu en ts  R i  and  R 2 are s ign ifi

can t in  the  reactiv itie s of the  m onom ers. T h e se  m onom ers  w ou ld  be forced 

to h a ve  lim ited  con fo rm ations, because of the  co n ju ga t io n  between the 

C - C  doub le  b on d  and  the acid  am ide  g ro u p  and  the  fo rm a t io n  of an  in tra 

m o lecu lar h yd ro g e n  b ond  as sh ow n  in  F ig u re  2. T h is  lim ited  p la n a r con-

Fig. 2. Conformation of monomers (III).



N-[l-(l-SUBSTlTUTED-2-0X0PR0PYL)] ACRYLAMIDES 1605

fo rm a tion  g ive s  rise  to  steric re p u ls io n  between su b st itu en ts  R x and  R 2. 

A s  the  steric re p u ls io n  becom es stronger, the  p lane  of the  m olecule  w ou ld  be 

b ro ke n  and  the  con ju ga tio n  betw een the  C - C  doub le  b on d  and  the  ca r

b o n y l g rou p  w o u ld  becom e w eak. T h e  t e lectrons at the  C - C  doub le  b on d  

w o u ld  th e n  n o t be localized  to w ard  the  s tro n g  e le c tron -a ttrac ting  ca rb o n y l 

g roup , and  rad ica l p o lym e riza t io n  reaction  w ou ld  g ive  rise to a h igh e r 

re sonance  stab iliza t io n  ene rgy  in  the  tra n s it io n  state.11 T h e  Q  and  e  va lue s  

sh o w n  in  T a b le  I V  tend  to su p p o rt  th is  in te rp re ta tion . N a m e ly , the  e v a l

ue s becom e negative  and  the Q  va lu e s  increase  as the  influence of the  elec

tro n -a ttra c t in g  ca rb on y l g rou p  is  w eakened  b y  the b u lk in e ss  of the  su b st it 

u e n t R i.

P e t ro v a  and  he r co -w o rke rs2 h a ve  reported  the reactiv itie s of V - s u b s t i-  

tu ted  m eth ac ry lam id e  d e r iva t ive s  in  the  copo lym eriza t ion  w ith  m e th y l 

m ethacry la te . T h e y  have  fo u n d  tha t the a ry l-su b st itu ted  d e r iva t ive s  

were m ore  reactive  th a n  a lipha t ic  ones. T h e ir  re su lts  m ig h t  also be ex

p la ined  b y  the  steric effects of the  substituents.

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

M o n o m e r s

N - A c y l - a - a m i n o  A c i d s  (/)
A  0.5-m ole  p o rt io n  a -a m in o  acid  (DL-alanine, DL-leucine, o r D L -p h en y la l- 

an ine) and  1 m ole  of sod iu m  h y d ro x id e  w ere d isso lved  in  200 m l. of w ater. 

T o  the  so lution, 0.5 m ole  of acid  ch lo ride  (ac ry lo y l ch lo ride  and  m e th ac ry l- 

o y l ch lo ride) w a s added  d ropw ise  u n d e r coo ling  at 0 -1 0 ° C .  W h e n  the re

act ion  w a s  complete, the m ix tu re  w as neutra lized  w ith  85 m l. of concen

tra ted  H C 1. T h e  p rec ip ita ted  p rod u c t w as filtered w ith  su c tio n  and  re- 

c ry sta llized  from  benzene (m e th ac ry lo y l d e r iva tive ) o r w ate r (a c ry lo y l 

d e r iva tive ). T h e  m e lt in g  p o in ts  and  elem ental ana ly se s are sh o w n  in 

T a b le  I.

N - [ l - ( l - S u b s t i t u t e d - @ - O x o p r o p y l ) ( a c r y l a m i d e s  a n d  

- m e t h a c r y l a m i d e s  ( I I I )

D a k in -W e s t  R eact ion . A  stirred  so lu t ion  of 0.25 m ole  of A - a c y l- a -  

a m in o  acid  ( I)  in  200  m l. of p y r id in e  w as treated w ith  200 ml. of acetic 

a n h y d r id e  u n d e r coo ling  in  an  ice bath. A fte r  the add ition , s t ir r in g  w as 

con tinued  fo r 6 hr. w h ile  the  tem pera tu re  w as kep t at 0 -10°C ., and  then  

the  reaction  tem pera tu re  w as ra ised  to 100°C. A fte r  the  evo lu tion  of 

ca rb on  d iox ide  ceased, p y rid ine , excess acetic anhyd ride , and  acetic acid  

were rem oved  u n d e r reduced  pressure. T h e  re sidua l p rod u c t w as purified  

b y  d is t il la t io n  [R i =  C H 3 and  C 2H 3( C H 3)2] o r re c ry sta lliza tio n  from  w ater

( R i  =  C H 2C 6H 6).

S c h o tte n -B a u m a n n  React ion . T o  a v ig o ro u s ly  stirred  aqu e ou s so lu t ion  

of a -am in oke to n e  hyd roch lo r ide , e qu im o la r a m o u n ts  of co rre spond ing  

ac id  ch lo ride  and  aqueous so lu t io n  of sod iu m  carbonate  were added  d rop -
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wise under cooling. After the addition, stirring was continued for 1 hr.
The product from aminoacetone hydrochloride12 and 2-aminobutan-3-one
hydrochloride13 as starting materials, was extracted by three portions of
ether, and the extracted mixture was dried over anhydrous sodium sulfate.
After the removal of ether, the product was distilled under reduced pressure.
In the reaction of I-phenyl-2-aminobutan-3-one hydrochloride,14 the pre
cipitated product was filtered with suction and recrystallized from water.

The yields, physical properties, and elemental analyses of these new
monomers prepared are summarized in Table III.

Polymerization

Polymerization experiments were carried out at 60°C. in sealed tubes
under a nitrogen atmosphere. Solution polymerizations were carried out
in benzene, except for N - [1-(1-benzyl-2-oxopropyl) ]acrylamide which was
not so soluble in benzene. The polymerization of this monomer was ac
complished in dimethylformamide. All experiments were initiated by a,a'
azobisisobutyronitrile (0.01 wt.-% based on monomer). The experimental
methods of copolymerization were essentially those described by Mayo and
Lewis. 15 Ahout 5 g. of a mixture of precisely weighed styrene (M1) and
the new monomer (1\'[2) was kept at GO°C. fur 6-8 hr. Conversions were
below 10%. The styrene-rich copolymers were precipitated by pouring the
reaction solution into methanol, and styrene-poor copolymers were poured
into petroleum ether. The copolymers obtained were reprecipitated three
times, dioxane being used as a solvent and water as a nonsolvent. In the
case of N-[I-(2-oxopropyl) ]methacrylamide, methanol was added to dioxane
in order to increase the solubility, and ether was used as a nonsolvent.
The purified polymers were dricd in vacuo, and the composition of the
copolymers was determinc<.\ by nitrogen analysis. Monomer reactivity
ratios were determined from the general copolymerization equation by using
both the method of intercepts14 and the Fineman-Ross plots,16
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R é su m é

La synthèse et la polymérisation d’acrylamides et méthacrylamides X-[l-(l-substitués- 
2-oxopropyliques)]- sont décrites. Sept nouveaux monomères ont été préparés au 
moyen de deux procédés de synthèse. La polymérisation de ces monomères a été effect
uée. Les rapports de réactivité des monomères en copolymérisation avec le styrène ont 
été déterminés et leurs valeurs de Q  et e suivant Alfrey-Price ont été calculées. Les 
effets des substituants sur les réactivités en cours de copolymérisation ont été observés 
et l’interprétation des résultats donnée.

Z u sa m m e n fa s su n g

Synthese und Polymerisation von Ar-[l-(l-substituerten-2-oxypropyl)]-acrylamiden 
und -methacrylamiden werden beschrieben. Sieben neue Monomere werden nach 
zwei verschiedenen synthetischen Verfahren dargestellt. Die Polymerisation dieser 
Monomeren wird durchgeführt. Monomereaktivitätsverhältnisse dieser Monomeren 
mit Styrol werden bestimmt und die Alfrey-Price Q -  und e-Werte berechnet. Die 
für die Reaktivität bei der Copolymerisation beobachteten Substituenteneffekte werden 
interpretiert.

R e ce ive d  Sep tem b e r 1, 1966 

Procl. N o .  5320A
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Mechanism of ihe T ertiary Amine-Catalyzed 
Dicyandiam ide Cure of Epoxy Resins*

T . F. S A U N D E R S ,  M .  F . L E V Y ,  and  ,1. F. S E R I N O ,

I B M  C o m p o n e n t s  D i v i s i o n ,

E n d i c o t t ,  N e w  Y o r k  1 8 7 6 0

S y n o p s is

Infrared and NMR data on tertiary amine-catalyzed, dicyandiamide-epoxy resin 
(and model compound) systems have been utilized to elucidate the mechanism of the 
curing process. The early exothermic curing reaction is shown to be ring opening of the 
resin epoxy groups by dicyandiamide imino. and amino anionic species, giving rise to 
.V-alkyl cyanoguanidines; a minor amount of polyether formation also occurs at this 
time. After the exothermic reaction is essentially complete at <90°C., a slow, high 
temperature (110-20()°C.) addition of hydroxyl hydrogen across the nitrile triple bond 
occurs, giving rise to an imino ether which then rearranges to the guanyl urea.

In trod uctio n

T h e  m ec h an ism  of c u r in g  epoxy  re sin s w ith  d ic yan d ia m id e  ha s  been 

treated  sp e cu la t ive ly  elsewhere.1 F low ever, no  an a ly tica l evidence fo r a 

s in g le  p re d o m in a n t p a th  has been presented. In stead , a n u m b e r of p o ss i

ble routes and  p rod u cts  h a ve  been proposed, and  the reader ha s been ex

pected to exercise h is  in tu it io n  in  m a k in g  a selection from  a m o n g  the offer

ings.

D is c u s s io n

D ic y a n d ia m id e  is w ide ly  used as the  c u r in g  agent in epoxy  resin  fo rm u la 

tion s fo r re inforced  lam inates. It, offers m a n y  a dvan tage s  in  te rm s of the 

s ta b il it y  and  she lf life o f the prepreg, cost, and  p roduct u n ifo rm ity .

I t  w as a ssum ed  tha t p ro fou n d  changes in the in fra red  spectra, specifica lly  

a  decrease of ab so rbance  at 2180  cm .-1 and  an  a cco m p a n y in g  increase  in 

ab so rbance  a t 1740 cm .- 1 , were due  to the reaction of resin h y d ro x y l g rou p s 

w ith  d ic yan d ia m id e  n itrile  g roups. T h is  reaction  w as believed to lead to 

the fo rm a tion  of su b st itu te d  gu a n y lu re a  g ro u p s  as the final resin  c ro ss l in k 

in g  reaction. C o rre la tion  of these in fra red  spectra  of cured  lam ina tes w ith  

in fra red  spectra  o f the  kn o w n  u n su b st itu te d  g u a n y lu re a  sa lt  re su lt in g  from  

the acid  h y d ro ly s is  of pu re  d ic yan d ia m id e  form ed the p r im a ry  b as is  for 

th is  ea rly  a ssum ption . S u b se q u e n t ly  ob ta ined  N M R  spectra  of a m odel

* Presented at the 151st National Meeting of the American Chemical Society, 
Pittsburgh, Pa., March 11)60.
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TABLE I
Relative Functional Group Concentrations Expressed as Normalized 

NMR Peak Areas“

Sample no.
Temperature,

°C.

R O
1 1 II

(C=HN) (N—C—NH)

OH

(CH) Time, hr.
1 93 3.2 6.3 21.0 2:25
2 93 3.4 5.6 22.4 3:40
3 112 14.9 4.9 22.5 4:50
4 132 L- ” 11.4 1 22.9 5:50
5 150 13.7 19.5 6:50
6 163 16.2 19.4 8:30
7 160 14.9 18.6 9:40
8 175 15.5 17.9 12:00
9 195 17.4 15.2 13:00

a Aromatic proton response peak areas were used as internal standard for the purpose 
of normalization. The corresponding data presented at the 151st National Meeting 
of the American Chemical Society were not presented in the normalized form.

a n a ly s is  of the  reaction  p rod u c ts  b y  u s in g  a sto ich iom etric  equ iva len t o f d i

cyand iam ide , ra ther th a n  one-ha lf the  sto ich iom etric  equ ivalent, as is  com 

m o n ly  used  in  the ty p ic a l e p o xy/ d ic ya n d ia m id e  fo rm u la tion s. I n  th is  

w ay, h igh e r concen tration s o f e po xy/ d icya n d ia m id e  reaction  p rod u cts  

were ava ilab le , and  sm a ll d ifferences in  concen tration  cou ld  be m ore  re ad ily  

detected b.y ana lys is. T h e  equ iva len t w e igh t o f d ic yan d ia m id e  w ith  re

spect to rep laceable  a m in o  and  im in o  h yd ro g e n  a tom s w as independen tly  

determ ined  to  be one -fou rth  the  m o le cu la r w eight. In te rp re ta t io n  o f the 

N M R  cu rve s and  the co rre spond ing  re la tive  concen trat ion s listed  in  T a b le  I 
ind icate  the  fo llow ing.

M o s t  o f the am ino  and  im in o  — N H  h y d ro g e n  a tom s in it ia lly  p resent in 

d ic yan d ia m id e  h a d  been rep laced b y  reaction  w ith  p h e n y l g ly c id y l ether 

p r io r  to the re m ova l o f sam p le  1 from  the reaction  flask.

S a m p le  1 had  a h ig h  a lcoho lic  h y d ro x y l  content, p re su m a b ly  p roduced  b y  

the reaction  of the  am ino  and  im in o  g ro u p s  of d icyand iam ide , since  there  w as 

a  concu rren t d isappearance  of th is  func tiona lity , w ith  the  e p o xy  g rou p  in 

p h e n y l g ly c id y l ether to fo rm  a -h y d ro x y -A r-a lk y l  c ya n o gu a n id in e s  [eq. (1)] 

O H— NH
/  \  : |i CsHs— CH-i— N (CH3)!

4  CsiT - 0  err-.—gh—c h , + h n^ c—n h —c= n ------------------->
OH

OH N—CH2—¿H—CH2—O—C6II5
I JlC6Ho—O—GIL—CH—CH2—N—C—N—C=N

CH, CHo|
HO—CH|

|
CH—OH
1

CILI CII211
O

l0
j

C6H5
j

c 6h 6
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T h e  co n su m ption  of m ost of the  ava ilab le  ox irane  fu n c t io n a lity  b y  reaction  

(1) is co rroborated  b y  the  fact th a t the increase  in  in te n s ity  of the 1170 

cm .-1 (a liphatic  ether) b an d  in the  in fra red  spectra  of these m ode l sy ste m  

sam p le s w as m uch  less th a n  in  d ic yand iam ide -cu red  e p o xy  re sin  fo rm u la 

tions. P o lye th e r fo rm a tion  w as g re a t ly  in h ib ite d  b y  th is  com petitive  and  

faster reaction  of ox irane  g ro u p s  w ith  d icyand iam ide . T h e  in fra red  spectra  

a lso show ed  th a t e ssen tia lly  all the  ava ilab le  ox irane  fu n c t io n a lity  h a d  been 

con sum ed  p rio r to the  re m o va l of sam p le  1.

Sa m p le s  1 -3  sh ow  a rap id  increase in  im in o  func tiona lity . T h is,  w e su g 

gest, in  the absence of a n y  decrease in h y d ro x y l fu n c t io n a lity  is a ttribu tab le  

to the  m ech an ism  sh ow n  in  eq. (2).

R
N CH3
I <b /

Csli i—O—C H«—CH—CIL2—N=C—-N—C=N + II:N-----CH2—C6H6
0 0  

1_ R CI13
------------------- n

15® 6q

+  Celt;,—0—CH-2—CII—CIL—N=C—N—C=N
OH N R

/  \  /R R
R R
\  /N

—O—CH2—C H—C Ha—N=C—N—C=N
OIL

0
Y

0=N© CHs
I

N— CHl— C»H.i

---- 1 +H:N—CH*—C6H6
I

OH CHj
I 1R—N—C=N—CHî—CH—CHj—Ü—C«H5 cm

I
N

/  Y
li R

R R
\  /N

IC6H— O—CHr-C 1 1 —CI I2—N =C—N—C=N
! IO R
\

C=NH OH
I I

N—C=N—Clio—C H—CH,—O—C6H„ (2 )
/  I

R N
/  \1! R

Sa m p le  4  show s a b road e n in g  of the  — C = N H  and  — N R C ( 0 ) N H -  

re g ion s  to  such  an extent that the tw o m erge in to  one peak, in d ica t in g  tha t 

th is  sam p le  w a s  taken  as rea rrangem ent of the  im ino  ether (the fo rm a tion  of
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w hich  w a s  d iscu ssed  above), w as well unde r w ay. Su b se q u e n t sam p les 

show ed  no  — C = N H  fu n c t io n a lity  w hatsoever. T h is  re a rrangem en t can 

be w ritte n 3 as show n  in eq. (3).

R  It

\  /N
I

C J  U—0—C Ho—CH^CH,—N=C—N—C^Ni
O It

\ C=NH OH
1  I\  (' \  oil. CII ('II, o- (VII,, -Ì

/  IIt N
/  \R It

R R
\  /

N
C6H:,—0—ch2—ch^-ch ,—n= c&—n —c= n

I INH R
Ic = 0  OH
ì I

N—C=N—CH2—CH—CH2—O—Cell» (3)
/  IR NR,

Sa m p le s  5 -9  e xh ib it  tw o sign ificant tre n d s in  the ir N M R  spectra: (a) an in -

I N \
crease in  R N — C ( 0 ) — N H —  fu n c t io n a lity  and  (6) a decrease in ^ > C H O H  

func tiona lity .

T h e se  trend s are con sisten t w ith  the  m ech an ism  sh o w n  in  eqs. (4) and

(5).

IRC | CH,
OH N
I IC6H5—0—CH,—CH—CII,—N—C—N —C=N + C1R -C,l!

Il INR R
o e

CgH5—O—CH,—CH—CH,—N—C—N—C=N +
. .. IR NR R

H
H3C ®CHj 

N
ICH,—C6Hi

R NR R

R N c N C6H6—O—CIR—CH—CH,—N—C—C=N (4)
CHs 

: N— CH,— C6H5
CHs

NH IIR NR
C—N—C—N—R

/ 1 1 10 R NRR
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1UN—c—n—c= n
II I

n r c il -

CHs

C c H 0—O—CIT-,— CH— C H 2— N—C — N R2 ( 5 )

w here R  is  CeH s— 0 — C H 2C H ( O H ) C H 2— .

A s  w a s  stated  p re v iou s ly , o u r b a sis  fo r p re fe rring  eq. (4) to eq. (5) is the 

fact that, the  la tte r stru c tu re  is in con sisten t w ith  the  changes in p ropertie s 

w h ich  are ob se rved  to  occu r con cu rren tly  w ith  a  d im in u t io n  of ava ilab le  

n itr ile  fu n c t io n a lity  and  the a cco m p a n y in g  increases in  b o th  am ide  ca rbony l 

func tiona lity , as seen in  the  in fra red  spectra, and  — N H  func tiona lity , as ob 

se rved  in  the  N M R  spectra. H ow ever, an  a dd it ion a l new  b an d  occu rr in g  in 

the  spectra  o f the m odel sy ste m  at 1700 cm .-1  m a y  v e r y  well be due to the  

fo rm a tion  of a  s ign ifican t q u a n t ity  of the  cyc lic  p roduct. T h is  b an d  w as 

noted  in  the  m odel sy ste m  on ly, and  n o t  in cured  resin  system s. T h e  car

b o n y l ab so rbance  in  s ix -m em bered  lactam s, fo r exam ple, is sh ifted  d ow n  to 

1650 cm .-1 from  the 1700 cm .-1 of open  cha in  am ides. T h e  reason  fo r th is  

a dd it ion a l p ro d u c t  is  p ro b a b ly  the  m u c h  h igh e r in it ia l concen tration  of 

d ic yan d ia m id e  and  the h igh e r tem pera tu re s encountered. 1700 cm .-1 is  a 

reasonable  ab so rbance  frequency  fo r a  cyc lic  a lk y lg u a n y lu re a  ca rb ony l 

group , in  v iew  o f the  effect of n e igh b o rin g  e lectronegative  g rou p s cau s in g  

sh ifts  to s lig h t ly  h igh e r frequencies.

E xp e rim e n ta l

A l l  in fra red  spectra  were ru n  on  a  P e rk in -E lm e r  M o d e l 521 g ra t in g  in 

frared  spectrophotom eter. Sa m p le s  fo r in fra red  a n a ly s is  w ere prepared  

e ither as K B r  d ispe rsion  pellets o r as th in  film s sp raye d  on  b la n k  K B r  pel

lets. Spectra  o f d ic yan d ia m id e  h y d ro ly s is  p rod u cts  were ob ta ined  b y  u s in g  

a heated cell. Seve ra l h u n d re d  spectra  of re sin s in  v a r io u s  stages o f cure 

were run.

T h e  p h e n y l g ly c id y l ether w as E a s tm a n  6377 and  the  1 ,3-phenoxy lp ro - 

p ano l E a s tm a n  5012. B o t h  were u sed  w ith o u t  purification. T h e  d ic y a n 

d iam ide  w as A m e r ic a n  C y a n a m id ’s pu lve rized  grade.

A  m ix tu re  o f 90.2 g. (0.6 m ole) p h e n y l g ly c id y l ether, 12.6 g. (0.150 m ole) 

d icyand iam ide , a n d  1.0 g. b en zy ld im e th y la m in e  were heated on  a  T h e rm o 

cap -contro lled  h e a tin g  m an tle  unde r reflux condenser. T h e  tem peratu re  

w as m a in ta in e d  a t 8 5 -9 6 ° C . fo r a  period  of 2*/3 hr. a t w h ich  tim e all o f the 

d ic yan d ia m id e  had  gone  in to  so lu t ion  and  sam p le  1 w as taken. T h is  p o r

tion  of the  reaction  w as v e ry  exotherm ic  nece ssita ting  occasiona l re m ova l of
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TABLE II
Time from
■start, hr. Temp., °C. Sample no. Remarks

2:25 93 1 xA.ll dicyandiamide in
3:40 93 2 solution
4:50 112 3
5:50 132 4 Some NH3 odor
6:50 150 f) CN in IR, NIL odor
8:30 163 6 NH3 odor
9:40 160 7 CN in IR, NIL odor

12:00 175 8
13:00 195 9 No CN in IR, off

the h e a tin g  m an tle  and  app lica t ion  of coo lin g  bath. D u r in g  the first ha lf 

of th is  in itia l hea tin g  period  the tem pera tu re  w as no t allow ed to rise above  

90°C . F u r th e r  h e a tin g  is  sh ow n  in T a b le  I I .

A  m ix tu re  of 24.4 g. (0.1 m ole) l,3 -d ip h e n oxy -2 -p rop an o l, 4.2 g. (0.05 

m ole) d icvand iam ide , and  0.20 g. b en zy ld im e th y lam in e  were heated as 

above. T h e  tem pera tu re  w as g ra d u a lly  ra ised  to 1S0°C . ove r 95 m in. a n d  

sam p les were taken  period ically. T h e  final sam p le  show ed  no  p eak s in  the  

in fra red  spectrum  ove r those fou n d  in the o r ig in a l s ta rt in g  m aterials.

T h e  above  experim ent w as repeated in the  p re senceo f 0.1 ml. concentrated  

H C 1  w ith  no  difference in  the  re su lt even th o u g h  the h ea tin g  period  w as ex

tended  to 265  m in. A l l  N M R  spectra  were ob ta ined  on  a V a r ia n  A - 6 0 A  

X A I R  spectrom eter u s in g  hexadeuteroacetone  as the so lven t and  tetra- 

m e thy ls ila ne  as the  standard.

C o n c lu s io n s

T h e  m ost s ign ifican t conc lu sion s to be d raw n  from  the w o rk  reported  here 

are the  fo llow ing.

(1) T h e  early, o r p r im a ry  cure of the d ic yan d ia m id e  epoxy  resin  sy ste m  

can  best be represented b y  tw o chem ical reactions, eqs. (6) a nd  (7) : 

P o lye th e r  C h a in  P ro p a g a t io n :

- C6H4—O—C11 _>—C H—C112-
Nin

0
1-> CAL—O—C II2—CII—CH2- - (G)

X - A l k y l  C y a n o g u a n id in e  F o rm a t io n :

O H—Nil
4—CJR—O—CIL—CII—CHa +  HN—C—NH—C=N ->

HO—CII—C1 L—O—C6H4
OH Oil, CH2—CII—CH2—O—c6h 4—

!
-CcH4—O—CIL—C H—CH2—N—C—N OH

II \
N C=N
CHa—CII—CH2—O—C6H4—

IOH
(7)
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B o t h  react ions (G) and  (7) occur d u r in g  p reprcg  “ B ” s ta g in g  and  the  short, 

period  of p re ss in g  p r io r  to gelation. T h is  p r im a ry  cure is an exotherm ic  

process. It inc ludes co n tr ib u t io n s  from  both  reactions ((}) a nd  (7), both 

of w h ich  proceed u n til all a va ilab le  epoxy  g ro u p s  h a ve  been consum ed. 

T h i s  p rocess is n o t s im p ly  po lye ther cha in  p ropagation . T h e  N M R  da ta  

as well as the  v isu a l ob se rva t io n  o f g rad u a l phase  hom ogene ity  be ing 

ach ieved  ind icate  s t ro n g ly  th a t IV -a lk y lc y a n o g u a n id in e  p ro d u c t io n  goes 

nearly  to com pletion. H ow ever, in  a sy ste m  su ch  as th is, the p ro d u c t io n  o f 

s ign ificant traces of am m on ia  and  am ino tria z ine s (m elam ine, am m eline, 

etc.), as well as isocyanura tes, canno t be overlooked. T h e se  co m p ou n d s 

can, how ever, be correctly  regarded  as p rod ucts of side  reactions, su ch  as 

the g rad u a l the rm a l d eg rada tion  of d ic yan d ia m id e  and  iV -a lk y lc y a iio g u a n -  

idines, p lu s  sub sequen t re com b inat ion  o f the reactive  species th u s  fo rm ed  to 

g ive  a h o st o f m in o r side  products. T he se  reactions, w ith  the po ss ib le  ex

ception o f IV '-a lky liso cyan im ate  p rod uctio n  and  recom b ination , do no t seem  

to con tribu te  m ate ria lly  to the ove ra ll c u r in g  process.

(2) T h e  second  and  final stage  o f cu r in g  occurs a lm ost en tire ly  in the 

press, and  can be adequa te ly  represented b y  the reaction  (8):

OH
NRs

—CfeHi—0—CH—CH—CIT,—R + R2 'N—C—N—C = N ------->
II IN R'
R'

— On I h — O— CH»— C IT— C H i— R

Nil (81
C—N—C NR-.'

/  I IIO It NR
where R  m a y  be: O  C H ,  C l  I -C T I,  O - C d b

O H

r—N—C---- N—C=N
I II I

R ' N R ' R

—N=C----N—C=N
INR,' It' 

or

NR,
— N — C = N — R

IC=N

and  R '  m a y  be — H  o r - - C H , — C H ( O H ) — C H 2— 0 — C J i , .

S in ce  eq. (8) represents the p r in c ip a l late-cure  c ro s s l in k in g  process, a 

good  in d ica t io n  of p rope rtie s and  perfo rm ance  can  be ob ta ined  b y  a q u an t i

ta t ive  d e te rm ina tio n  of re s idua l n itr ile  fu n c t io n a lity  in  the fu lly  cured  resin
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and  app rop ria te  ad ju stm e n ts  can be m ade in p rocess va r iab le s  in o rder to 

olita  in  o p t im u m  properties.

We gratefully acknowledge (lie valuable contributions of Mr. li. Angelo, Mr. O. 
Abolafia, and Mr. B. Serafin. We are particularly indebted lo Mr. F. P. Ardito, who 
rendered yeoman service over a period of several months by performing virtually all 
the infrared laboratory work; and to the Variati Associates Pittsburgh Laboratory, 
where the NMli spectra of model samples were run.
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R é su m é

On a utilisé la méthode infrarouge et de résonance nucléaire magnétique sur des résines 
époxy dicyane-diamide (et de composés modèles) catalysées par des résines tertiaires en 
vue d’élucider le mécanisme du processus de recuit. La réaction exothermique initiale 
au cours du recuit consiste dans l’ouverture du cycle des groupes de résines époxy par des 
espèces iminodicyane-diamide et. amino-anioniques donnant lieu à la formation de N -  

alcoylcyanoguanidine; il se forme également une petite quantité de polyéther à ce 
moment. Lorsque la réaction exothermique est pratiquement complète à 90°C, une 
addition lente à température élevée (110-200°C.) des hydrogènes hydroxylés sur la triple 
liaison nitrilique se passe et donne lieu à la formation d’imino-éther qui ultérieurement 
se réarrange en guanvlurée.

Z u sa m m e n fa s su n g

Infrarot- und NMR- Daten an tertiär-amin-katalysierten Dicyandiamid-Epoxy- 
harzsystemen (und Modellverbindungen) wurden auf Aufklärung des Härtungsmech
anismus verwendet. Die exotherme Anfangsreaktion der Härtung besteht in einer 
Ringöffnung der Harzepoxygruppen durch anionische Dicyandiamid-Imino- und Amino- 
spezies unter Bildung von W-Alkylcyanoguanidinen; gleichzeitig findet auch in geringer 
Menge Polyätherbildung statt. Nach im wesentlichen vollständigem Ablauf der 
exothermen Reaktion bei <90°C, tritt eine langsame Hochtemperaturaddition (110 
bis 200°C) des Hydroxylwasserstoffes an die Nitril-Dreifachbindung unter Bildung 
eines Iminoäthers ein, der sich dann zum Guanylharnstoff umlagert.

R e ce ive d  A u g u s t  9, 1966 

R e v ise d  O ctob e r 21, 1966 

P rod . N o .  5 3 1 5 A
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R adical and A nionic Hom opolym erization of 
Maleimide and A-n-Butylm aleim ide

Y .  N A K A Y A M A  and  G . S M E T S ,

Laboratoire de C him ie M acromoléculaire,
U niversity o f Louvain , Belgium

S y n o p s is

The rate of homopolymerization of maleimide has been measured in dimethylform- 
amide solution at 60°C. in the presence of azobisisobutyronitrile; it has been compared 
to that of iV-n-butylmaleimide. The overall rates of polymerization are equal to 
R p =  k , M ' x 1 - ‘ 2 [In]0-8 for maleimide, and R p = &'[M) [In]0 5 for the A'-,substituted 
imide. The differenee of behavior has been interpreted on the basis of an intramolecular 
tautomery of the terminal group of the maleimide growing chain and the formation 
of a resonance-stabilized succinimidyl radical. The relative ease of polymerization of 
these monomers and of maleic anhydride has been discussed. In the presence of sodium 
ieri-butoxide at 20°C. in dimethylformamide solutions, maleimide polymerizes with 
hydrogen isomerization. The percentage of A -̂substituted isomerized units was eval
uated at 70-75% by measurement of the rate of hydrolysis in 0.005.V sodium hydroxide 
and comparison with succinimide and A-butylsuccinimide. iV-w-butylmaleimide 
undergoes ring opening together with anionic polymerization in the presence of sodium 
ierf-butoxide at 20°C. and butyllithium at — 40°C. Unlike the radical-initiated poly
merization, it was impossible to obtain anionic copolymers of maleimide and A’-butyl- 
maleimide with acrylonitrile and methyl methacrylate.

T h e  h om op o lym e riza t io n  o f som e un satu ra ted , sym m e tr ic a lly  di,substi

tuted  cyc lic  m onom ers, su ch  as v in y le n e  ca rbonate,1 m aleic  a n h y d r id e ,2’3 

and  m a le im id e 4-6 ha s  been reported  in  the  literature. T h e  doub le  b on d s  of 

these m on om e rs  are characte rized  b y  app rec iab le  steric h ind rance, ta k e n  as 

re spon sib le  fo r the ir low  p o lym e riza t ion  tendency, w hen  com pared  to the 

co rre spo n d in g  v in y l  m onom ers. O n  the other hand, the doub le  b on d s  of 

m aleic  a n h yd r id e 7-9 m ale im ide ,10 and  Y - su b s t itu te d  m a le im id e s11 have  

s t ro n g  e le ctron -a ttrac ting  properties, as dem onstra ted  b y  the ir c o p o ly 

m eriza t ion  behav io r.

T h e re  is  neverthe less a s t r ik in g  difference between m aleic a n h yd r id e  and  

the im ides w ith  respect to the ir p o lym e riza b ility  ; indeed the  anhydride , 

u n lik e  the im ides, p o lym erize s w ith  conside rab le  d ifficu lty  a n d  necessitates 

la rge  a m o u n ts  of catalyst. I t  is e v iden t th a t the differences in steric h in 

d rance  and  p o la r ity  between these m onom ers cannot accoun t for su ch  d if

ferences in behav io r. R e c e n t ly  J o sh i2 ha s sh ow n  that the h o m o p o ly m e r i

za tio n  of m ale ic  a n h yd r id e  is  m a in ly  characterized  b y  h ig h  cha in  transfe r 

con stan ts  w ith  m on om e r and  in itia to r, a nd  th a t these tran sfe r reaction s are

1619
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suffic ient to accoun t fo r its  ob se rved  re luctance  to  po lym erize , especia lly  

w hen  in it ia to r concen trat ion s used are like  those  fo r the  p o lym e riza t io n  of 

v in y l  m onom ers.

I t  is therefore in te re stin g  to exam ine  the k in e t ic s  of p o lym e riza tion  of 

m ale im ide s and  A -n -b u ty lm a le im id e  in the  presence o f a zob is iso b u ty ron i-  

trile  as in itiator. A  m ech an ism  of p o lym e riza t io n  w ill be presented, a n d  the 

differences of b e h a v io r  between the  m onom ers  d iscussed. T h e  an ion ic  

p o lym e riza t io n  w ill be exam ined  in  the  la st  section.

E xp e rim e n ta l

M a le im id e  w as p repared  b y  the  m eth od  of T a w n e y  et a l.:12 it w’as c ry s 

ta llized  from  e th y l acetate; before use it w a s  purified  b y  su b lim a t io n  unde r 

v a c u u m  (m e ltin g  p o in t  92°C .).

IV -n -b u ty lm a le im ide  w as p repared  b y  the m eth od  of C o le m a n  et a l.13 

and  purified  b y  repeated v a c u u m  d ist illa t io n  (b.p. 2 10 ° C ./ 3 0  m m . H g ) .  

T h e  degree of p u r ity  of b o th  m on om e rs  w as verified  b y  e lem ental ana lysis.

D im e th y lfo rm a m id e  and  a zob is iso b u ty ron itr ile  wrere purified  b y  c lassi

cal m ethods. T h e  w ate r content o f d im e th y lfo rm a m id e  never exceeds

0 . 0 8 %  ( K a r l  F isch e r titra tion ).

Su cc in im id e  and  p h th a lim id e  w ere an a ly t ic a l grade  reagents ; p re lim in a ry  

experim ents d em onstra ted  th a t these sub stance s  d id  n o t  in itia te  the p o ly 

m erization.

T h e  rad ica l p o lym e riza t io n s  w ere fo llow ed  d ila tom e trica lly  at 60°C . in 

d im e th y lfo rm am id e  as so lve n t in  the  presence of azob is isobu tyron itrile . 

T h e  so lu t io n s  w ere p repared  w ith  the  h ig h  v a c u u m  technique. A fte r  p o ly 

m erization  p o lvm a le im id e  w as p rec ip itated  b y  p o u r in g  the  so lu t ion  in to  

e th y l acetate ; it is a  s l ig h t ly  colored pow der, th a t becom es red  in  a lka line  

so lution. P o ly -A r-n -b u ty lm a le im id e  w as p rec ip itated  in  m ethano l; it is  a 

co lorless substance, in so lub le  in  a lka line  m ed iu m  and  so lub le  in  ch loroform , 

ca rbon  tetrachloride, and  d im e thy lfo rm am ide . T h e  rad ica l- in it ia ted  p o ly - 

m ale im ide s were an a lyze d  fo r the ir u n su b st itu te d  im ide  g rou p  content b y  

t it ra t io n  w ith  sod iu m  m ethox ide  in  a n h y d ro u s  d im e th y lfo rm a m id e  so lu t ion  

in  the  presence of o -n itroan iline  as ind icator. A lt h o u g h  m ale im ide  m o n o 

m er and  su cc in im id e  w ere fou n d  1 0 0 %  b y  th is  m ethod, po lvm a le im id e  con 

ta ined  o n ly  8 0 %  g ro u p s  w ith  respect to the  ca lcu lated  value. T h is  d is 

c repancy  w as confirm ed  b y  the  e lem ental ana lysis.

Anal. Calcd.: C, 49.4%; H, 3.1%; O, 33.0%; N, 14.5%. Found: C, 46.13%; 
H, 4.99%; O, 28.97%; N, 14.2%; total: 94.29%.

N everthe less, the in fra red  spectra  o f these p o lym e rs  are identica l w ith  those  

described  in  the  lite ra tu re ;10’14 ab so rp t io n  b a n d s  at 3 40 0 -3 6 0 0  c m . '1 and  

1 62 0 -16 5 0  cm .-1  co rre spond  to O — H  h y d ro x y l  a n d  C = N  doub le  bond, 

respective ly. I t  m u st  be p o in ted  ou t th a t low  m o lecu lar w e igh t im ides 

sh ow  n o  enolized  tau tom eric  stru c tu re .16 O n  the  con tra ry , the elem ental 

a n a ly s is  o f p o ly -N-n-hu ty  1 m a le im ide is v e ry  sa tisfacto ry.



MALEIMIDE AND iV-re-BUT YLM ALEI MI DE 1621

Anal. Calcd.: C, 62.7%; H, 7.2%; 0, 20.9%; N, 9.2%. Found: C, 62.42%; 
H, 7.36%; O, 21.31%; N, 9.25%; total 100.34% (traces of water).

I t s  in fra red  spectrum  co rre spond s to th a t o f A -n -b u ty lsu c c in im id e .

T h e  an ion ic  p o lym e riza t io n  o f m ale im ide  w as a lso  carried  ou t in  d i- 

m e th y lfo rm a m id e  so lu t ion  u n d e r v a c u u m  at 20°C . in  the presence o f so

d iu m  tert-butoxide as in it ia to r;  the  rate  w a s  fo llow ed  d ila tom etrica lly . T h e  

p o lym e r w a s  p rec ip ita ted  in  e th y l acetate; it  is  a p in k  pow der, so lub le  in 

d im e th y lfo rm a m id e  and  d im e th y l su lfoxide. T h e  p o lym e riza t io n  o f 

iV -n -b u ty lm a le im id e  at 20°C . in  the  presence o f so d iu m  (eri-butoxide  is  v io 

lent and  exothe rm ic  w ith  fo rm a tion  o f a  p o lym e r gel. T h e  reaction  w as 

therefore carried  ou t at —  40°C . in  to luene  so lu t ion  in  the  presence of 

n -b u ty ll it h iu m  and  w as fo llow ed  g rav im e tr ica lly . T h e  p o lym e r w as p re

c ip ita ted  in  petro leum  ether; p a rt of the reaction  p rod u c t is so lub le  in  w ate r 

a n d  m ethano l; the  o ther p o rt io n  is  so lub le  o n ly  in  o rgan ic  so lvents, e.g., 

ch lo ro form , ca rb on  tetrachloride. T h e  p o lym e r is red, a n d  the  co lor fades 

on  a d d it io n  o f acid.

T h e  elem ental a n a ly s is  o f p o lym a le im ide  show s, as for the rad ic a l- in 

itia ted  po lym er, a large  d isc rep an cy  between the  experim enta l a nd  ca lcu 

lated  values.

Anal. Calcd.: C, 49.4%; H, 3.1%; O, 33.0%; N, 14.5%. Found: C, 49.3%; 
11,4.74%; 0,33.39%; N, 13.3.5%; total: 95.77%.
F o r  p o ly - IV -n -b u ty lm a le im id e  the  re su lts  are v e ry  satisfacto ry.

Anal. Calcd.: C, 62.7%; H, 7.2%; O, 20.9%; N, 9.2%. Found: C, 62.52%; 
11,7.1%; 0,20.92%; N, 9.17%; total: 99.71%.

T h e  in fra red  spe ctru m  of b ase -ca ta lyzed  po lym a le im ide  is  iden tica l w ith  

th a t described  b y  M a r v e l  a nd  co -w o rke rs;21 a m uch  low er a b so rp t io n  b an d  

o f the  N — H  b a n d  at 3350  c m v 1 is ob se rved  w hen  com pared  w ith  the  spec

tru m  of the rad ica l- in it ia ted  po lym er. C o n tra r ily ,  the spectra  of b o th  p o ly -  

N -n -b u ty lm a le im id e s  (an ion ic  a n d  rad ica l in itia ted ) are identical.

A n io n ic  copo lym eriza t ion  experim ents o f m ale im ide  a n d  A -n -b u t y l-  

m a le im ide  w ere carried  ou t w ith  ac ry lon itr ile  and  m e th y l m ethacry la te. 

A l l  these experim ents w ere unsuccessfu l, o n ly  m ale im ide  h om op o lym e rs  be

in g  form ed. T h e  experim enta l con d it io n s  are su m m arize d  in  T a b le  I.

R a d ic a l P o lym e riza tion

T h e  k ine t ic  re su lts  o f the p o lym e riza t io n  o f m ale im ide  and  A ’-u -b u ty l-  

m a le im ide  are su m m arize d  in T a b le s  I I  a nd  I I I .

F r o m  lo ga r ith m ic  p lo ts  o f the  rate  o f p o lym e riza t io n  ve rsu s  in it ia to r or 

m onom er concentration, at con stan t m on om e r and  in it ia to r concen tration  

respective ly, the fo llo w in g  ove ra ll rate  expression  can be ca lcu lated  for 

m ale im ide : R„ =  /. |i\l ]“ | I ]"•*, w here a =  1.1 1.3; for IV -w -buty lm ale im ide : 

U p  =  /.'¡M ¡1
F o r  the second m onom er, p lots of R „ a ga in st the squa re  root ot the  in it i

a to r concen tration  and  a ga in st  Ihe  m on om e r concentration  are linear and  

pass th ro u g h  the  o r ig in  (F ig . 1).



1622 Y. NAKA\ AMA AND G. SMETS

a  ?

o

"S c c c

«  o>
CJ S3

PP " J) bß
SS ^

^  £Z .5

1—H COCO CO ^ N 
1.C OC CO CN

^  Æ  rC

y y- S oy  w w §
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TABLE II
Rate of Polymerization of Maleimide in Dimethylformamide at 60°C.

Maleimide,
mole/1. AIBN, mmole d.

R v  X 10s, 
mole/l.-sec.

hi
(25 °C., DMF)

2.13 3.1 2.6 0.22
( c 6.2 4.7 0.20

12.2 7.8 0.20
18.3 11.2 0.22

i i 24.4 14 0.21
1,04 12.2 3 0.12
3.26 (( 12 0.26
4.34 (t 19 0.31
5.78 U 23.3 0.36
6.26 H 0.44

TABLE III
Rate of Polymerization of TV-n-Butylmaleimide in 

Dimethylformamide at 60°C.
jV,n-Butyl-
maleimide, AIBN, R P X 105, hi

mole/1. mmole /l. mole/l,-sec.. (25°C., DMF)
1.368 6.1 1.76 0.11

U 12.2 2.53 0.10U 24.4 3.6 0.09
0.342 12.2 0.7 0.07
0.684 i ( 1.25 0.08OCCO (l 2.38 0.1
2.052 (( 3.42 0.11

F ro m  the la st co lum n  o f T a b le s  I I  and  I I I  it can be seen th a t the in tr in s ic  

v isco sit ie s  of the  p o lym e rs  are ra ther low, p a rt ic u la r ly  in the case of p o ly - 

iV -n -bu ty lm a le im ide .

T h e  difference in  b eh a v io r  o f the tw o m onom ers  m a y  be related to the  

presence of a m ob ile  h yd ro g e n  a tom  in  the u n su b st itu te d  m aleim ide. O n  

th is  basis, how ever, d ifferent in te rp re ta t ion s fo r an o rder of reaction  h ighe r 

than  u n ity  w ith  respect to the  m on om e r concen tration  can be presented.

U n su b s t itu te d  m ale im ide  is a w eak  acid  in  d im e th y lfo rm a m id e  so lution. 

T h e  acid  d issoc ia t io n  of the p ro p a g a t in g  rad ica l deactiva te s it, as in  the 

case o f the  p o lym e riza t io n  o f a c ry lic  ac id .16’17

~vCH--- Cl I k ,

o=c c=o ̂
\  /

"NH

II----1 ! I
o = c 0 = 0

N

'"V II----1 II
I I (-)o=c c—o
\  /N

+ H<+>

I f  one a ssum es th a t the p rop a ga tio n  re su lts  e ssen tia lly  from  the add it ion  of 

m on om e r to the und issoc ia ted  im id v l rad ica l ( I),  and  th a t the  p ro ton  con-
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j

Fig. 2. Polymerization of maleimide in dimethylformamide solution at 60°C., [M] = 
t.04 mole/l., [A1BN] = 12.2 mmole/1.: (•) pure dimethylformamide; (O) 1M succini- 
mide; (X ) 2M  succinimide; (A) 0.68M phthalimide; (□) 30 vol.-% toluene.

Taking into account the dimerization equilibrium constant K d  = 
[D]/[M]2 as well as the high polarity of the reaction medium, i.e. [D] «  
| M. |. one obtains

R ,  =  [M' ] (kp +  2 /c/ Z b[M])[1M]
Complex formation between the propagating radicals and a monomer mole
cule is another possibility; this complex formation would be enhanced by 
the presence of hydroxyl groups in the growing chain (see experimental, in
frared spectra) and on this basis, the following rate expression can be de
duced

R,  -  h W \ { K [ M 3/(1 +  A- [AT] ) } f M ]
in which K  corresponds to (lie complexat ion equilibrium constant.

An interpretation based on a cage effect, with respect to the primary ini
tiator radicals or on a chain transfer reaction with the solvent, is valid only 
for less reactive monomers without conjugated double bonds, such as vinyl- 
ene carbonate. 1 It would not explain the difference with respect to the
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TV-n-butylmaleimide. Moreover, rate and molecular weight measure
ments in the presence of succinimide, phthalimide, and toluene have shown 
that transfer reactions are negligible (Fig. 2).

Concerning the 0.8 order of initiator concentration, the formation of a 
resonance-stabilized succinimidyl radical (III) by intramolecular tautomer- 
ization can be admitted, in analogy with the formation of a glutarimidyl 
radical in the polymerization of acrylamide. 18

- C I I ---- Cl I, -v~CII----- Cl I
' I  I  I0 = c  C= 0  <-> 0 = C  C—0  •
\  /  \  /

N  N

I I I

This radical is unable to propagate further, and its formation is a mono- 
molecular chain termination reaction. The intramolecular reaction of this 
tautomerization is demonstrated by the lack of influence of added succini
mide on the rate and degree of polymerization ([17] = 0 .12  in the absence 
and in the presence of 271/ succinimide). The stationary state must there
fore be written

jTA'i [In ] = k m [ M-] +  k t [ M - ] 2

when /  is the initiation efficiency, k u k tm, and k t the initiation, the mono- 
molecular, and bimolecular termination rate constants, respectively. 
There results

[ M ‘ ] =  { - k t m +  { k tn?  +  4 f k i [ l i \ ] k ¡ Y / i } / 2 J c i

Depending on the relative importance of the intramolecular tautomerization 
rate constant k tm2 with respect to the bimolecular chain termination reac
tion 4 f k {[In]/c„ the order of reaction will vary from 0.5 to 1 for the initia
tor concentration.

The higher rate of polymerization of maleimide compared to that of 
iV-n-butylmaleimide and that of maleic anhydride must be related with the 
enolization of the propagating radical, and the increased complexation 
possibility of the enolized radical with monomer through hydrogen bonding.

™CH-----CII
1 1 -

o = c  c = o
\  /

N H

- v c n — c h
I I

0 = C  C==0 :
\  /Nil

— C II ------CH
I T

: 0 = C  C—OH
\  /

N

Moreover, I he formation of an hydroxyl group rules out the repulsion be
tween the carbonyl group of the growing chain and that of the next mono
mer molecule. This interpretation is in fact the same as that presented for 
the order of reaction with respect to the monomer.

The greater polymerizability of TV-n-butylmaleimide as compared to that 
of maleic anhydride, results, at least partially, from the higher reactivity of
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the propagating N - n - h u ty 1 maleimide radical. The C=C double bonds of 
both monomers are similarly influenced by the two conjugated carbonyl 
groups; the electron pairs of the anhydride oxygen, however, participate 
more strongly to the delocalization of the C = 0  double bond than the imide 
nitrogen; consequently the growing maleic anhydride chain is less reactive.

Anionic Polymerization
The presence of imide hydrogen in maleimide makes it susceptible to 

polymerization by hydrogen-transfer reaction, as shown first in the case of 
acrylamide and V-substituted acrylamides by Breslow et al. 19 and Ishii and 
co-workers. 20

Tawney et al.6 and Cubbon6 have already mentioned the anionic poly
merization of maleimide and V-n-butylmaleimide, and the formation of 
red, low molecular weight polymers. Very recently Kojima et al.21 de
scribed the base-catalyzed polymerization of maleimide and compared this 
polymer with the radical-initiated polymer. They demonstrated by hy
drolysis and isolation of aspartic acid and ammonia that the polymer con-

i-------------------------1
tained 75-85% CO—CHCH2—CO—N— recurring units as resulting from 
hydrogen-transfer polymerization. The kinetic results which will be de
scribed here confirm Marvel’s data; they will be therefore briefly sum
marized.

The rate of polymerization of maleimide was examined at 20°C. in di
methylformamide solution as a function of the sodium ¿erf-butoxide concen
tration, the monomer concentration being kept constant (1.04M ) ; it is di
rectly proportional to the initiator concentration (Table IV and Fig. 3). 
Contrarily, it is independent from the monomer concentration; it decreases 
strongly in the presence of toluene, and especially of succinimide.

The apparent zero-order with respect to the monomer concentration can 
be explained by assuming the rapid formation of a complex between the

TABLE IV
Anionic Polymerization of Maleimide in Dimethylformamide at 20°C.

[M], 
mole/l.

NaOBu, 
mole/1. X 103

Kate X 104, 
mole/l.-sec.

hi
(25°C., DMF)

1.04 2 .6 2.3 0.08
1.04 5.2 4.25 0.09
1.04 10.4 8 .6 0.07
2.13 10.4 — 0.06
0.52 5.2 ~ 4 —
2.13 5.2 4.3 0.08
3.26 5.2 4 0.14
1 04 5.2 4. 1
1 04* 5.2 1 .8
1 .04b 5.2 0.85

vol.-% toluene in dimethylformamide.
b 1 g. succinimide in 10 ml. dimethylformamide.
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5 10 ----time/minute----»-

Fig. 3. Polymerization of maleimide in dimethylformamide at 20°C. and [sodium tert- 
butoxide] = 5.2 mmole/1. and various maleimide concentrations: (•) 0.52; (O) 1.04; 
(□)2.13; (V) 3.26 mole/1.

propagating anion and a monomer molecule, followed by the slow decompo
sition of this complex in a new propagating anion. The decrease of rate of 
anionic polymerization in the presence of toluene is likely due to a decrease 
of the dissociation of the ion pairs, while the influence of succinimide results 
from its competition with maleimide as well as for the initiation reaction 
with sodium butoxide as for the complex formation with the growing chain.

In the polymerization of /V-?/-butylmaleimide in toluene at — 40°G. 
with butvllithium, the reaction is very rapid although the final yield of poly
mer remains relatively low (Table V) on account of a secondary termination 
reaction in which the ring vV-butyl imide group opens up under the influ
ence of a carbanion present in the medium (initiator or growing chain).

R<-> +  C I l = C t t  CH=CH
i i i iy>

O = C  0 = 0  —  0 = 0  c f
\  /  I XN<->

N K. [

\\ lien this reaction occurs between a growing polymeric anion and an exist
ing polymer molecule, chain branching and gel formation will result.
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TABUO V
Polymerization of A'-H-Biitylmaleimide in 

Toluene at —40°C. in Presence of /¿-But y 11 i t Ilium

Monomer, mole/1. Initiator, mmole/l.

Time of 
polymerization, 

min.

Yield of 
polymer, 
mole/1.

0 .6 8 18.4 i 0.03
0 .6 8 18.4 10 0.03
0 .6 8 36.8 1 0.14
0 .6 8 36.8 10 0.14
0 .6 8 0 0 .2 0.5 0.26
0 .6 8 55.2 1.5 0.26
0 .6 8 73.6 1.5 0.36
0.34 36.8 1 0 .1 2
0.34 36.8 5 0 .1 2
1.37 36.8 i 0.14

0
C-) Il 1 \

-CH-----CH —CH CH CH -C CH

:C C = 0  +  Bu--N  - 0 = C  C—0 O CIImv
\  / \ \  /  1

N A c—c n
Il 1 

0

N CO

Bu Bu <">N—B

The importance of these secondary reactions influences strongly the com
position of the reaction product and is responsible for the formation of very 
low molecular weights.

From structural point of view anionic polv-iV-n-butylmaleimide shows 
the same infrared spectrum as the radical-initiated polymer; contrarily, the 
anionic polymaleimide is characterized by a low absorption N— H band, 
when compared to the radical-initiated polymer, in agreement with the data 
of Alarvel and co-workers.21 In order to evaluate the relative amount of

I I
0 = C —CHCHsCON— units with respect to the 0=CCHCH—CO—NHI____________I L____________ I
units, rates of hydrolysis of the polymer were measured and compared to 
those of homologous substances.

Edward and Terry have shown that rate of hydrolysis of succinimide is 
proportional to the concentration of un-ionized succinimide, sodium succini
mide being stable towards hydroxyl anion,22 contrarily iV-n-butylsuccini- 
mide is hydrolyzed very rapidly. On this basis, it is possible to demonstrate 
the A-substituted structure of polymaleimide. As can be seen in Figure 4, 
where the degree of hydrolysis determined by potentiometric titration is 
plotted against the time of reaction, anionic polymaleimide hydrolyzes at 
25°C. as fast as A-re-butylsuccinimide, while radical-initiated polymalei
mide is practically stable toward O.OOofV sodium hydroxide and much more 
stable than unsubstituted succinimide (electrostatic repulsion of the ionized 
macromolecule against the hydroxyl anion). The curve of anionic poly-
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Fig. 4. Hydrolysis of (1) succinimide, (2) A'-n-butyl snccinimide, (3) radical-initiated 
polymaleimide; and (4) anionic polymaleimide in 0.005A NaOH solution; 25°C.

maleimide levels out at 50-55% hydrolysis because of the increasing 
charge of the macromolecule and some content of unsubstituted units.

By plotting the reciprocal of unhydrolyzed irnides against the time and as
suming a second-order reaction, the hydrolysis rate constants, respectively, 
9.16 X 10~ 2 1./mole-sec. for IV-n-butylsuccimide and anionic polymale
imide, 0.75 X 10-2  1./mole-sec. for succinimide, and 1.55 X 10-4  1./mole- 
sec. for radical-initiated polymer, may be determined.

In 0.051V sodium hydroxide at 25°C., radical-initiated polymaleimide 
0.005M remains also unchanged, while the anionic polymer is directly hy
drolyzed to 70%; progressively this increases to 79% after 100 min. In 
such an excess of sodium hydroxide, IV-n-butyl succinimide hydrolyzes too 
fast to be measured. From these experiments it must be concluded that at 
least 70% of the units of the anionic polymer results from hydrogen-transfer 
polymerization. This has also been calculated from the absorbance of the 
ultraviolet absorption band of the ionized imide group, by comparing the 
spectra of succinimide and radical polymaleimide with that of the anionic 
polymer: it was found equal to about 20-25%. These results confirm 
Marvel’s gas chromatography data.

It is worthwhile to point out that when radical-initiated polymaleimide is 
hydrolyzed at a temperature higher than 25°C. (50 and 80°C.), the degree of
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Fig. 5. Influence of the temperature on hydrolysis of radical-initiated polymaleimide in 
0.005iV NaOH; [polymaleimide] = 5 X 10-3 mole/1.

hydrolysis passes through a maximum, decreases to a minimum value, then 
reaches an asymptotic end value that is function of the reaction temperature 
(Fig. 5). This phenomenon can be explained on the basis of a liberation of 
ammonia resulting from two neighbor amide groups, and is analogous with 
the observations on phthalimide23 and polyacrylamide.24

-CH- -CH- -CH- -CH- -GH-
o= c  jc= o  o= c  ̂

\ nh

:= o  o=c
-CH —

x;=o
SNH NNII

—CH--------CH------CH----- CH-----
I I I ]COO'-) CO CO coo<->

I INH, NH.
I

-CH-
Icoo<->

-CH 
0=C

-CH- -CH----
I I

7C=0 COO'-) + nh3

XNH
Concerning the lack of formation of any anionic copolymer with methyl 

methacrylate and acrylonitrile, it may be assumed that complex formation
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Synopsis
Nuclear magnetic resonance, infrared, and ultraviolet spectroscopy were used to 

elucidate the structure of oxidized polystyrene. To identify the nuclear magnetic 
resonance peaks of the degraded polystyrene, deuterated polystyrenes were synthesized 
and degraded. The primary structure present in the degraded polystyrene was found 
to be an aromatic carbonyl group. It was shown that this structure was formed re
gardless of the presence of ultraviolet light and was also present when polystyrene was 
degraded in carbon tetrachloride solution. When polystyrene was degraded in carbon 
tetrachloride solution, stable polymeric peroxides were formed in a concentration of 
4 peroxide groups for every 1000 styrene units.

INTRODUCTION
The oxidative degradation of polystyrene has been extensively studied for 

more than a decade. It has been shown1’2 that oxygen preferentially at
tacks the «-hydrogens found on the backbone of the polystyrene chain and 
that the initial product is hydroperoxide.3 Positive proof of the structure 
of the final products resulting from the decomposition of this hydroperoxide 
has not, however, been shown.

Several investigators3'4 have postulated an acetophenone type structure
(I) , ()

II~vCH2—c—c6ll
I

while others envision an aromatic carbonyl similar to benzal acetophenone2
(II)

H O
1 II

-vC =C — C— CeHr,
I

c 6h 5
II

or a dicarbonyl compound5 (III)
O 0
II I1

~vC— C— C6IIr,
III

similar to 1,2-propanedione. It is believed that the present work will eluci
date the structures present in oxidized polystyrene.

1635
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EXPERIMENTAL

Instrumenlation

Nuclear magnetic resonance spectra were recorded on a Varian A60A 
high-resolution spectrometer equipped with a C1024 computer and a vari
able temperature probe. Polymer concentrations were 20% (w/v) in car
bon tetrachloride and were referenced to tetramethylsilane.

Infrared spectra were recorded on a Perkin-Elmer Model 421 spectro
photometer. Thin films of the polymers were cast onto rock salt plates 
and were used directly. When polymers became too insoluble to be cast as 
films, KBr pellets were made.

Ultraviolet spectra were recorded on a Perkin-Elmer Model 350 spectro
photometer.

The molecular weights of the degraded polystyrenes were determined by 
using a Mechrolab, Model 301, vapor-pressure osmometer.

Preparation of Polymers

Poly-a-deuterostvrene, poly-/3,/3-dideutero,styrene, and poly-a,/3,d-tri- 
deuterostyrene were prepared according to the procedure outlined by Beach- 
ell and Nemphos.1

Polystyrene was prepared by thermally polymerizing styrene (Eastman). 
A polystyrene with benzoate endgroups was prepared by polymerizing sty
rene with an excess of benzoyl peroxide at 80°C. Isotactic polystyrene was 
prepared by using a coordination catalyst according to the procedure out
lined by Sorenson.6 All polymers were freed from impurities by repeated 
precipitation in methyl alcohol.

Polymer Degradations

Three methods of degradation were used.
Polystyrene films (0.15 mm. thickness) were oxidized at 200°C. in a 

mechanical convection-type oven for periods up to 24 hr.
Polystyrene films were irradiated at G0°C. with an ultraviolet medium- 

pressure mercury lamp for periods up to 4S0 hr.
Oxygen was vigorously bubbled into a quartz flask containing a 2% 

solution of polystyrene in carbon tetrachloride. The solution was irradiated 
with ultraviolet light for periods up to 20 hr.

Reaction of Degraded Polymers with Sodium Borohydride and Lithium
Aluminum Hydride

Oxidized polystyrenes were reacted with sodium borohydride in a diox- 
ane-water mixture. The reactions with lithium aluminum hydride were 
done in tetrahydrofuran. The polymers were precipitated and hydrolyzed 
with dilute hydrochloric acid.
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Tests for Functional Groups on the Degraded Polystyrene
The determination of the peroxide concentration of the degraded poly

styrenes was done by measuring the increase in absorbance at 662 m/x of 
benzoyl leuco methylene blue after it had reacted with the oxidized poly
mers.7 It has been shown that this method is capable of quantitatively de
tecting active oxygen down to 3 yg.

The oxidized polystyrenes were tested for (1) dioxo compounds with thio
phene and sulfuric acid,8* (2) esters with hydroxylamine hydrochloride,8b 
and (3) anhydrides with an alcoholic acidified solution of hydroxylamine 
hydrochloride.8' The oxidized polystyrenes which had reacted with the 
lithium aluminum hydride were tested for 1,2-glycol with potassium perio
date in a dioxane solution. The limit of sensitivity of these “spot tests” 
was approximately 10 /xg.

RESULTS
Polystyrene which Avas oxidized at temperatures approaching 200°C. 

rapidly became yellow and increased in solubility. This was occasioned by 
a decrease in molecular Aveight which Avas found to fall rapidly from an ini
tial 230,000 to 4,800 after 3 hr., to 2,800 after 6 hr. Polystyrene which was 
degraded at 60°C. with ultraviolet light, on the other hand, rapidly became 
insoluble in all solvents. The polystyrene degraded in carbon tetrachloride 
solution became insoluble after 10 hr. of degradation. Nuclear magnetic 
resonance, infrared, and ultraviolet spectra Avere able to be made of the 
products of polystyrene oxidized at 200°C. Only infrared spectra Avere 
made of the insoluble oxidized polystyrenes.

Spectra of Degraded Polystyrene
The infrared spectra of the polystyrenes oxidized thermally at 200°C., 

oxidized at 60°C. Avith ultraviolet light, and oxidized at 55°C. in carbon 
tetrachloride all showed changes in the carbonyl region of the infrared spec
trum (Fig. 1). An intense, sharp band developed at 1685 cm. -1  and con
tinued to groAV for the duration of the degradation. A much smaller band 
at 1720 cm. -1 developed later. The isotactic polystyrene also shoAved these 
same changes in its infrared spectrum AA'hen heated above its crystalline 
melting point (230°C.). Below* its crystalline melting point only surface 
yellowing occurred.

It Avas also found in this laboratory that Avhen polv-2,3,4,5,6-pentafluoro- 
styrene was degraded at 200°C., tAvo carbonyl bands were found in the in
frared spectra; one was at 1725 cm.-1, the other at 1780 cm.-1. It can be 
seen that these absorptions have been shifted 40 and 60 cm. -1  Avhen com
pared to the 1685 and 1720 cm. -1  bands of degraded polystyrene noted 
above.

It, is known that a fluorine on a carbon atom adjacent to a carbonyl will 
shift its carbonyl absorption to higher frequencies. The carbonyl of tri- 
fluoroacetone, for example, is found 40 cm. -1  higher than acetone.9 The
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Fig. 2. Ultraviolet spectra of (1) undegraded and (0 ) degraded polystyrenes.

than 3 hr. at 200°C., the only change which occurred was the appearance of 
the 7.75 and 7.35 ppm resonances.

Since deuterium does not absorb in the same region of the NMR spectrum 
as protons, comparison of the spectra of the degraded deuteropolystyrenes 
with that of degraded polystyrene provided easy identification of the new 
peaks. The proton assignments for the new NMR resonances can be found 
in Table I.

Fig. 3. Nuclear magnetic resonance spectrum of polystyrene.
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Fig. 4. Nuclear magnetic resonance spectrum of degraded polystyrene.

It was found that the polystyrene with benzoyl endgroups showed reso
nances at 7.85 and 7.35 ppm. These two NMR resonances showed the ex
act pattern as the new phenyl resonances of the oxidized polystyrene. Since 
it is known that the phenyl resonances of benzoate esters are in a 3/2 ratio,11 
it must be concluded that the 7.75 and 7.35 ppm peaks of oxidized poly
styrene are in that same ratio.

Effect of Reaction with LiAlH4 and NaBH4 on Spectra

It was found that when polystyrene which was degraded at 200°C. for 3 
hr. or less was reacted with lithium aluminum hydride or sodium borohy- 
dride, pronounced changes occurred in the spectra. The 241 mp ultra
violet absorption, the 1685 cm. ' 1 infrared band, and the 7.75 and 7.35 
ppm NMR resonances were all removed, and the spectra returned to that of 
undegraded polystyrene. Treatment of more severely degraded polysty
rene, i.e., polystyrene showing the 4.80, 5.05, and 2.90 ppm peaks, resulted 
in the shift of a portion of the 2.90 ppm resonance to 1.30 ppm. There was 
no effect on the 4.80 and 5.05 ppm resonances.

When polystyrene which had been degraded more drastically, i.e., more 
than 4 hr. at 200°C., was treated with lithium aluminum hydride or even 
sodium borohydride, the coloration in the polymer was greatly reduced. 
However, no amount of treatment could restore the polymer to its original 
white color.

TABLE I
Chemical Shifts of the New Peaks of the Degraded Polystyrene

Peak, ppm Origin

7.7”), 7 ..'id Phenyl protons
2.90 a-Hydrogen protons
n .05, 4.,St) Methylene protons
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Tests for Functional Groups
No hydroperoxides could be detected on the polystyrenes which were de

graded at 200°C. or at 60°C. in the presence of ultraviolet light. Con
trastingly, hydroperoxides in a concentration of 4 OOH units per 1000 poly
meric styrene units were detected in the polystyrene degraded in carbon 
tetrachloride solution. Tests for 1,2-glycols, dioxo compounds, anhydrides, 
and esters on the degraded polymers all proved negative.

DISCUSSION OF RESULTS
The evidence as gathered from nuclear magnetic resonance spectra, 

infrared spectra, and ultraviolet spectra points conclusively to an aromatic 
carbonyl structure, similar to acetophenone, as a primary degradation prod
uct. The positive identification of this structure as a product of the deg
radation can be easily made when the corresponding infrared, ultraviolet, 
and nuclear magnetic resonance spectra of acetophenone are compared 
with those of the degraded polystyrene. The carbonyl frequency of aceto
phenone has been found at 1689 cm. ' 1 compared to 1685 cm. - 1 for the de
graded polystyrene. The ultraviolet spectrum of acetophenone shows the 
same maximum at 241 m^ as does the polyst^yrene. Furthermore, the 
NMR spectrum of acetophenone shows phenyl protons (found also in a 3/2 
ratio) at the same chemical shift position as those found in the degraded 
polystyrene. That this one structure is responsible for the same peaks in the 
NMR spectrum, infrared spectrum, and ultraviolet spectrum was shown 
by the fact that the reduction of the carbonyl group with sodium borohy- 
dride resulted in the simultaneous removal of all spectral changes. Al
though solubility considerations prevented NMR and ultraviolet spectra 
from being made for all three types of degradation products, the presence of 
the same infrared bands indicates that this same aromatic carbonyl struc
ture is present when polystyrene is oxidized by any method.

The combination of spectral changes in the ultraviolet, infrared, and 
NMR spectra of oxidized polystyrene refutes the existence of a benzal ace
tophenone type of carbonyl structure. Benzal acetophenone has an in
frared carbonyl absorption at 1667 cm. -1 and a maximum in its ultraviolet 
spectrum at 305 nifi. Its NMR spectrum does not show the 3 to 2 phenyl 
proton ratio but only a complicated mass of jagged peaks extending from 
7.60 to 7.20 ppm.

Dicarbonyl structures similar to 1,2-propanedione must also be rejected 
on similar grounds. Although 1,2-propanedione showed infrared and 
NMR spectra similar to that found on degraded polystyrene, its ultraviolet 
spectrum shows a pronounced maximum at 260 ni/x. Also, the exhaustive 
tests for dioxo compounds in the degraded polymer and tests for glycols in 
the polymer treated with sodium borohydride all proved negative.

The specific identification of other structures present, e.g., the 1720 
cm. “ 1 band in the infrared, is not as easily done. It was shown that so
dium borohydride could reduce all carbonyl groups in oxidized polystyrene.
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Brown has shown that sodium borohydride will reduce only aldehydes, ke
tones, lactones, and acid chlorides.12 Chemical tests for esters and anhy
drides were negative. Also, no aldehydic peaks were noted in any spec
tra. Thus, since all of the carbonyl groups were reduced by sodium boro
hydride, it must be concluded that all the carbonyl groups on degraded poly
styrene are ketonic. The possibility of conjugation being associated with 
the 1720 cm. -1 carbonyl band must not be ruled out. Protons associated 
with such a conjugated carbonyl could be masked in the NMR by the large 
phenyl resonances of the undegraded part of the polystyrene molecule.

Also, since some coloration of the oxidized polystyrene remained when de
graded polystyrene had all the carbonyl groups removed, it is quite possible 
that conjugated structures of the type Grassie suggests4 (IV) could be the 
cause of the 5.05 and 4.80 ppm peaks.

H H H
I I I

vwC=C------- c = c ---------c= c< ~
1 I I

c 6h 5 c 6h 5 c 6h 5
IV

Their positions in the NMR spectrum would not be affected by any car
bonyl reduction, as was observed.

The only other structures which were specifically identified were the 
polymeric peroxides found in a concentration of 4 peroxide units for every 
1000 styrene units. It must be noted that others13-15 have also had success 
in preparing polystyrene peroxides. The polymeric peroxides that were ob
tained, undoubtedly arose from a wide variety of reactions occurring in the 
carbon tetrachloride solution, including the reaction of the polymer with the 
solvent itself. The presence of approximately 12% chlorine found on the 
polj'styrene attests to this. The fact that no peroxides were detected on 
the thermally oxidized polystyrenes is understandable when the relative 
instability of peroxides at elevated temperatures is considered.

A word must be said about the 2.90 ppm peak in the spectra of oxidized 
polystyrene. Bovey10 has shown that at molecular weights of 2,000 or less 
the a-hydrogens of polystyrene become deshielded from the diamagnetic 
field of adjacent phenyl rings and appear at 2.90 ppm. The appearance of 
the 2.90 ppm resonances undoubtedly is due to low molecular weight frac
tions present in the degraded polymer. The anomalous shift of some of the 
a-proton resonances from 2.90 to 1.30 ppm when the carbonyl groups were 
reduced with sodium borohydride is quite difficult to explain. For a rea
son, as yet to be understood, when the carbonyl groups are removed these 
a-hydrogens are thrust more firmly than ever into the diamagnetic region 
of neighboring phenyl groups.
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Résumé
La résonance nucléaire magnétique, la spectroscopie infrarouge et ultraviolette ont été 

utilisées pour élucider la structure du polystyrène oxydés. Pour identifier les pics de 
résonance nucléaire magnétique des polystyrènes dégradés, des polystyrènes deutérés 
ont été synthétisés et dégradés. La structure primaire présente dans le polystyrène 
dégradé consiste dâns un groupe carbonylique aromatique. On a montré que cette 
structure était formée indépendamment de la présence de la lumière ultraviolette et 
était également présente lorsque le polystyrène était dégradé en solution dans le tétra
chlorure de carbone. Lorsque le polystyrène était dégradé dans la solution de tétra
chlorure de carbone, des peroxydes polymériques stables sont formés dans les concentra
tions de 4 peroxydes toutes les 1000 unités styréniques.

Zusammenfassung
Kernmagnetische Resonanz-, Infrarot- und Ultraviolettspektroskopie wurden zur 

Aufklärung der Struktur von oxydiertem Polystyrol herangezogen. Zur Identifizierung 
der kernmagnetischen Resonanzbanden von abgebautem Polystyrol wurden deuterierte 
Polystyrole synthetisiert und abgebaut. Die in dem abgebauten Polystyrol vorhandene 
Primärstruktur erwies sich als aromatische Carbonylgruppe. Es wurde gezeigt, dass 
sich diese Struktur unabhängig von der Anwesenheit von Ultraviolettlicht bildete und 
auch beim Abbau von Polystyrol in Tetrachlorkohlenstofflösung auftrat. Beim 
Abbau von Polystyrol in Tetrachlorkohlenstofflösung wurden stabile polymere Peroxyde 
in einer Konzentration von 4 Peroxydgruppen auf 1000 Styrolbausteine gebildet.
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Synopsis
The alternating copolymerization of carbon monoxide and ethylenimine to give poly- 

/3-alanine could be initiated by 7 -irradiation but hardly by a, a'-azobisisobutyronitrile 
(AIRN). It was found that in the case of the addition of olefin, this system could be co
polymerized even by AIBN and that, in the 7 -ray copolymerization of carbon monoxide 
and ethylenimine, the addition of olefin brought about an increase in the copolymer 
yield. No difference was observed between the nature of copolymers obtained by 
AIBN and those obtained by 7 -irradiation, except in the system carbon monoxide- 
ethylenimine-ethylene. An increase in the amount of reacted olefin gave rise to an in
crease in copolymer yield. The melting points of the copolymers were in the range 295- 
335°C. The infrared spectra, x-ray diffraction diagrams, and NMR spectra of the co
polymers were almost identical with that of poly-/3-alanine obtained by the hydrogen- 
migration polymerization of acrylamide. Paper chromatographic analysis of the hy
drolysis product of the copolymer showed (he existence of /3-alanine, ethylamine, and 
6-ami novaleric acid homolog in the products. From these results, it was concluded that 
terpolymerization of carbon monoxide, ethylenimine, and olefin took place in the pres
ence of AIBN or 7 -irradiation which gave a crystalline solid copolymer containing the 
units of nylon 3 and nylon 5. A mechanism of this copolymerization was proposed on 
the basis of these results.

INTRODUCTION
Recently, the alternating copolymerization of carbon monoxide and 

ethylenimine to give a Crystalline solid poly-/3-alanine was reported.1 In 
addition, a previous study showed that the copolymerization of carbon 
monoxide and ethylenimine in the presence of ethylene took place in the 
presence of 7 -radiation and gave an amorphous polymer containing the 
units ACH2CH2NIIC(H , YCH,CILC(H , and ' -RCH2CH2CH2CH2- 
NHCOffi.2

During the course of an investigation of the copolymerization of carbon 
monoxide and ethylenimine, it was discovered that the copolymerization 
could be initiated with difficulty by AIBN and that a crystalline polyamide 
was obtained by the addition of olefin in this system.

1645
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The present investigation was undertaken to determine the influence of 
the addition of various olefins on the alternat ing copolymerizalion of carbon 
monoxide and ethylenimine with AIBN or 7 -irradiation.

EXPERIMENTAL 
Materials and Procedure

Commercial ethylenimine was dried over KOH pellets and NaH and 
then fractionated at 55.5-56°C. before use. Ethylene (99.9% purity, 
less than 5 ppm oxygen), propylene (99% purity),isobutylene (99% purity), 
and carbon monoxide (99.2% purity) were obtained commercially. Pen- 
tene-1 and dodecene-1 were fractionated at 30-31°C. and 96-97°C./15 
mm. Hg, respectively. a,a'-Azobisisobutyronitrile (AIBN) was obtained 
commercially.

The copolymerization by AIBN was carried out as follows. Measured 
amounts of ethylenimine and AIBN were charged into a stainless steel 
autoclave of 30 ml. capacity. The vessel was evacuated twice under cool
ing with liquid nitrogen. Then, measured amounts of carbon monoxide 
and olefin were fed into the vessel from each reservoir. The vessel was 
immersed without agitation during the course of reaction in an oil bath. 
After the reaction stopped, the vessel was opened to purge the unreacted 
monomers. The product was washed thoroughly with a large amount 
of diethyl ether, dried i n  vacuo, and weighed.

In the experiment with 7 -irradiation, the vessel was charged with ethyl
enimine, carbon monoxide, and olefin without AIBN according to the 
procedure described above. All irradiation was performed with 7 -rays 
from a 5000 C. 60Co source, and the reaction was carried out without agita
tion. After the reaction was stopped, the product was treated as de
scribed above.

Chemical Analysis of the Copolymer
The composition of the copolymer was determined from the contents of 

carbon, hydrogen, and nitrogen from elemental analysis. In order to 
determine the structure of copolymers, the hydrolysis product of the co
polymers obtained was analyzed by a paper chromatographic method as 
follows. The copolymer was hydrolyzed in a sealed tube with GY HC1 
at 110°C. for 20 hr. The hydrolysis product was compared with com
mercial /3-alanine, 5-aminovaleric acid, and ethylamine by the usual one
dimensional ascending chromatography for amino acids.3 Both samples 
were developed on Toyo Roshi No. 50 paper for chromatography with 
n-butanol-glacial acetic acid-water (4:1:5) as a solvent. Both spots were 
detected by using n-butanol solution of ninhydrin.

Physical Analysis of the Copolymer
The melting point of the copolymer was determined visually in a nitro

gen atmosphere in a capillary on a Yanagimoto melting point measuring
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apparatus, Model MP-S2. The infrared spectrum was obtained by using a 
KBr pellet technique on a Shimadzu infrared spectrophotometer, Model 
IR-27, with NaCl prism. The x-ray diffraction diagram was recorded with 
a powder camera on a Shimadzu x-ray diffractometer, Model GX-3R, 
employing Ni-filtered CuKa radiation by the use of standard techniques. 
The NMR spectrum was run at 22°C. on a Japan Electron high resolution 
spectrometer, Model 4H-100, at 100 Me./sec. in a formic acid solution with 
tetramethylsilane as a standard.

RESULTS AND DISCUSSION

The result of the copolymerization of carbon monoxide and ethyleni- 
mine in the presence of olefin by AIBN is shown in Table I. Very little 
copolymer could be obtained without the addition of olefin in this system 
(expt. 1). Figure 1 shows that the yield of copolymer is independent 
of olefin content and increases with the amount of reacted olefin. These 
results and the fact that the various polymers consist primarily of nylon 
3 units indicate that the olefin in this copolymerization mainly acts as 
an initiator. If it is assumed that initiation proceeds in the gaseous 
phase, the rate of initiation increases with olefin concentration in gaseous 
phase, and this brings about the increase of copolymer yields. From this 
assumption, with the use of ethylene and propylene, high concentrations 
of these olefins in the gaseous phase result in higher yields. The melting 
point of the copolymer was about 280-312°C. and became lower with the 
olefin content in copolymers in all cases.

The result of copolymerization of carbon monoxide and ethylenimine by 
7 -irradiation in the presence of olefin is shown in Table II. Copolymer was 
obtained in this system without the addition of olefin, and the yield in-

O l e f i n  C o n t e n t  / _ O le f in \
Yield V co 1

molar
9 0  O . l  0 . 2  ratio

Fig. 1. Copolymer yield vs. (•) reacted olefin or (O) olefin content (AIRN initiation).
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Olefin Content ( o~.~n )
Yield 0 0;05 0.1

g r-----~~---~.--___j

.--b

1.0

~
.~

• ~

0.5

molar
ratio

o 1.0

Reacted Olefin

2.0

Fig. 2. Copolymer yield vs. (e) reacted olefin or (0) olefin content (or-ray initiation).

creased markedly on addition of olefin. Similar to the result in the case of
AIBN, copolymer yield did not depend on olefin content, but increased
with the amount of reacted olefin as shown in Figure 2.

These results indicate that, in the case of the addition of olefin, the radi
olysis product of olefin also acts as an initiator. Thus, the increase of co
polymer yield in the presence of olefins is due to an increase in the amount
of initiators.

Infrared Spectra of the Copolymers

Figures 3 and 4 show the infrared spectra of the copolymers obtained by
AIBN and by -y-rays, respectively. All of the copolymer displayed major
absorption peaks assigned to secondary amide at near 3300, 3080, 1635, and
1540 cm.- 1• And no peak at 1700 cm.- 1 attributable to ketone was
observed, except in the system carbon monoxide-ethylellimine-ethylene
and -y-ray.

y-Ray Diffraction Diagrams of the Copolymers

Figures 5 and 6 show the x-ray diffraction diagrams of these copolymers.
The data in Figure 5 and 6 indicate that, except the copolymer containing
a large amowlt of ethylene (2 in Figure 6), all copolymers were crystalline.
Although no attempt was made to determine the per cent crystallinity,
the result of a comparison of the relative half width corresponding to the
crystallinity of the copolymers indicates that crystallinity decreased with
increasing olefin content.
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WAVE NUMBER (cm -')

Fig. 3. Infrared spectra of the copolymers obtained by AIRN: (1) carbon monoxide- 
ethylenimine-ethylene; (2) carbon monoxide-ethylenimine-propylene; (S) carbon 
monoxide-ethylenimine-isobutylene; (4 ) carbon monoxide-ethylenimine-pentene-1 ; 
(5) carbon monoxide-ethylenimine-dodecene-1.

NMR Spectra of the Copolymers

As shown in Figure 7, the NMR spectra of the copolymers and poly-/3- 
alanine obtained by hydrogen-migration polymerization of acrylamide are 
almost identical. The spectra of them showed three peaks at about 
t  — 7.35 -fCH2COA-, 6.35 -f-NCHo-F, and 2.20  -FCONH-F. The molar 
ratio of —CH2CO—/ —NCH2—/ —COXH—, calculated from the ratio of 
integral values of the —CIRCO—, - XCIL> , and CONH-- peaks, 
was about 2 :2 :1  and agreed with the poly-d-alanine structure.

Paper Chromatograms of the Copolymers

Figure S shows the paper chromatograms of the hydrolysis product of the 
copolymers. The hydrolysis product of the copolymer obtained by y-ray- 
induced copolymerization of carbon monoxide and ethylenimine showed 
only one spot, while those from the copolymers obtained in the presence of 
olefin showed three spots.
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WAVE NUMBER (c m -1)

Fig. 4. Infrared spectra of the copolymers obtained by 7 -irradiation: (i) carbon 
monoxide-ethylenimine; (2) carbon monoxide-ethylenimine-ethylene; (3) carbon
monoxide-ethylenimine-propylene; (4) carbon monoxide-ethylenimine-igobutylene;
(5) carbon monoxide-ethylenimine—peiitene-1; (6) carbon monoxide-ethylenimine-
dodecene-1 .

The R f  value of the first spot (0.26-0.30) agreed closely with that of 
commercial /3-alanine in the same solvent system. The R f  value of the 
second spot (0.41-0.45) agreed with that of ethylamine and that of 5- 
aminovaleric acid. This spot disappeared, except in the case of the co
polymer obtained in carbon monoxide-ethylenimine-ethylene system, by 
heating the alkaline hydrolyzate of the copolymer for several minutes at 
100°C., neutralizing, and chromatography as described before. In the case 
of the carbon monoxide-ethylenimine-ethylene system, the second spot did 
not disappear completely but the color diminished in intensity after the 
above treatment. This would indicate that the second spots (2 and 7 
in Fig. 8) (carbon monoxide-ethylenimine-ethylene system) show the 
existence of ethylamine and 5-ami no valeric acid, and the spot in the other 
copolymers (carbon monoxide-ethylenimine-a-olefin system) indicates 
the presence of ethylamine in the hydrolysis products. As the R f  value 
of the third spot increased with carbon number of the added olefin, this 
third spot is considered to be due to a 5-aminovaleric acid homolog con-
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20 (')
Fig. 5. X-ray diffraction diagrams of the copolymers obtained with AIBN: (1)

carbon monoxide-ethylenimine-ethylene; (8) carbon monoxide-ethylenimine—propyl
ene; (.?) carbon rnonoxide-elhylenimine isobutylene.

taming olefin unit. The evidence thus obtained supports the suggestion 
that the copolymer consists of nylon 3 ( CILCII..XHCO ), and nylon 5R'
-fCH—CH—CH2CH2NHCCB- units.

H

MECHANISM OF THE COPOLYMERIZATION OF 
CARBON MONOXIDE AND ETHYLENIMINE IN THE PRESENCE

OF OLEFIN

Initiation of the Copolymerization Induced by AIBN
As described above, copolymerization of carbon monoxide and ethylen- 

imine was initiated by AI BN only to a very small extent, while in the pres
ence of olefin, a crystalline copolymer was obtained. This indicates that 
initiation reaction of the copolymerization by AIBN consists of two ele
mentary reactions: the reaction of olefin and radical II- produced by the 
decomposition of AIBN, and the formation of initiating radical 

O
R'

(ROH- CH {'■■) by the reaction of carbon monoxide and the radical
H

formed in reaction (lb).
I -*  2R ■ (la)
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POLY(SCHIFF BASES)

The condensation products from the reactions of diamines, such as p- 
phenylenediamine with various difunctional carbonyl compounds such as 
terephthalaldehyde have been studied as semiconductors.7-9 Since most 
of these polymers are colored, insoluble substances, they have rarely been 
obtained pure and there has been relatively little information on molecular 
weights. Somewhat more tractable polyazines were obtained from 
phenolic dialdehydes.1011 While the current work was in progress, Popov 
and co-workers described12 thirteen* polymeric Schiff bases derived from
2,6-diaminopyridine and p-phenylenediamine and showed that the degrees 
of polymerization of these polymers, with one exception, were from 2 to 
h.

In the current work terephthalaldehyde was condensed with various 
diamines (Table I) in dimethyl sulfoxide or V-methyl-2-pyrrolidinone 
solution. The yields of products, which varied from 75-95%, were not 
appreciably affected by prolonging the reaction times nor by increasing the 
temperature. The use of glacial acetic acid as solvent for polymer III 
greatly speeded the reaction (an effect noted by Marvel and Tarkoy10 for 
salicylaldehyde derivatives). All of the polymers from aromatic diamines 
(I-V) were colored and had no true melting points, showing discoloration 
above certain temperatures, while the polymers from strictly aliphatic 
diamines (VII and VIII) were white and had true melting points.

Polymer I was reported in 1963 by Topchiev and co-workers7 to have 
analyses very close to those in Table I. In 1965 Popov and co-workers12 
showed by endgroup analysis for carbonyl that this polymer was a t rimer. 
Our analytical values would fit either a trimer or a dimer.

Polymer II, prepared in 1923 by Adams et al.13 was then postulated to 
be a cyclic dimer, based on analytical data. Our polymer II, like all the 
others in Table I clearly shows carbonyl absorption in the infrared (at 16S0 
cm.-1), which excludes the cyclic structure.

Polymers III and IV gave low analytical values for nitrogen, in spite of 
reprecipitations. This has been a common difficulty with polyazines; 
nine of the polymers described by Popov and co-workers12 were low in 
nitrogen by 0.9% or more. [However, the polyamines from reduction of 
polymers III and IV(Table III) had suitable analyses for all elements.]

One of these compounds was the same as ours.
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EXPERIMENTAL

Reagents

Commercial gnules of terephthalaldehyde, p-phenylenediamine, benzi
dine, and o-dianisidine, purified by recrystallization from hot water,
melted, respectively, at 1l.')-111)oC., B9-]40°C., 12;'S-126°C., and 130-131 °
C. 1,li-Hexanediamine, purified by distillation under reduced pressure,
boiled at 80-84°C.jlO mm. p-Xylene-a,a'-diamine boiled at 172-174°C.j
27 mm.

Commercial 4,4'-methylenedianiline dihydruchloride was dissolved in
water, treated with 20% sodium hydroxide, and the free amine distilled at
19.'5-197°C.jO.04 mm.

4,4'-Diamiuobibenzyl was prepared by oxidation of p-nitrotoluene, 17 fol
lowed by hydrogenation with a platinum oxide catalyst. The diamine
melted at 133°C. (lit. 18 134-135°C.)

All solvents were dried and distilled.

Preparation of Poly(Schiff Bases)

For a typical polymerization a solution of 0.025 mole (3.35 g.) of tere
phthalaldehyde in 200 m!. of dry dimethyl sulfoxide was placed in a one
liter, three-necked reaction flask carrying a reflux condenser, me
chanical stirrer, and addition funnel. To this solution was added drop
wise a solution of 0.025 mole (4.91) g.) of 4,4'-methylenedianiline dissolved
in 300 ml. of dimethyl sulfoxide. During stirring for 24 hr. a yellow
precipitate formed, which was filtered and washed with ethanol. The dried
product weighed 7.9 g. (9.')% yield), and did not melt below :350°C. The
product was purified by continuous extraction with ethanol and water.
Properties and analyses are given in Table 1.

Reduction of Schiff Bases

By Dimethylamine Borane. 15 In a 250-ml. three-necked, round-bottomed
flask equipped with reflux condenser, addition funnel, and a magnetic
stirrer were placed a slmry of Lj g. of polymer III (Table I) in 10 ml. of
glacial acetic acid. To this mixture was added dropwise 0.5 g. of dimethyl
amine-borane dissolved in 8 ml. of glacial acetic acid. During the addi
tion of reducing agent the reaction mixture was kept at approximately 20°C.
by a water bath. After the reducing agent had been added, the mixture
was refluxed for 15 min. The cooled mixture was filtered. The precipitate
was washed with a 20% solution of potassium hydroxide. The product,
after purification by continuous extraction with water, weighed 1.4 g.
(95%). It did not melt below 350°C. The product had no carbonyl
absorption and no azomethine absorption in the infrared.

Variations in the procedure with yields are given in Table II.
By Borane in Tetrahydrofuran. 16 In a 500-ml. three-necked round

bottomed flask equipped with a nitrogen sweep, stirrer, and reflux condenser
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Analytical Methods

Thermogravimetric Analyses. These analyses were carried out on a 
du Pont 950 instrument at a programmed rate of 6°C./min. with a flow 
rate of nitrogen of 40 ml./min.

Molecular Weights by Boiling Point Elevations. In a Cottrell apparatus 
Ar-methyl-2-pyrro]idinoue, benzyl alcohol, or nitrobenzene was used as the 
solvent. The Kt for the first solvent was determined by using as standards 
4,4'-methylenedianiline, Â ,Ar'-dibenzylidine-4,4'-methylenediauiline, and 
a,a'-p-xylenediol.

Determination of Total Acetylatable Groups. Essentially the standard 
procedure21 was used to determine the sum of the equivalents of NH, NH2, 
and OH groups per gram of polyamine. The sample was 0.02 g.; the 
acetylating mixture consisted of 1 ml. of acetic anhydride mixed with 3 ml. 
of pure pyridine.

This paper is abstracted from the Ph.D. dissertation of C. Clement Anderson, Uni
versity of Delaware, 1965.
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Résumé
Une étude a été effectuée concernant la préparation d’amines polymériques aroma

tiques en vue de tester leur stabilité thermique. La méthode la plus utile était l’hydro
génation de la base de Schiff polymérique par le réactif diméthylamine-borane ou le
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réactif borane-tétrahydrofurane. Les bases de Schiff étaient préparées par polymérisa
tion en solution du téréphthaldéhyde avec différentes diamines aromatiques comprenant 
la 4,4'-méthylènedianiline, la benzidine, la paraphénylène diamine et à titre de comparai
son la 1,6-hexanediamine. Les bases de Schiff et las polyandries au départ des diamines 
aromatiques ont été trouvées être des dimères ou des trimères, mais pas des hauts poly
mères; les polymères au départ des diamines aliphatiques avaient un degré de poly
mérisation d’environ 14. Les analyses thermogravimétriques des polyamines aroma
tiques effectuées sous azote montraient des températures initiales de dégradation pro
noncée de 350 à 400°C.

Zusammenfassung
Die Darstellung aromatischer polymerer Amine wurde zur Untersuchung ihrer ther

mischen Stabilität durchgeführt. Die brauchbarste Methode war die Hydrierung poly
merer Schiff’scher Basen mit dem Dimethylamin-Boranreagens oder mit dem Boran- 
Tetrahydrofuranreagens. Die Schiff’schen Basen wurden durch Lösungspolymerisation 
von Terephthalaldehyd mit verschiedenen aromatischen Diaminen, wie 4,4'-Methylen- 
dianilin, Benzidin und p-Phenylendiamin und zum Vergleich mit 1,6-Hexandiamin 
dargestellt. Die Schiff’schen Basen und die Polyamine aus den aromatischen Diaminen 
erwiesen sich als Dimere oder Trimere und nicht als Hochpolymere; die Polymeren aus 
dem aliphatischen Diamin besassen einen Polymerisationsgrad von etwa 14. Die 
thermogravimetrische Analyse der aromatischen Polyamine unter Stickstoff zeigte, 
dass die Temperatur eines deutlichen beginnenden Abbaus 350-400°C beträgt.
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Cohesive Energy Densities of Polymers

from Turbidimetric Titrations

K. w. SUH, Plastics Fundamental Research Laboratory, and
D. H. CLARKE, Physical Research Laboratory, The Dow Chemical

Company, Midland, Michigan 4-864-0

Synopsis

Tlll'bidimel ric titl'atiolls have been made 011 polystyrene and puly-o-chlorostyrene ill a
~erie~ of solvents to deduce the solubility parameters of polymers from the Flory-Huggin~

interact.ion parameter x. The assigned solubility parameter for polystyrene agrees well
with the reported values obtained from swelling measurements. Brief discussion of the
exceptional behavior in the solvent powers of paraffins is given.

Introduction

The solubility parameters of substances describe the relation between
the energy of mixing and the mutual solubility of the substances. A knowl
edge of the solubility parameter of a polymer is necessary in obtaining
valuable information for the solubility behavior of a polymer. The solu
bility parameter as defined by Hildebrand is the square root of the cohe
sive energy density, the energy of vaporization per unit volume. It is
the energy required to completely vaporize 1 cc. of a liquid against the
intermolecular forces between molecules.

The solubility parameters of polymers can not be determined directly
from the heat of vaporization because of their nonvolatility. At the pres
ent time, the most widely used experimental method is based on the study
of solvent-polymer interactions in a spectrum of solvents of known solu
bility parameter. Gee l studied the swelling of crosslinked polymers and
found that the swelling is greatest in solvents having the same cohesive
energy density as that of the polymer. Since Gee's early work, the Flory
Huggins interaction parameter X (or p.) has been applied to describe the
polymer ~welling.2-5 The solubility parameters of polymers can be also
determined by intrim:ie viscosity nH':u-:urements in :l series of solvents.
The pol~·mer solubility parameter i" m-:"umed to be equal to the solvent
solubility parameter where the intrin8ic viscosity has a maximum value.
BristO\,· and \Vat"on(; derived the ~()Iubilit.y paramet.ers of polymers from
viscoi:iity meusurements by tUl application of the inter:tetion parameter x.
SmalF has derived additive molar attract.ion constants for various molecu
lar groups from vapor pressure measurements 011 volatile substances and

1(,71
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used these values to estimate the solubility parameters for polymers. The
purpose of this paper is to present a new method for the determination of
polymer solubility parameters by turbidimetric titrations.

Experimental

Solutions of polystyrcne (.11w = 29::5,000) and poly-o-chlorostyrene
(A?w = 200,000) were prepared by dissolving 0.3 g. of polymer in 100 ml. of
reagent-grade solvents. To a 25-ml. aliquot (10 ml. in the case of acetone
as a nonsolvent) of polymer solution, a nonsolvent was slowly added until a
standard turbidity (cloud point) was reached. The standard turbidity or
cloud point was the threshold of precipitation at which a printed page
could not be read looking through the solution.8 Two different nonsol
vents, one of lower solubility parameter and one of higher solubility param
eter, were used to titrate the polymer solutions at 25°C.

Discussion

The Flory-Huggins interaction parameter X is given by:

(1)

where z is the coordination number, VI is the molar volume of the solvent
(component 1), and 01 and 03 are the solubility parameters of solvent and
polymer (component 3), respectively. The values of X at the cloud points
obtained from titrations with two different nonsolvents (component 2),
one of lower 0 value (Xci) and one of higher 0 value (Xch), are represented by:

(2)

(3)

where subscripts 1111 and nth represent the mixtures of solvent and non
solvent of lower solubility parameter and of solvent and nonsolvent of
higher solubility parameter at the cloud points, respectively. Equating
the abovc two expres~ions, assuming that (l/z)cl '" (1/z)ch for a small con
centration difference in dilute solutions, we obtain

\lvml(o. - Oml)r/ = \Ivmh(Omh - 03)ch (4)

where

(.5)

(6)

<1>1 ane! <1>2 represent thc volume fractions of solvent and nonsolvent in the
solution. Simplifying eq. (4), the solubility parameter of a polymer can be
obtained by the relatioIl:
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Fig. 3. Turbidimetric t ¡(.ration of polystyrene with methanol and re-hexane: (0) aromatic 
solvents; (X ) aliphatic solvents.

and cloud point 5 values is parallel to the S$ = Si line (45° line). These two 
lines are separated by a distance corresponding to the critical solubility 
limit (the largest difference between polymer and solvent solubility param
eters, (A5)max, where the polymer is soluble) on the solvent spectrum for 
polystyrene and poly-o-chlorostyrene. Namely,

(& nih  ) e x p  (& m h  h ) e x p  (f im l l  ^ 3 ) c / i  ( 9 )

It would appear that the polymer molecule is surrounded by the good 
solvent molecules and behaves as if its chemical composition were that

Fig. 4. Turbidimetric titration of poly-o-chlorostyrene with methanol and re-heptane: 
(O) aromatic solvents; (X) aliphatic solvents.
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TABLE III
Compositions of Mixed Solvents a t the Cloud Point for 

Polystyrene »System

*2'
V  + V
(calc, at

Solvent $2 (exptl.) $3' = 0.1)a

Solvent-methanol system 
Isopropylbenzene 
Toluene 
Benzene 
Chlorobenzene 
Bromobenzene 
sec-Butyl bromide 
Chloroform 
Methylene chloride 
Ethylene dibromide 

Solvent-n-hexane system 
Isopropylbenzene 
Toluene 
Bromobenzene 
sec-Butyl bromide 
1,3-Dibromobutane 
Ethylene dibromide 

Solvent-acetone system 
Isopropylbenzene 
Toluene 
Benzene 
Bromobenzene

0.215 0.114
0.245 0.120
0.252 0.174
0.268 0.204
0.273 0.216
0.209 0.128
0.271 0.178
0.224 0.186
0.285 0.233

0.516 0.498
0.584 0.559
0.668 0.612
0.514 0.505
0.679 0.640
0.668 0.607

0.862 0.865
0.870 0.871
0.872 0.872
0.898 0.901

a The prime represents the polymer phase.

of the good solvent with respect to the solvent-nonsolvent mixture. This 
may be attributed to the fact that the interaction of good solvents with the 
polymer is very large in comparison with the interaction between two sol
vents due to the high polarity of the methanol. This means that the sol
vent-nonsolvent mixture reacts with the cluster as with a compatible 
solution.

In general, with two very powerful nonsolvents, the precipitation data 
will yield parallel lines to the <S3 = Si line, one on the low edge of the solu
bility parameter spectrum and the other on the high edge of the spectrum. 
In this case, the polymer solubility parameter can not be determined 
because the two lines are essentially the same for all polymers regardless of 
their chemical composition and the polymer seems to be precipitating as if 
its composition were that of the good solvent. The thermodynamic cal
culations do show that a part of the good solvent is associated with the 
polymer as shown in Table III. The compositions of the nonsolvents 
in the polymer phase were obtained from the composition ratio relation
ship derived by Krigbaum and Carpenter.10

Substituting eq. (9) into eq. (4) and solving for the polymer solubility 
parameter, we obtain
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Fij{. 5. I tetermination of (lie solubility parameter for polystyrene from the turbidirnetric 
titration with methanol and n-hexane: (O) aromatic solvents.

5s =  &ml +  ^ l ( V mf, / V mi)(8ml, — Si) (10)

The solubility parameters for the polystyrene and poly-o-chlorostyrene were 
also determined from the titrations with methanol and n-hexane or 71- 
heptane by using eq. (10) as shown in Figures 5 and 6.

In most cases, the S3 values obtained from the titration data in aliphatic 
solvents are more widely scattered and consistently lower than the values 
obtained from the titration data in aromatic solvents as shown in Tables 
IV and V. This may be due to the irregularity in solvent powers of paraf
fins in aliphatic solvents. This irregular behavior of hydrocarbons in ali
phatic solvents have been studied by Simons and Dunlap11 and also by 
Hildebrand.12 Hildebrand has suggested that a good agreement with the 
experimental data may be obtained by assigning to the hydrocarbons 5

10.0 ----------------------------

Si

8.0 —1-1--1—1---*--1—1---1—1—
8.0 9.0 10.0

s3
Fig. 6. Determination of the solubility parameter for poly-o-chlorostyrene from the

turbidirnetric titration with methanol and »-heptane: (O) aromatic solvents.
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TABLE TV
JL)eterminal ion of t tie Sollubility Parameter for PolysljTelle

Solvent

<b from 
met hanol 

and «-hexane 
titrations

from
acetone 

and w-hexane 
lit rat ions

Aromatic solvents
feri-Butylbenzene 8.94 8.64
Isopropylbenzene 8.95 8.65
p-Cymene 9.01 8.70
Mesitylene 9.03 8.74
o-Diethylbenzene 9.07 8.77
Toluene 9.06 8.73
o-Xylene 9.07 8.76
Benzene 9.11 8.81
Styrene 9.11 8.79
Chlorobenzene 9.09 8.81
p-Bromotoluene 9.11 8.85
Bromobenzene 9.15 8.91
lodobenzene 9.15 8.96

Aliphatic solvents
sec-Butyl bromide 8.88 8.62
Carbon tetrachloride 8.91 8.74
Ethyl bromide 9.07 8.68
Chloroform 8.92 8.68
1,3-Dibromobutane 9.00 8.78
Methylene chloride 8.77 8.80
Methyl iodide 9.10 8.92

value about 0.6 higher than those calculated from the energies of vaporiza
tion per cubic centimeter. The adjusted 8 values of 7.52 instead of 7.29 
for n-hexane and 7.72 instead of 7.45 for n-heptane in aliphatic solvents will 
give the same d3 values for polystyrene and poly-o-chlorostyrene as those 
obtained from the titration of these polymers in aromatic solvents.

The solubility parameter of poly-o-chlorostyrene is found to be 9.35. 
The solubility parameter for polystyrene is compared with reported values

TABLE V
Determination of (he Solubility Parameter for Poly-o-chlorostyrene 

from Titration with Methanol and »-Heptane

Solvent 5:j

Aromatic solvents
Ethylbenzene 9.22
m-Xylene 9.36
Toluene 9.30
Benzene 9.35
Styrene 9.39
Chlorobenzene 9.38

Aliphatic solvents
Chloroform 9.22
Methylene chloride 9.20
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TABLE VI
Comparison of the Solubility Parameter for Polystyrene

Source Method a3

Scott and M agat4 Swelling measurements 9.1
Boyer and Spencer13 Swelling measurements 9.05
Mangaraj et al.14 Swelling measurements 9.1

Viscosity measurements 9.1
Bristow and Watson6 Viscosity measurements 8.5G
Small7 Molar attraction constants 9.12
This work Turbidimetric titration (acetone) 8.72

Turbidimetric titration (methanol) 9.07

obtained from different methods in Table VI. The value of 9.07 for poly
styrene obtained from methanol titration data agrees fairly well with other 
values. The value of 8.72 for polystyrene obtained from acetone titration 
data seems to be too low, considering the fact that the solubility range of 
polystyrene on the solvent spectrum is approximately 8.1 <  5i <  10.8 as 
shown in Tables I, II, and VII.

TABLE VII

Solvent Si

Cross solubility 
of polystyrene, 

g. polymer/100 g. 
solvent1*

/¿-Heptane 7.45 0.016
Methyl cyclohexane 7.82 0.312
Cyclohexane 8.20 4.58
Carbon tetrachloride 8.59 >50
Ethyl benzene 8.80 >100
Toluene 8.90 >90
Ethyl acetate 9.03 >90
Benzene 9.15 >90
Methyl ethyl ketone 9.30 >90
Chloroform 9.30 >70
Tetrahydrofuran 9.32 >90
Methyl isobutyl ketone 9.58 >100
Methylene chloride 9.71 >80
Acetone 9.81 0.30
Isoamyl alcohol 10.00 0.006
o-Dichlorobenzene 10.21 >50
Pyridine 10.70 >70
Nitroe thane 11.10 0.736
Acetonitrile 11.80 0.056
Ethyl alcohol 12.80 0.000
Methyl alcohol 14.54 0.000

a Determined by dissolving as much polymer as possible in 100 g. of solvent until the
solution became very viscous within a reasonable time15 (about 1 week). A thermally
polymerized polystyrene of 250,000 weight-average molecular weight was used in this
experiment.
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Résumé
Des titrations turbidimétriques ont été effectuées sur du polystyrène et du poly- 

orthochlorostyrène dans une série de solvants afin de déduite les paramètres de solubilité 
des polymères au départ des paramètres d’interaction de Flory-Huggins x- Le paramètre 
de solubilité pour le styrène s’accorde bien avec les valeurs rapportées, obtenues au départ 
de mesures de gonflement. Une brève discussion du comportement exceptionnel des 
pouvoirs solvants des paraffines est également donnée.

Zusammenfassung
Trübungstitrationen wurden an Polystyrol und Poly-o-chlorstyrol in einer Reihe von 

Lösungsmitteln zur Ableitung der Löslichkeitsparameter aus dem Flory-Huggins- 
Wechselwirkungsparameter x durchgeführt. Der für Polystyrol bestimmte Löslich
keitsparameter stimmt gut mit den aus Quellungsmessungen erhaltenen Literaturwerten 
überein. Eine kurze Diskussion des exzeptionellen Verhaltens der Lösungsmittelgüte 
von Paraffinen wird gegeben.

Received November 22, 1966 
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EXPERIMENTAL

Materials
The stabilizers used in this work were 2,6-di-ferf-butyl-p-cresol (AH) 

and dilauryl thiodipropionate (S), obtained from Hercules Incorporated 
and American Cyanamid Company, respectively.

The stabilizers were introduced into polypropylene by the following 
procedure. The polymer was mixed with a benzene solution of the stabil
izer and allowed to stand overnight. The solvent was subsequently re
moved from the swollen polymer at room temperature on a rotary evapora
tor. Analysis showed complete removal of the solvent. The amount of 
AH contained in such polymer samples was determined spectroscopically; 
the amount of S incorporated was analyzed chemically. Under the ex
perimental conditions, there was no loss of the stabilizer due to either 
volatilization or other processes when the samples were heated under a 
nitrogen atmosphere.

Stabilized commercial polypropylene is very resistant to thermal oxida
tive degradation. Studies of this material are impractical. Instead, two 
types of modified polypropylene were used: polypropylene hydroperoxide 
(PPH) and preoxidized polypropylene (OPP). They differ in the method 
of preparation, hydroperoxide content, and crystallinity.

PPH was prepared from a chlorobenzene-soluble fraction of commercial 
polypropylene. This chlorobenzene solution was air-oxidized at 100°C. 
and was initiated by a,a'-azobisisobutyronitrile. Detailed discussions 
on the preparation, analysis, and structures of PPH have been described 
elsewhere.3 The hydroperoxide contents in the two samples used in this 
work were 0.156 and 0.485 mmole/g.

OPP was prepared by heating commercial polypropylene at 140°C. 
and a pressure of 1 atm. of oxygen until the sample had absorbed about 7 
ml. 0 2/g. at S.T.P. The hydroperoxide contents of OPP were usually less 
than 0.2 mmole/g.

Both PPH and OPP were stored in the dark at 0°C.

Autoxidation Procedure
A sample containing stabilizer was introduced into a preheated ESR 

cavity. The sample tube was connected to an automatically regulated, 
recording oxygen-absorption apparatus.4 The rate of oxidation and the 
radical concentration were monitored continuously.

A Varian V-4500 spectrometer with 100 kc./sec. modulation and a 12-in. 
electromagnet were used throughout. A Varian variable temperature as
sembly was modified to improve temperature control. A thermocouple, 
placed in the Dewar holder immediately below the sample tube, was con
nected to a Gardsman regulator which controlled the heating elements. 
A second thermocouple was placed next to the section of the sample tube 
where the polymers were located. The output of this thermocouple was 
either recorded continuously or read with a potentiometer.
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Autoxidation was terminated by quenching of the tube containing the 
sample in a Dry Ice-trichloroethylene mixture. A section of Tygon tub
ing connecting the sample tube with the remaining equipment provided suf
ficient flexibility for rapid transfer of the ESR sample tube from the cavity 
to the quenching bath without opening the sample to air. The polymer 
was subsequently analyzed for either hydroperoxide or stabilizers.

ESR Spectra
The method used to calculate radical concentrations from the ESR spec

tra is the same as that given previously.5 The same reference also gives an 
account of the variation of ^-anisotropy and of linewidth of peroxy radi
cals and of radicals derived from AH.

RESULTS AND DISCUSSION 

Systems Containing Phenolic Stabilizer
RPH with added AH, contained in an ESR sample tube under 1 atm. of 

oxygen, was heated in the ESR cavity. At low concentrations of radical 
scavenger, peroxy radical signals were observed immediately. The steady- 
state concentration of ROO- was reached within seconds. There were no 
detectable amounts of the phenoxy radical (A-) during 4 hr. of heating- 
under these conditions. The results are presented in Table I.

At very high concentration, [AH] = 0.17 mole/1., an intense signal for A- 
was observed (Fig. 1) which decreased rapidly with time (Fig. 2). After 
9 min. a signal from ROO- was superimposed on the A- signal (Fig. 3). 
The two radicals coexist in detectable amounts for the next 10 min., after 
which time the spectra were simply those of the ROO- radical. The 
steady-state [ROO - ] is approximately equal to that found in the experi
ments with no stabilizer. The results of experiments with [AH] = 1.3 X 
10-2, 4.2 X 10“2, and 8.3 X 10~2 mole/1. are qualitatively similar to the 
above description.

TABLE I
Reaction at 1 Atm. 0 2 Between PPH and A ll“

ESR signal intensity1*

[AH], mole/1. Temp., °C. ROO • A-

3.1 X IO“3 110 80 —
3.1 X 10-3 120 102 —
1.3 X 10“2 120 100 300-0
1 .3 X 10~2 130 140 300-0
4.2 X m 2 110 SO 330-0
8.3 X l» “2 120 85 300 0
1 .7 X 1» 1 120 80 1 15 0'

» [ROO11] o in PPII = 0.156 mmole/g.
b Intensity in arbitrary units. 
c See Figure 1.
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Eig. 1. ESI! spectrum obtained during autoxidation of PPH containing AH early stage
of reaction.

This series of experiments clearly shows that a critical inhibitor concen
tration, somewhere between 3.1 X 10-3 and 1.3 X 10~2 mole/1., is required 
to prevent chain branching reactions. At [AH] < 3.1 X 10~3 mole/1., an 
autocatalytic condition prevails.

The critical concentration found above may be compared with that cal
culated from the known rate constants. As shown in the Appendix, the 
critical stabilizer concentration is

[AH], = 2/r/R H ]- /.•; (1)
The value of A'2 at 120°C. is determined2 to be 3.3 1./mole-sec. The value of 
An is 7.95 X 103 1. mole-sec.f"‘ at 65°C. with an activation energy of 1.7 
keal./mole,6b from which we obtained a value of 1.14 X 104 l./mole sec. at 
120°C. Substitution of these constants into cq. (1) gives a critical AH 
concentration of 0 X 10 3 mole/1. at 120°C. This value lies within the 
range found by the ESR experiments.

Further verification of the above results was obtained from the experi
ments on autoxidations of squalane at 120°C. in the presence of Ail. The

Fig. 2. Reaction between PPH and AI1. Radical concentrations are in arbitrary units.
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Fig. 3. ESR spectrum obtained during autoxidation of PPH containing AH. Inter
mediate stage of reaction.

results are shown graphically in Figure 4, where the observed induction 
periods are plotted against [AH]. The [AH]C, obtained by extrapolating 
to zero induction period is 4 X 10~3 mole/1. The agreement found for the 
value of [AH]C estimated by different methods establishes its validity.

The fact that the critical inhibitor concentrations for autoxidations of 
squalane and of polypropylene are nearly the same has further implica
tions. Earlier we suggested2 that the propagation reaction in polypropylene 
autoxidation proceeds via an intramolecular mechanism and that the rate 
of this reaction is independent of phase changes. If this postulate is true, 
the above results imply that the reaction between AH and the polymeric 
radical is not diffusion-controlled and thus rather insensitive to phase and 
viscosity changes. Apparently the relatively small AH can diffuse suf
ficiently rapidly in the amorphous phase of the polymer so that its reaction 
with ROO- is kinetically controlled. Additional support for the postu
lated rapid diffusion is furnished by the fact that A- cannot be trapped by

[ AH 1 X 102, MOLE/LITER

Fig. 4. Critical inhibitor concentration in squalane autoxidation at 1'20°C. and oxygen
pressure of 1 atm.
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TABLE II
Inhibited Autoxidation of OPPa

Time,
min.

[ROOH],
mole/1.

[AH] X 
102,

mole/1.

[A - ] X 
106,

mole/1.

[ROO-] X 
106,

mole/1.

0 0.152 1.3 0 0
5 0.152 1.3 2.3 —

50 0.087 1.0 1.7 —
120 0.055 0.64 1.2 —
240
350°

0.038 0.31 0.5
0.1

400 0.033 _b __b 1.0
550 0.223 — — 2.0

“ Temperature 130°C.; po„ 1 atm.
b Not detected; the limits of detection for [radical] and for [AH] are about 1 X 10~7 

and 1 X 10-3 mole/1., respectively.
c End of induction period, followed by oxidation at a rate of 1 ml. of 0 2/min.-g.

rapid quenching of the polymer sample, whereas the corresponding phenoxy 
radical derived from 1,3,o-tris(3,5-di-£erf-butyl-4-hydroxytolyl) mesitylene 
can be trapped in polypropylene by quenching and is relatively stable at 
room temperature, having a half life of about 7 days.

A series of 12 experiments was performed where samples of OPP 
([ROOH]ci = 0.152 mole/1.) containing 0.013 mole/1. of AH were heated 
at 130°C. in an atmosphere of oxygen for various lengths of time. The 
samples after quenching were analyzed for unreacted AH as well as for 
hydroperoxide concentration. The results are shown in Table II and 
Figure 5.

The concentrations of AH and A- decrease steadily with time of reac
tion. Analysis of the results show that both species decay with approxi
mately equal halflives of 2 hr. (Fig. 6). The fact that A- is a kinetically 
significant species here allows us to reject the mechanism of inhibition pro-

Fig. 5. Inhibited autoxidation of polypropylene at 130°C.: (O) [A-]; (□) [ROO-];
( • )  [AH]; (A) [ROOH],
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Fig. 6. R,ate of disappearance of AH and A - : (O) [A - ]; [AH].

posed by Hammond et al.8 Kinetic and other arguments against this 
mechanism have been discussed by Howard and Ingold.9 We prefer the 
well-accepted mechanism based on kinetic isotopic effects,910 to describe 
our results [eqs. (2)].

ROO- +  AH ROOH +  A- (2a)
kb

UOO- +  A- — products (2b)

According to this mechanism, the first-order disappearances of AH and of 
A- imply a constant concentration of ROO-. The kinetics become the 
same as that for isotopic parent-daughter decay,11 and

[A-] = [Xi/(A2 — Xi)] [AH] (3)

where Xi = /mIROO- ], and A-> = 7cr,[ROO- ]. From the known value of 7c4 
(vide supra), we estimate that, at 130°C., kb = 7.0 X 1071./mole-sec. This 
is believed to be the first published estimate of kb, and the value shows that 
the reaction between A- and ROO- is only moderately fast. There is ac
cumulated evidence that this is true; e.g., for some substituted phenols, a 
reversible equilibrium [eq. (4) ]

ROO- +  AH v i  ROOH +  A • (4)

has been shown12 to exist, that is, the reverse reaction is competitive with 
that of eq. (5).

The postulated steady-state concentration of ROO- during the induc
tion period can now be estimated. Using a halflife ol 2 hr. for AH, we ob
tain [ROO -1 = 0.87) X 10-8 mole/l. This is well below the sensitivity 
limit of the spectrometer; [ROO• ] was not observed experimentally 
during this period (Table II, Fig. 5). The ROO- signal was observed to
ward the end of the induction period, and increased rapidly thereafter un
til a steady-state concentration was attained.
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The concentration of ROOH initially decreased with time until a mini
mum value of ~ 3  X 10~2 mole/1. was reached toward the end of the induc
tion period. The time-dependent equation for ROOH concentration is
— d[ROOH]/df = MROOH] -  fc2[R02- ] [RH] -  fc4[R02-][AH] (6)
where the kt and fc2 are the rate constants of initiation and propagation, re
spectively. At the minimum, eq. (6) may be set equal to zero. Using 
known values of rate constants2 and assuming [AH] = [AH]C, we calculate 
a value of [ROO-] = 4.3 X 10-7 mole/1. This estimate appears to be 
substantiated in Figure 5. In general, one should expect ROO- to become 
detectable by ESR when [ROOH] begins to increase.

Shortly after the induction period, [ROO-], [ROOH], and — d[02]df 
attained steady-state values. The reaction is for most practical purposes 
the same as that of uninhibited autoxidation.2

It is of interest to note in Figure 5 that whereas at least 0.12 mole/1. 
of hydroperoxide has decomposed, only 0.013 mole/1. of AH was con
sumed during the same period. Therefore, the amount of ROOH decom
posed and the amount of AH reacted differs by a factor of at least 10, not 
counting the ROOH produced during the reaction. Further experimental 
results and possible explanations are given elsewhere.15

Systems Containing Sulfide Stabilizer

At [S] = S.7 X 10-3 mole/1., OPP with a hydroperoxide content of 0.195 
mole/1. consumes oxygen at a rate of 6.1 X 10~4 mole/1.-sec. at 130°C. 
There is no induction period. The only radical species discernable was 
that of ROO-, the intensity of which remained constant throughout the 
reaction. This rate of oxidation is not appreciably different from the un
inhibited rate2 of about 9 X 10-4 mole/1. sec., but the difference is a sig
nificant one. The presence of S at this level already reduced the [ROOH] 
of the reaction to 0.065 mole/1.; it is about 0.2 mole/1. for the uninhibited 
autoxidation.

More pronounced effects were seen when [S] was increased to 2.6 X 10~2 
mole/1. under otherwise the same conditions. There was still no induction 
period. The rate of oxidation was constant at 1.25 X 10-5 mole/1. sec., or a 
factor of 70 slower than the uninhibited rate. The [ROOH ] was only about 
0.01 mole/1. Both the ROOH and the ROO- radical disappeared rapidly; 
the latter was replaced by a new and intense signal which was character
ized by a very narrow linewidth of about 7.0 gauss and a g value of 2.0074. 
The line shape is symmetric and Gaussian. More will be said about this 
paramagnetic species (S-) in a later section. The changes of these radical 
concentrations are shown in Figure 7.

A simplified reaction sequence for the polypropylene autoxidation is 
given in eqs. (7) where S, or some active intermediates derived from S, 
are assumed to decompose ROOH via a heterolytic mechanism.

ROOH R O • +  OH •
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Fig. 7. Radicals in autoxidizing polypropylene containing S. Concentrations in arbitrary
units.

RO·(OH·) + RH ROH(H20) + R·

kl
R- + O2 ROO·

k,
ROO· + RH ROOH + R·

k,
2R.00· products + O2

k,
ROOH + S product + S·

(7)

Assuming steady states for RO·, OH· , and R· , we obtain,

-d[02]jdt = 2k;[ROOH] + kz[ROO· HRH] - kdROO- F (8)

Substituting the valucs of -d[Oz]dt and [IWOH] given above and the
known values for thc rate constants,2 wc estimate a concentration of ROO·
under thesc conditions of 4.6 X 10-7 mole/l. Thereforc, S is very cffec
tive in reducing both thc [IWOH] and [ROO·] to about 1/20 of their
respectivc uninhibited values. 2 This is understandahle as ROO· is derived
directly from ROOH.

The paramagnetic species S' has intcresting characteristics. Its line
width (7.0 gauss) and line shape do not change with temperature within
the range of 140°C. to -150°C., whereas the linewidth and line shape of
ROO· radical is quite temperature-dependent.' The species S' is appar
ently stable indefinitely. These characteristics resemble those of carbon
blacks,14 e.g., acetylene black. The ESR linewidths of acetylene black
and S' are nearly the same, both being unaffected by oxygen. Their in
tensities are reduced by oxygen. Thus the intcnsities of S· signal at 0,
160, am! 7(jO 111111. of oxygen pressurc arc :~.O, 2.0, and 1.0, respectively.

The species S' is abo inert to several radical scavengers. Thus, when a
sample of polypropylene containing S' was swollen in a saturated benzcne
solution of AH, the ESR signal was undiminished in intensity and un
changed in spectral parameters after 23 hr. Similar treatment with iodine
resulted in no change in intensity and a slight increase of linewidth to 7.8
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Fig. 8. Growth of paramagnetic species S-.

gauss after 48 hr. The only reagent tried which has noticeable effect on S • 
is triethyl phosphite. Reaction with neat triethyl phosphite causes, after 
45 min., a reduction of spin concentration to one-third of the initial value.

The spin concentration appears to be related to the color of the sample; 
oxidized polymer, which is dark in color, gives a strong S- signal.

The S ■ spin center and the free spins in carbon black share several com
mon properties, i.e., long life-times, inertness toward radical scavengers, 
and reversible interaction with oxygen. The free spins in carbon black are 
usually thought of as either mobile delocalized ir electrons or immobile <r 
electrons.14 It appears that the S • observed here may be polysulfides con
taining delocalized electrons. Spin centers have been observed previously 
for sulfur.16 However, in those experiments elemental sulfur was heated at 
least above 180°C. and the complicated signal was attributed to more than 
one type of spin centers.

Figure 8 shows the rate at which S- was formed at 130°C. Its concen
tration increases rather slowly with time until a maximum value was at
tained. This rate was only slightly dependent upon temperature (vide 
infra). The semilog plot of Figure 8 is reminiscent of the growth curve of a 
long-life radioactive isotope from the decay of a much more rapidly decay
ing parent isotope.11 Computer analysis shows that S • is the product of a 
reaction which has an apparent first-order rate of 52.5 min.-1; the nature 
of this reaction is, however, unknown. The halflife of S • is estimated from 
the isotopic decay law to be 85.1 days. The paramagnetic species S- is 
always present when the rate of oxidation is appreciably retarded, it is 
absent when the system absorbs oxygen rapidly. S- is not believed to be 
the species which is initially responsible for the decomposition of hydro
peroxide. Most of the hydroperoxide is destroyed during the first 5 or 10 
min. of reaction, at which time S- is barely detectable. Its inertness to
ward AH and I2 has already been cited. Therefore, it is unlikely that S- 
is the species responsible for the decomposition of hydroperoxides or 
scavenging of radicals during the early stage of the reactions. The fact
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F ig .  9. I n h ib i t io n  b y  s y n e rg is t ic  s ta b iliz e rs :  (-------- ) 1 4 0 ° C .; ( - - ) 1 3 0 ° C . ;  ( -  • - )  120°C .

that S • reacts with triethyl phosphite indicates that it is a reducible species. 
Xow if S- is an oxidizing agent, one certainly does not expect it to be able 
to reduce hydroperoxides, as most hydroperoxide decomposers are com
pounds in their low and intermediate oxidation states.10-18 Hawkins and 
Sautter19 pointed out the importance of acid catalysis in heterolytic hy
droperoxide decompositions. The possibility that S- may catalyze such 
reaction via an electron transfer process is, however, remote because the 
spin centers in carbon black are not known to be active in this respect.

Systems Containing Both S and AH

To demonstrate and understand the “synergistic” effect in the stabiliza
tion of polypropylene against autoxidation by a combination of AH and S 
stabilizers, we chose to use 2 X 10-2 mole/1. of the former and 8.7 X 10-3 
mole/1. of the latter. At 2 X 10-2 mole/1. the amount of AH would be 
barely over the critical concentration. In the absence of S-, this system 
would have a very short induction period. Polypropylene containing
8.7 X 10-3 mole/1. of S alone would oxidize with a rate not appreciably 
different from the uninhibited rate.

When both AH and S were present in amounts given above, there was no 
oxygen consumed up to 350 min. at 120, 130, or 140°C. Numerous ex
periments were carried out at these temperatures; the ESR results are 
shown in Figure 9. At the beginning of a reaction the only radical seen 
was that of A -. Shortly thereafter, the ESR. signal became that of an ad
mixture of two paramagnetic species. For a long reaction time, only S- 
was observed. At no time during all the experiments were there definite 
indications of ROO • being present in detectable amounts.

The decay of A- was more rapid at 140°C. than at the lower tempera
tures. However, even at 120°C. the A- signal intensity decreased to one- 
third of its initial value after 60 min. Earlier we showed that A- and AH 
disappear with about the same halflives. Thus, after 60 min. the [AH] is
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probably less than [AH]C. It is unfortunate that spectroscopic analysis of 
[AH] was not possible because the samples became colored. In any event, 
rapid autoxidation would have started if S was not present.

Earlier in the paper, we noted that S • was not observed in autoxidizing 
polypropylene containing S.7 X 10~3 mole/1. of S, the only radical de
tected being ROO-; at 2.3 X 10-2 mole/1., only S- was found. The spin 
concentration of S- was 10~5 mole/1. The same spin concentration of S- 
was obtained in the “synergistic” experiments. This spin concentration 
increases with the increase of temperature.

The hydroperoxide concentrations in all the experiments were about 
0.01-0.02 mole/1. as compared to values of 0.2 to 0.3 mole/1. for uninhibited 
reactions.

The results presented here describe in detail the system inhibited by 
synergistic stabilizers. The S lowers the hydroperoxide content so that 
less ROO- radicals are produced. This lowers the critical concentration 
requirement for AH (Appendix). Thus, even at the very low concentra
tion of AH remaining, there was no autoxidation. On the other hand, AH 
destroys ROO- to lower the chain length of oxidative reactions and effec
tively reduces the amount of R.OOH which S has to react with.

APPENDIX

We use a simplified reaction sequence to define the critical stabilizer con
centrations.

R O O H
ki

R O - +  O H -

R O - ( O H - )  +  R H — R O H (H .O )  +

R ■ +  ()2
A-,

R O O -

R O O - +  R H
hi

R O O H  +  R -

R O O • +  A H
ki

p ro d u c ts

R O O H  +  S
A'6

p ro d u c t

Assuming steady states for RO •, OH -, and R ■, we obtain
Dx = 2hy -  *4[AH]* (10)

Dy = /r2[RH]* -  (k, +  fc6[S])y (11)
where D is the differential operator, and * and y designate [ROO-] and 
[ROOH], respectively. Solving the simultaneous equation gives,
D2 +  (fc4[AH] +  k, +  h[S])D + ki[AH](fc, +  fc,[S]) -  2/c,-fc2[RH] = O (12)
Because the coefficient of D is positive, according to the theory of equations, 
the sum of the roots of eq. (12) is negative. Thus, if the term not contain
ing operator D is negative, then one of the roots is positive. This implies 
an increase of [ROO - ] and of [ROOH] with time and the reaction becomes
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O rg a n ic  P h o to c o n d u c to r s .  V III . P h o lo c o n d u c to r s  
O b ta in e d  f ro m  th e  R e a c tio n  P r o d u c ts  o f  

P o ly (9 -v in y l A n th ra c e n e )
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Research, Laboratory, Wireless Division, Matsushita 
Electric Industrial Co., Ltd., Kadoma, Osaka, Japan

Synopsis
9 - V in y l  a n th ra c e n e  has been p o ly m e r iz e d  b y  th re e  m e th o d s  in  c a t io n ic  s ys te m s  to  o b 

ta in  o rg a n ic  p h o to c o n d u c to rs . C a t io n ic  p o ly m e r iz a t io n  c a ta ly s ts  used w ere  t i ta n iu m  
te tra c h lo r id e  a n d  a lu m in u m  c h lo r id e  a n h y d r id e . A c c o rd in g  to  th e  degree o f c o n v e rs io n  
f r o m  p o ly ( 9 - v in y l  a n th ra c e n e ) to  p o ly (9 ,1 0 -d im e th y le n e  a n th ra c e n e ) th e  p h o to s e n s it iv it y  
increased .

INTRODUCTION
Electrophotography is a copying method which combines electrostatic 

and a photoconductive phenomena. There are two electrophotographic 
processes now in practical use: Xerography, which employs a selenium 
photosensitive plate, and Electrofax, utilizing a resin dispersion of zinc 
oxide. Other known photosensitive materials for use in electrophotography 
include inorganic substances such as zinc sulfide and cadmium sulfide, 
and organic substances such as anthracene, anthraquinone, carbazole, and 
perylene.

Recently, a few series of heterocyclic compounds,1 poly(AT-vinyl carba
zole),2 and polymers of multinuclear aromatic compounds substituted by a 
vinyl group,3 for example poly(9-vinyl anthracene), have been set forth 
from the Kalle Aktiegengesellschaft in Germany. The sensitivity of these 
substances, however, is not sufficient to allow use in practical copying fields.

The present authors, in studying the photoconductive behavior of poly- 
(9-vinyl anthracene), have noticed that the reaction products of poly(9- 
vinyl anthracene) have much superior sensitivity in electrophotography.

EXPERIMENTAL 

Materials Used
Poly(9-vinyl Anthracene)(Polymer A). 9-Vinyl anthracene was prepared 

by the method of Hawkins.4 It is well known that 9-vinyl anthracene is 
possible from ionic polymerization5'6 and radical polymerization.7 For

1699
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example, in a glass tube was dissolved 10 g. of 9-vinyl anthracene into 100 
ml. of dry toluene, adding thereinto at —70°C. 2 mole-% titanium tetra
chloride based on the amount of 9-vinyl anthracene, then the tube was 
sealed after reducing the pressure and was left for 2 hr. at —70°C. for 
polymerization. The pale yellow precipitate was obtained by pouring 
the solution into methanol. This polymer has a molecular weight of 2400 
and a melting point of 210-220°C. and is soluble in benzene, methyl ethyl 
ketone, tetrahydrofuran, and methylene chloride. The similar polymer 
could also be prepared by radical polymerization, employing di-tert- 
butyl peroxide (yield 64%).

The product obtained as stated above is referred to herein as “polymer A.”
Polymer B. Ten grams of 9-vinyl anthracene was dissolved in 50 ml. of 

dry toluene and 2 mole-% of titanium tetrachloride was added at — 70°C. 
The mixture was then left for 2 hr. at — 70°C. in a sealed glass tube and was 
heated gradually thereafter to room temperature over a period of 1 hr. 
The yellow polymer was obtained in 47% yield and was soluble in benzene 
and tetrahydrofuran. The residue was insoluble. A similar polymer could 
also be obtained by cationic polymerization in the presence of Friedel-Crafts 
type catalysts such as boron trifluoride, aluminum chloride anhydride, or 
sulfuric acid.

Furthermore, a similar polymer could be obtained by the following 
process; 2 g. of poly(9-vinyl anthracene) (polymer A) was dissolved in 40 
ml. of nitrobenzene and added to 0.26 g. of aluminum chloride anhydride in a 
glass tube which was sealed after reducing the pressure and then left for 2 
hr. at 20°C. The mixture was poured into dilute hydrochloric acid to de
compose the catalyst. The yellow polymer was twice reprecipitated from 
a tetrahydrofuran solution by pouring it into methanol. The yield was 
12.5%.

The polymer obtained as stated above is referred as “polymer B.”
Polymer C. Ten grams of 9-vinyl anthracene were dissolved into 50 ml. 

of dry benzene, and 2 mole-% of titanium tetrachloride was added based on 
the amount of 9-vinyl anthracene. Then the mixture was reacted for 24 hr. 
at a temperature of 70°C. Light-brown polymer insoluble to solvents was 
obtained in 90% yield. A similar polymer could also be prepared accord
ing to the following process: 20 g. of poly(9-vinyl anthracene) (polymer A) 
was dissolved in 50 ml. of benzene, and a 2 mole-% of titanium tetrachloride 
was added thereinto and the mixture was reacted, at 25°C. in a sealed glass 
tube under a reduced pressure. The viscosity increased gradually, then 
a precipitate began to be formed 1 or 2 hr. afterward and finally it was 
solidified. After leaving it for 24 hr.; it was poured into methanol- 
hydrochloric acid, washed sufficiently with methanol and water and then 
dried. It was washed again with benzene to remove a benzene-soluble prod
uct and dried to obtain a yellow polymer in 95% yield.

The polymer as discussed above is referred as “polymer C.”
The relation among polymers A, B, and C described above is shown as 

follows:
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9 - Y in y l  a n th ra c e n e
/

P o ly m e r  B
\

\
P o ly m e r  C

/
P o ly m e r  A

in which arrows show flow of preparation.

Experimental Technique
Relative Surface Potential. The photosensitivity of the electrophoto

graphic conduction layers is determined by a method of relative surface 
potential.8 As has been stated in detail in another paper,9’10 a thin 
specimen film 3 ~  5 n thick was formed on an aluminum plate. The top 
surface of a plate was sensitized in the dark to a potential of 200 ~  400 v. 
{Vd) by positive corona-charging. Actinic light produces electron hole 
pairs which, under the influence of the electric field, are separated; the 
electron moves to the surface to neutralize a positive charge and the 
positive hole is accelerated to the induced negative charge. Therefore, 
the surface potential decreases with illuminated time to Vi, and so the 
exposure in which V\/Vd is reduced to one-half represents the half-decay 
exposure E50, which serves as an index of photoconductivity.

Specimen Plate. A thin film (3^5 ju) on an aluminum ¡date of polymer A 
or B was prepared from a solution of the polymer. In the case of polymer C 
a thin film (5 n) was prepared from a dispersion of finely powdered polymer 
C 1 g., butyral resin (trade name: Esrex BMS) 0.5 g. and toluene 2 ml., 
which was mixed well in a bowl.

Infrared Spectra. In the case of polymer A or B, its solution is spread 
on a NaCl plate. The spectrum of polymer C was examined by the IvBr 
method.

RESULTS AND DISCUSSION 
Infrared Spectra

The infrared spectra of three polymers are shown in Figure 1.
Michel6 reported cationic polymerization on 9-vinyl anthracene that its 

polymer was aside from the normal vinyl polymerization and it might

T A B L E  I
In d e x  o f P h o to s e n s it iv ity

M a te r ia l
H a lf -d e c a y  exp o su re  ( E m ) 

lu x  sec.

P o ly m e r  A 1 2 ,5 0 0
P o ly m e r  B 200
P o ly m e r  C 8 .1
Z in c  o x id e 280  (n e g a t iv e ly  

c h a rg e d )
S e le n iu m 7
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F ig . 1. In f r a r e d  s p e c tra  o f re a c t io n  p ro d u c ts  o f p o ly ( 9 - v in y l  a n th ra c e n e ): ( -------- ) p o ly 
m e r A ;  ( -  • - )  p o ly m e r  B ;  (------) p o ly m e r  C .

polymerize by repeated addition of vinyl groups across the 9-10 positions 
of successive anthracene units and it was converted to poly (9,10-dimethyl
ene anthracene). In our experiments polymer C may exhibit poly (9,10- 
dimethylene anthracene) and the structure of polymer B appears to be 
intermediate in degree of conversion between polymers A and C. It is 
characteristic that the absorption band at 777 cm.-1 disappears and the 
solubilities change according to degree of conversion.

Figure 2 shows the light decay curves of polymers obtained; the surface 
of the specimen plates were illuminated with an incandescent light.

In Table I are shown the values of the half-decay exposure (7i50) com
paring the conventional electrophotographic plate.

In the previous patent3 some of dyestuffs increase the photosensitivity.

.Exposure lux -sec.)

F ig . 2. L ig h t  d e c a y  c u rv e s .  R e la t iv e  s u r f a c e  p o t e n t i a l  ( B S P )  v s . e x p o s u re  ( E x p ) :
( A )  p o ly m e r  A ; ( 5 )  p o ly m e r  B , (C )  p o ly m e r  C ;  ( Z )  z in c  o x id e ;  ( S )  s e le n iu m .
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T A B L E  I I
In d e x  o f P h o to s e n s it iv ity  C o n ta in in g  S e n s itiz e r

H a lf -d e c a y  e xpo su re  (E òo)
M a te r ia l lu x  sec.

P o ly m e r  A 3 ,2 0 0
P o ly m e r  B 70
P o ly m e r  C 4 .8
Z in c  o x id e (se n s itiz e d  b y  rose b e n g a l)  19

The results of the sensitized plate by 0.1% crystal violet are shown in 
Table II.

In the case of polymer C the relation of the ratio of the polymer and the 
butyral resin is examined, which is shown in Figure 3.

In the polymer C (sensitized) the value of Eba is 4.8 lux sec. when the 
plate is charged positively, but when charged negatively the value decreased 
to 24.5 lux sec. Other polymers show the same tendency according to the 
sign of the corona charging. This result shows that the majority charge 
carriers of these photoconductors are positive-hole.11

The increase of the photoconductivity according to degree of conversion 
suggests that the structure of 9,10-dimethylene anthracene is effective 
to the photosensitivity and one direction may be shown to prepare more 
sensitive photoconductors.

C o n te n t (w t %)

F ig . 3. P h o to s e n s it iv ity  ( E 50) v s . p h o to c o n d u c to r  c o n te n t (C o n t . )  fo r  p o ly m e r  C .
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Résumé
L e  9 -v in y la n th ra e è n e  a é té  p o ly m é ris é  p a r  t ro is  m é th o d e s  de  sys tèm es  c a tio n iq u e s  en 

v u e  d ’o b te n ir  des p h o to c o n d u c te u rs  o rg a n iq u e s . Les  c a ta ly s e u rs  de p o ly m é r is a t io n s  
c a tio n iq u e s , u t ilis é s  é ta ie n t le  té t ra c h lo ru re  de  t i ta n e  e t le  c h lo ru re  d ’a lu m in iu m  a n 
h y d r id e . D e  m êm e qu e  en ce q u i conce rn e  le  degré  de  c o n v e rs io n , la  p h o to s e n s it iv ité ,  
s’a c c ro ît de la  p o ly -9 -v in y le  a n th ra c è n e  a u  p o ly -9 ,1 0 -d im é th y la n th ra c è n e .

Zusammenfassung
9 -V in y la n th ra c e n  w u rd e  in  d re i k a tio n is c h e n  S y s te m e n  p o ly m e r is ie r t ,  u m  o rg a n isc h e  

P h o to le ite r  zu  e rh a lte n . A ls  k a t io n is c h e  P o ly m e r is a t io n s k a ta ly s a to re n  w u rd e n  T i t a n 
te t r a c h lo r id  u n d  w asse rfre ie s  A lu m in iu m c h lo r id  v e rw e n d e t. E n ts p re c h e n d  d e m  U m -  
lu n g s g ra d  v o n  P o ly -9 -v in y la n th ra c e n  zu P o ly -9 ,1 0 -d im e th y le n a n th ra c e n  n a h m  d ie  L ic h t 
e m p f in d lic h k e it  zu.
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K in e tic s  o f  P o ly m e r iz a t io n  o f  G a se o u s  F o r m a ld e h y d e

JAMES G. BOYLES and SIDNEY TOBY, School of Chemistry, Rutgers, 
The State University, New Brunswick, New Jersey 08903

Synopsis
T h e  p o ly m e r iz a t io n  o f  gaseous m o n o m e r ic  fo rm a ld e h y d e  has been s tu d ie d . T h e  e ffec ts  

o f th e  fo llo w in g  v a r ia b le s  h a ve  been in v e s t ig a te d : te m p e ra tu re , in i t ia l  m o n o m e r p ressure , 
s u r fa c e - to -v o lu m e  ra t io  o f re a c t io n  vessel, th ic k n e s s  o f p o ly m e r  d e p o s it, a n d  p a r t ia l  p re s 
su re  o f a d d e d  o x yg e n . A  th re e -s te p  m e ch a n ism  is  p ro p o se d  w h ic h  s u cc e s s fu lly  a c co u n ts  
fo r  th e  re s u lts  o f e x p e r im e n ts  in  w h ic h  m o n o m e r is a llo w e d  to  d e p o s it o n  th e  b a re  w a l l  o f 
th e  re a c tio n  vesse l. W h e n  a s u ff ic ie n t a m o u n t o f p o ly m e r  has been la id  d o w n , th e  te rm i
n a t io n  re a c tio n  becom es n e g lig ib le  a n d  a l im i t in g  tw o -s te p  m e ch a n ism  h o ld s . T h e  p res 
e n t  re s u lts  c o m b in e d  w i th  l i te r a tu r e  v a lu e s  f ro m  w o rk  done  o n  th e  d e p o ly m e r iz a t io n  re 
a c t io n  g ive  th e  a c t iv a t io n  e n e rg y  o f th e  p ro p a g a t io n  a n d  te rm in a t io n  re a c tio n s  to  be  14.2 
±  0 .6  a n d  7 .8 ±  0 .9  k c a l. /m o le ,  re s p e c tiv e ly . A lth o u g h  th e  re a c t io n  is  he te ro ge neo us , 
th e  a c t iv a t io n  energ ies  a re  in d e p e n d e n t o f s u r fa c e - to -v o lu m e  ra t io s  w ith in  th e  e x p e r i
m e n ta l e rro r . T h e  n a tu re  o f th e  p o ly m e r  a c t iv e  s ites  is  co n s id e re d  a n d  these are  th o u g h t 
to  be h y d r o x y l g ro u p s . T h e  re s u lts  o f w o rk  done  w i th  ad de d  o xyg e n  show  a s m a ll in h ib 
i t o r y  e ffe c t.

INTRODUCTION

Formaldehyde is a highly important chemical, and its properties have 
been extensively investigated and documented.1,2 It is well established that 
the polymerization of the anhydrous monomer yields a polymer of high 
number-average molecular weight (15,000-150,000). The properties of 
the high molecular weight polymer have been studied in detail.1 However 
the kinetics of the polymerization of pure gaseous monomeric formalde
hyde have received little attention, and the mechanism for this reaction 
has remained unknown up to the present. This lack of attention is sur
prising in view of the fact that monomeric formaldehyde is one of the 
simplest stable monomers known.

Early attempts to characterize this reaction met with scant success,3,4 
and the attainment of reproducible results was first reported by Toby and 
Blitz/’ in 1902. None of the investigators proposed a. mechanism for this 
polymerization reaction, and their results must be held as mainly qualita
tive. The first quantitative characterization of the polymerization from 
the gaseous phase of monomeric formaldehyde has been recently given by 
us in brief.6 This paper is a more detailed account; in addition, the effect 
on the polymerization of surface and of oxygen is discussed.

1705
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EXPERIMENTAL
A detailed description of the apparatus and procedures has been given 

elsewhere.7 Formaldehyde monomer was prepared and purified as follows. 
Alkali-precipitated a-polyoxymethylene was prepared by the method of 
Staudinger et al.8 This polymer (99.7-99.9% formaldehyde) was de- 
polymerized in the temperature range 50-100°C. under vacuum, and the 
monomeric product was condensed at — 196°C. This monomer was then 
subjected to three successive distillations, each from — 86°C. (methyl ethyl 
ketone slush) to a receiver at — 196°C. with head and tail fractions liberally 
discarded. The resulting pure monomer was stored at — 196°C. under 
vacuum.

Gas chromatography based on a method developed by Bombaugh and 
Bull9 was employed to check the monomer for the most abundant im
purities: water, methanol, and methyl formate. Identification of these 
impurities was straightforward, since they eluted before the large formal
dehyde peak. Samples of the monomer after each distillation during the 
preparation and of the monomer supply after three months of storage were 
taken and analyzed. The results of these analyses are shown in Table I.

A conventional high-vacuum system was employed, and all reaction 
vessels and associated tubing were made of virgin quartz which was un
treated except for being flamed in vacuo. Quartz which had been in con
tact with tap water or cleaning solution was found to give erratic poly
merization rates and was discarded. Greaseless conditions were maintained 
in the reaction section. Since no appreciably volatile polymer was formed, 
the decrease in monomer concentration within the reaction vessel was fol
lowed via mercury manometer made of sufficiently narrow tubing so that 
volume changes were negligible. The reaction section was thermostatted 
to within ±0.05°C. over the entire temperature range employed (0-60°C.). 
The surface-to-volume ratio S/V  was varied by using a spherical reaction 
vessel, a cylindrical reaction vessel with an inner concentric tube, and a

T A B L E  I
P e rc e n ta g e  C o m p o s it io n  o f M o n o m e r  S u p p ly  a f te r  E a c h  o f S e v e ra l 

Success ive  D is t i l la t io n s  a n d  a f te r  3 M o n th s  o f U se

D is t i l la t io n

M e th y l
fo rm a te ,

%
M e th a n o l,

07Zc
W a te r ,

%
F  o rm a ld e h y  de,

%

1 D ir e c t  f r o m  p o ly m e r  
(5 0 -1 0 0 ° C .)  ' 0.3.5 1 .3 9 2.68 9 2 .8 1 “

2 F ro m  m o n o m e r a t  — S0°C . 0 .0 4 0 .0 4 0 .0 6 9 9 .8 6
3 F ro m  m o n o m e r a t  — S6°C . 0 .0 3 0 .0 4 0 . 4 4 b 9 9 .4 9
4 F r o m  m o n o m e r a t  — S6°C . 

F ro m  m o n o m e r s u p p ly
0.01 0.0.5 0 .0 4 9 9 .9 0

a f te r  3 m o n th s 0.01 0.02 0.02 9 9 .9 5

a A n  u n id e n t if ie d  p e a k  a c c o u n te d  fo r  2 .7 7 %  o f sam p le . 
b U n re lia b le  du e  to  a i r  le a k .
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reaction vessel consisting of a spiral of tubing. The values of overall S/V  
were 1.0, 2.6, and 5.0 cm.-1, respectively.

Two general types of polymerization experiments were performed: one 
in which monomer was allowed to polymerize on the bare wall of a reaction 
vessel which previously had been flamed red-hot under vacuum and another 
in which the polymer deposit was not removed between experiments and the 
coating was allowed to build up from run to run.

RESULTS
The effects of changes in the following variables were investigated: initial 

pressure, temperature, ratio S/V  ratio of the reaction vessel, the age and 
thickness of the polymer deposit, and the presence of oxygen.

Qualitative Aspects
Over the entire temperature range employed, formaldehyde monomer 

polymerizes on the walls of the reaction vessel as a white solid polymer. 
At a given temperature, the rate of polymerization increases with increasing 
monomer pressure for both bare-wall and coated-wall experiments.

The polymerization rate at a given initial pressure and temperature in
creases with an increase in S /V  of the reaction vessel, as shown in Figure 1.

In a series of experiments, each at the same temperature and initial 
pressure and where the polymer deposit is allowed to accumulate, the 
polymerization rate progressively decreases from one run to the next. 
However, the rate does not seem to approach a limiting value, but rather 
approaches a state where it exhibits a slow decrease from run to run.

All runs where the initial monomer pressure is appreciably above the 
equilibrium vapor pressure of the polymer exhibit an initial polymerization 
rate which increases with temperature. This initially relatively fast rate 
gradually decreases to a very slow and almost constant rate as the equilib
rium vapor pressure is approached. In practice, equilibrium is seldom 
achieved, months being required in the approach from either direction.10

Oxygen, when present during the reaction, was found to have a slight 
inhibiting effect. This is illustrated in Figure 2, where a series of bare-wall 
experiments at 30°C. with 100 mm. Hg initial formaldehyde pressure was 
carried out in the presence of varying amounts of oxygen. The partial 
pressure of the oxygen was varied from 4 X 10-4 to 14.3 mm. Hg.

Mechanism
The results are explained in terms of the mechanism of eqs. (l)-(o):

F  +  VV —  W F (1 )

F  +  W F  ^  W F 2 (2 )

U
(3 )F  +  W F „  —  W F „ + i
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F ig . 1. P re s s u re - t im e  c u rve s  s h o w in g  th e  e ffe c t o f  S/V  fo r  b a re -w a ll ru n s  a t  3 0 °C . 
a n d  c o n s ta n t in i t i a l  m o n o m e r p re ssu re : (O )  S/V  =  1.0 c m .- 1 ; ( • )  S/V  =  2 .6  c m .- 1 ; 
(C) S/V = 5 .0  c m .-1 .

lc,l
W F „  W F „  +  F

kt
W F „  +  W F „  -*■ p ro d u c t

(4 )

(5 )

where F represents formaldehyde monomer, W represents active sites on the 
wall, and W I1'„ represents polymer.

Since all W must he covered in an extremely short time and assuming the 
reactivity of WF7i to be independent of chain length, the mechanism can be 
simplified to the three-step sequence:

F  +  A  -  A
kd

A - >  A  +  F
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F ig . 2. P lo t  o f re a c t io n  h a lf - l i fe  a g a in s t p re ssu re  o f a d d e d  o x yg e n  fo r  a n  in i t i a l  m o n o m e r 
p re ssu re  o f  100 m m . IT g  a t 3 0 °C . (b a re -w a ll ru n s ) .

[ k t

A  +  A  —► p ro d u c t

where A represents all active sites regardless of chain length.
This mechanism differs from a typical free-radical polymerization mecha

nism by the absence of an initiation step. This implies that the growing- 
polymer active sites A were all originally potentially present in the form of 
wall active sites, W.

Since the polymer is a solid phase, any active sites on the ends of growing 
polymer chains must become progressively less mobile as the chains become 
entangled and incorporated into the structure of the solid. However, 
there is always a residual mobility inherent in the growth of the chains. 
This implies that as time advances and more polymer is laid down, the 
termination rate constant kt will decrease until eventually the termination 
reaction will be negligible with respect to the other two. The polymeriza
tion rate constant kv might also be expected to decrease for the same reason 
but not to the same extent.

This is an extreme example of the gel effect. However, it should be 
noted that in this system, as kt decreases, the concentration of active sites 
continues to decrease, although at a slower rate than previously. This
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F ig . 3. T e s t o f ra te  la w  fo r  b a re -w a ll ru n s  a t  S/V  =  2 .6  a n d  5 .0  c m .-1 . I n i t ia l  
m o n o m e r p ressures  are  a p p ro x im a te ly  200 m m . I l g  in  a l l  cases except f i l le d  c irc les , w h e re  
[Fo] =  17 m m . f i g .

contrasts with the gel effect in typical free-radical polymerization reac
tions, where a decrease in causes an increase in the concentration of 
reactive intermediates, since their rate of initiation is essentially unaf
fected by a change in kt.

We therefore characterize three identifiable stages during the polymeri
zation reaction: initial, intermediate, and limiting stages.

Initial Stage. For bare-wall runs when polymer active sites are in high 
concentration and still relatively mobile, the three-step mechanism holds.

Intermediate Stage. As time advances and more polymer is laid down, 
the termination rate constant begins to decrease, since the concentration
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and mobility of the active sites are no longer such as to allow every site the 
possibility of terminating. The rate law from the three-step mechanism 
does not hold because kt is decreasing during a given experiment.

Limiting Stage. After a sufficient amount of polymer has been laid 
down, the active sites are all effectively trapped. The termination rate 
constant will have fallen to a low and almost constant value, and only the 
first two steps of the mechanism hold, the concentration of active sites be
ing now essentially a constant.

Kinetic Parameters
The initial stage where the total mechanism is operative leads to the 

integrated equation, eq. (6):
ln{([F0] -  kd/k p)/([F] -  kd/kv)} = (k.„S/2ktV) In (2/«-,[A„]f +  1) (6)

where [F0] and [A0] are the monomer and active site concentrations at 
zero time, respectively, and S and V are the reaction-vessel surface (square 
centimeter) and volume (cubic centimeters), respectively. Equation (6) 
differs slightly from that previously given,6 in that 2k, is conventionally used 
instead of k„ and S/V  has been introduced to allow for heterogeneity.

Examination of eq. (6) reveals that the ratio kd/kv must be equal to the 
equilibrium vapor pressure, and values have been taken from the work 
of Dainton et al.10

A plot of the left-hand side of eq. (6) versus In (2/c;[A0]i +  1) should be 
linear with a slope of kvS/2k,V. For each run there is one unknown con
stant, 2A-([A0], which must be determined graphically. The nature of eq.
(6), however, is such that a choice of values too high or too low quickly 
results in noticeable curvature. The values of 2A,[A0] thus obtained were 
approximately independent of [F0] for each temperature but could not be 
separated further.

A plot showing the test of eq. (6) for bare-wall runs in a vessel with a S/V  
of 1.0 cm.-1 at temperatures between 0 and 60°C. and with a 12-fold change 
in initial monomer pressure has already been given.6 Figure 3 is a similar 
plot of runs in vessels with a S/V  of 2.6 and 5.0 cm.-1 and again shows good 
linearity with a slope essentially independent of [F0] over a 12-fold range.

The slopes of the eq. (6) plots, kv/S /2ktV, are plotted in Figure 4 accord
ing to the Arrhenius equation. The slopes of these plots yield Ev — E„ 
and the intercepts yield A PS/2A,V, where Ev and E t are the activation 
energies for the polymerization and termination reactions, respectively, 
and Av and A , are the Arrhenius A factors for these same reactions.

Table II lists data derived from the Arrhenius plots. On combining these 
results with those of previous investigators, the individual activation ener
gies shown in Table III are obtained.

No analytical expression governing the intermediate stage of the re
action can be derived from the mechanism. This is because during the 
intermediate stage k, is decreasing during a given experiment.

Considering the limiting stage, where all active sites are effectively
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F ig . 4 . A r rh e n iu s  p lo t  o f  lo g  ( kpS/2ktV) vs . 1 /T: (O )  S/V  =  1.0 c m .“ 1, ( • )  S/V  =  
2 .6  c m .“ 1, (© )  S/V = 5 .0  c m .“ 1. E r r o r  l im i t s  s h o w n  a re  ty p ic a l.

trapped and at constant concentration, the termination step in the mecha
nism can be neglected. The integrated equation, eq. (7), can then be de
rived :

ln{([F0] -  kd/kp)/([F] -  kd/k v)} = kp[A0\St/V  (7)
As before, k j k v must equal the equilibrium vapor pressure. A plot of 

the left-hand side [which is the same as in eq. (6) ] versus time should be 
linear with a slope of fcj,[Ao]»S/F. Such a plot has been shown previously6 
for a series at 30°C. which started with a bare-wall run and in which the

T A B L E  I I
A c t iv a t io n -E n e rg y  D iffe re n c e s  a n d  A F a c to r  R a t io s  D e r iv e d  

f r o m  A r rh e n iu s  P lo ts

S/V, Ep -  Et, ApS/2AtV X  1 0 “4
c m .“1 k c a l. /m o le  (d im e n s io n le s s )

1.0 6 .4  ±  0 .7 5 .2  ±  0 .7
2.6 5 .7  ±  0 .8 7 .4  ±  1 .4
5 .0 4 .4  ±  1 .9 20 ±  9
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T A B L E  I I I
A c t iv a t io n  E n e rg ie s  D e r iv e d  f r o m  T h is  W o rk  a n d  L i te ra tu re

P a ra m e te r k ra i . /m o le R e fe ren ce

E„ -  Ei (i t ± 0.7 T h is  w o rk
E, -  E,, -  12. ¡55 ±  0 .0 5 11)
E,i -  Et 1 8 .S ±  0 .7 •---
Ed 2 7 .1 11
Ed 26 12
EP 1 4 .2  ±  0 .6 —
Et 7 .8  ± 0 . 9 —

polymer deposit from succeeding runs, at the same initial monomer pres
sure, was allowed to build up on the walls of the reaction vessel. The 
same behavior was apparent at all temperatures studied: bare-wall runs 
obeyed eq. (6), but when a sufficiently thick polymer layer was allowed to 
build up, eq. (7) was obeyed.

DISCUSSION 

Effect of S/V
Plots such as those in Figure 1 show that this polymerization reaction is 

very sensitive to the surface-to-volume ratio of the reaction vessel. This is 
typical of heterogeneous reactions, and was observed by several early in
vestigators of this reaction. In the proposed mechanism, both the poly
merization and depolymerization steps are heterogeneous, and the S/V  term 
in the kinetic equations arises in a noncmpirical manner.

In the Arrhenius plots of Figure 4, the slopes and hence the activation- 
energy differences are independent of the surface-to-volume ratio within 
the experimenal error. However, the intercepts, A VS/2A ,V, are a strong 
function of the S/Fand lie approximately in the ratio of the S/V  values.

Diffusion

A modified mechanism designed to account for diffusion by postulating 
a “collision volume” analogous to the “cage” in liquid-phase work may be 
given:

ki
F  +  A  v i  (F  +  A ) (8)

Jb_ i

kp
(F  +  A )  -  A

kd ( !»

ki
A  +  A  (A  +  A )k-o

( 10)

kt
(A  - f  A )  —► p ro d u c ts ( 11)

Where reaction (S) represents the diffusion of a monomer unit and an 
active site into a collision volume and the reverse reaction represents dif
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fusion out of this collision volume; reaetion (10) represents the diffusion
of two active sites into a collision volume and the revpri>C reaction repre
sents diffusion out of thi:-; collision volume; and reactiolls (!l) and (11) are
to be interpreted as before.

The resulting kinetic equations have the same form as equations (0) and
(7), the only differences being the interpretations placed on various con
stants. Regardless of the extent of diffusion, the rate law is formally
unaffected. However, present data do not allow the role of diffusion to be
unambiguollsly evaluated.

Nature of Active Sites

The exact nature of the wall active sites, W, is unknown. They may be
lattice defects in the silica or impurities from the monomer which are ad
sorbed.

If the impurities in the formaldehyde initiate polymerization we may
estimate a rough value for the molecular weight of the resulting polymer
as follows. We assume a linear polymer since agreement of number
average molecular weight determinations in the range 20,000-100,000
measured by both osmometry and by endgroup analysis indicates little or
no chain branching. 13 Our chromatographic analysis gave the impurity
level as 0.05-0.1 mole-%. If each molecule of impurity produced a chain,
then the degree of polymerization would be in the range 100/0.1 to 100/
0.05, and the expected molecular weight would be 30,000-60,000 which is in
agreement with reported valuesl •2 •13 for polymer obtained from the pure
monomer.

If hydroxylic impurities initiate polymerization, then the most likely
mechanism which gives rise to the observed rate law is

kl
(CH,O)nCH,OH + (CH,O)mCH,OH --+ (CH,O)nCI-T,OCH,(CH,O)m + H,O

This mechanism is a modified version of that proposed by Bevington and
Norrish l4 for the catalyst-initiated polymerization of gaseous formalde
hyde.

It should be noted that one of the products of the mechanism is water,
a known polymerization catalyst for formaldehyde. However, if an addi
tional step is introduced in which water is adsorbed on the polymer to
produce a new active site, the overall mte law remains unchanged when
steady-state conditions are assumed for the water concentration.

It is interesting to note that Furukawa et aJ.2·15 found that acetaldehyde
vapor polymerized heterogeneously on a solid catalyst at -78°C. Under
similar conditions formaldehyde did not polymerize.

Effect of Added Oxygen

Monomer was allowed to polymerize in a bare-wall vessel in the pres
ence of varying amounts of oxygen, a radical scavenger. The effect on the
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reaction half-life is shown in Figure 2. The half-life is almost. doubled
as the oxygen partial pressure is increased from zero t.o 1.0 X 10-2 1llJ11., hut
pressures ahovc t.his va.luc have apparcnt.ly no further dfcd. on t.hc read.ion
rate.

Thus the presence of oxygen causes only a slight inhibition of the reac
tion, and this suggests that although the reaction is predominantly cationic
in nature, there may be a small free-radical component. To check whether
the effect of oxygen was merely due to adsorption and subsequent deactiva
tion of active sites, a single run was carried out in the same vessel in the
presence of 2.4 mm. of carbon dioxide. No effect was seen, and thus the
effect seems not likely to be due to mere adsorption. Any interpretation
of the effect of added oxygen is complicated by the fact that the decom
position of polyoxymethylene can be accelerated by its presence,16 and a
definitive interpretation must await further results.

We wish to express our gratit.ude to t.he Nat.ional Science Foundation and to the
Rut.gers Universit.y Research Council for their support of this work.
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Resume

La polymerisation de formaldehyde monomcrique gazeux a ete etudiee. Les effet.s des
variables suivantes ont ete etlldies: la temperature, la pression monomerique initiale,
Ie rapport surface-volume dll recipient, I'epaisseur du depot de polymere et la pression
partielle d'oxygene additionne. Un mecanisme en trois Hapes est propose qui rend
compte avec succes du resultat des experiences dans lesqnelles Ie monomere peut se de
poser sur les parois decouvertes du recipient de readion. Quand une quant.ite suffisante
de polymere est deposee, la reaction de terminaison devient negligeable et un mecanisme
it deux etapes est valable. Les resultats presents combines avec les valeurs de la littera
t ure au depart d'un travail effectue sur la reaction de depolymerisation, fournissent
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I'cllcrgie d'act ivatioll de Ia pwpagaLiull et de~ reaet.ions de termil1ai~()n s'elevallt it
14.2 ± (Ui ct 7.S ± (U) l(c·.al/lHole- 1 respceLivement. Biell que Ill. reaction soil. hetero
gellc, des {'lIergil'~ d'al'livaJion SOllt iml(;pcnclalll.e~ clu rapport slll'face-volume dans Ics
limit.es de l'ern,llI' eX]J(;rill1clIl.ale. La nal.ure des sit,es actifs de ]Jolymcres est eOllsideree
et Oil admet. qu'il ~'agii. de gl'Oupe~ hydrnxyles. Les rcsult,aL~ du travail c/Tectuc avec de
I'oxygene addit iOllllc suggcrellt flll'lIne contriblll.ion par mdieaux librcs faiblcs existe
dans ee meeanisllle.

Zusammenfassung

Die Polymerisation von gasformigem monomeren Formaldehyd wurde untersucht.
Del' Einfluss folgender VariabIen wurde gemessen: Temperatur, Anfangsdruck des
Monomeren, Oberfiachen-VolumsverhiiJtnis des Reaktionsgefasses, Dicke del' Poly
merablagerung und Partialdruck des zugesetzten Sauerstoffes. Ein Dreistufenmech
anismus wird vorgeschlagen, del' erfolgreich die Ergebnisse von Versuchen, bei welchen
das Polymere sich an den nackten Wanden des H.eaktionsgefasses absetzen kann, wieder
geben kann. Nach Ansammlung einer genugenden Polymermenge wird die Abbruchs
reaktion vernachlassigbar und ein zweisl.ufiger MechanislHlIs wird als Grenze erreicht..
Die vorliegenden Ergebllisse liefern zllsammen mit Literatllrwcrten fUr die Depoly
merisatioll fUr die AktivienUlgsellergie del' Wadl~tllll1Sreakt.ion 14,2 ± 0,6 keal ]\101- 1

und fur diejenige del' AbbmchsreakLion 7,8 ± O,g hal Mol-I. Obgleieh die Heaktion
heterogen verlauft, silld die Aktiviel'llllgsenergien illllerhalb del' Versuchsfehler vom
Oberflachen-Volumenverhaltnis unabhangig. Bei den aktiven Stellen des Polymeren
scheint es sich urn Hydroxylgruppen zu handeln. Die Ergebnisse von Versuchen mit
zugesetztem Sauerstoff lassen einen kleinen Beitrag Freier Radikale zum Mechanismus
erkennen.

Received June 20, 1966
Revised December 31, 1966
Prod. No. 5340A
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D ie le c tr ic  P r o p e r t ie s  o f  V in y lid e n e  C h lo r id e -V in y l 
C h lo r id e  C o p o ly m e rs

HARUKO KAKUTANI and MITSUO ASAHINA, Tokyo Research Lab
oratory, Kureha Chemical Co., Hyakunin-cho, Shinjuku-ku, Tokyo, Japan

Synopsis

T h e  d ie le c t r ic  p ro p e r t ie s  o f v in y l id e n e  c h lo r id e - v in y l  c h lo r id e  c o p o ly m e rs  p re p a re d  a t  
c o n v e rs io n s  o f less th a n  5% w e re  s tu d ie d . T h e  m a g n itu d e  o f d ie le c t r ic  a a b s o rp t io n  
(a b s o rp t io n  a t  h ig h  te m p e ra tu re )  is  n o t  a  l in e a r  fu n c t io n  o f th e  c o m p o s it io n  on  a c c o u n t o f 
th e  e ffe c t o f  th e  c o p o ly m e r ’s c r y s ta l l in i t y .  O n  th e  o th e r  h a n d , a  n e a r ly  l in e a r  re la t io n 
s h ip  w as  ob se rve d  b e tw e e n  th e  d ie le c tr ic  g lass t r a n s i t io n  te m p e ra tu re  (Ts) o f lo w -c o n v e r
s io n  p o ly m e r  a n d  it s  c o m p o s it io n , w h ile  th e  re la t io n s h ip  in  a h ig h -c o n v e rs io n  c o p o ly m e r 
s ys te m , o b se rve d  b y  B o y e r  a n d  N a r i t a  e t  ah , is  s ig m o id . T h e  d iffe re n c e s  in  th e  te m p e r
a tu re -c o m p o s it io n  re la t io n s h ip  b e tw e e n  lo w -c o n v e rs io n  a n d  h ig h -c o n v e rs io n  c o p o ly m e r 
s ys te m s  are  i l lu s t r a te d  in  te rm s  o f  th e  d is t r ib u t io n  o f m o le c u la r  c o m p o s it io n . T h e  d ie le c 
t r ic  fi a b s o rp t io n  o b se rve d  in  th e  c o p o ly m e r  w ho se  v in y l  c h lo r id e  m o la r  f ra c t io n  is  m o re  
th a n  0 .5  w as  in te rp re te d  as th e  lo c a l m o t io n  o f v in y l  c h lo r id e  sequences, a n d  th e  v in y l  
c h lo r id e  sequence o f 2  o r  3 u n its  is  s u ff ic ie n t to  p a r t ic ip a te  in  th e  fi a b s o rp t io n  o f th e  
c o p o ly m e r.

INTRODUCTION

The object of this paper is to describe the dielectric properties of vinyl
idene chloride-vinyl chloride copolymers (VDC-VC copolymers) and to 
find the relation between dielectric properties and the copolymer composi
tion.

Boyer1 has reported that the glass transition temperature TQ of VDC- 
VC copolymer, measured by a dilatometric method, varied with composition 
along a sigmoid line. A similar relation has been observed by Narita 
and Tabata2 in a study of the dielectric properties of the same copolymer 
system. This relation has been a subject of our interests.

The peculiar behavior of the VDC-VC copolymer system is probably due 
to the wide distribution of its molecular composition and its crystallinity.

For detailed information on the glass transition temperature and other 
dielectric properties of this copolymer it is necessary to eliminate the com
plexity arising from the distribution ol the molecular composition. The 
studies presented in this paper aimed at avoiding the source of that com
plexity by using copolymers obtained at low conversion.

1717
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EXPERIMENTAL

Materials
The copolymers were prepared by suspension polymerization, and at

tention was paid to limiting the conversion to below 5%. The details 
of the materials are given in Table I.

Preparation of Films
Films of copolymers were prepared by solution-casting. Copolymer 

solutions of 5% o-dichlorobenzene were dried on a flat glass plate at about 
1S0°C. for 5 min., while most of the solvent was removed. After the films 
were stripped from the glass plate, they were immersed in methanol and 
were kept for a day or more. Then they were dried again in vacuo and 
submitted to the experiments. Some of the films obtained are slightly 
colored.

Dielectric Measurement
Round specimens 25 mm. in diameter were cut from the films, and thin 

tin leaves as electrodes were applied on both sides of the specimens.
The measurement of the complex dielectric constant e = e' — it" were 

run at frequencies ranging from 30 cps to 3 Me./sec. and at temperatures 
ranging from —70 to 60°C. on an Ando Electric Co. Model IB Tan 5 
Meter.

RESULTS AND DISCUSSION
Figure 1 shows the plots for sample 5 of t" as a function of frequency 

at given temperatures. The absorption observed at higher temperatures,

T A B L E  I
C o p o ly m e rs  S tu d ie d  a n d  S u m m a ry  o f R e s u lts

S a m p le
no .

M o n o m e r
feed
ra t io

( V D C /V C )

V D C  A i *A c t iv a t io n  e n e rg y
m o la r

f r a c t io n  i 1 /  , k c a l. /m o le
T „
°C . C r y s ta l l in i t y ,c o p o ly m e r a P

i 100/0 1.00 34 - 1 6 25
2 9 5 /5 0 .9 0 22
3 8 5 /1 5 0 .8 2 35 -11 —

4 8 0 /2 0 0 .7 5 22
5 6 0 /4 0 0 .7 0 40 7 4 —

6 5 0 /5 0 0 .6 9 16
7 3 0 /7 0 0 .6 0 58 11 7 13
8 2 5 /7 5 0 .5 6 10
9 2 0 /8 0 0 .4 6 62 11 20 A m o rp h .

10 5/9.5 0 .1 4 88 12 46 A m o rp h .
11 0/100 0 92 13 81 S lig h t ly

c ry s ta ll in e

T h ese  d a ta  a re  ta k e n  f ro m  th e  s tu d y  o f O k u  d a .12
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due to the segmental motion of backbone chains, and that observed at 
lower temperatures are called a and (3 absorption, respectively. The 
former is observed in all samples treated in this study; the latter, only in 
samples whose VC molar fractions are more than 0.3.

a Absorption and Glass Transition Temperature

The e" of each sample at fixed frequency (110 cps) are plotted as a func
tion of temperature in Figure 2. The temperature of e" maximum of 
a absorption shifts to higher temperature from 10 to 90°C. as the content 
of vinyl chloride increases.

In Figure 3 the products of the absolute temperature T and the magni
tude of the a absorption (e0 — ej)a are plotted as a function of composi
tion.

The magnitude of the a absorption as related to the dipole moment y 
and the number N  of the dipoles per unit volume is given by the following- 
equation,3

eo — 6» = [3«o/ (2 €0 +  €„) ] [(too +  2)/3]2(4irNgiJ.2/3kT)
where g is a parameter relating to dipole-dipole interaction, k is the Boltz
mann factor, T is the absolute temperature, and eo and era are the limiting- 
values of the dielectric constant at the low and high frequency ends of the 
dielectric dispersion, which are decided by Cole’s circular-arc law.

The value T(e0 — e„)a is independent of the temperature, as is easily 
understood from the equation, and essentially constant values are obtained 
above the glass transition temperatures.4

In the case of the copolymer system both N and y are dependent upon 
the composition and the crystallinity.

Accordingly, the observed relation is difficult to discuss quantitatively.
Since the molecular motion of a absorption is related to the motion in 

the amorphous region, the magnitude of a absorption is a linear function of 
crystallinity, and the extrapolated value of («0 — e„)a at 100% crystal
linity is nearly zero.5 Thus, assuming that the crystallinity and dipole 
moment depend linearly upon the composition, the linear relation between 
T(e0 — O« and composition can be imagined.

The discrepancy between the observed relation and the linear relation 
may be explained as follow's.

As shown in Table I, the copolymers whose VDC molar fraction is from 
0.14 to 0.46 are noncrystalline. The discrepancy in the vicinity of the VC 
end of Figure 3 may be due to the crystallinity of the poly(vinyl chloride) 
sequence.

The steep decrease in T(e0 — e„)a observed in the region of intermediate 
composition is due to the appearance of crystallinity of VDC sequences. 
When the VDC molar fraction exceeds 0.75, the crystallinity no longer 
increases and keeps an almost constant value that is independent of com
position, as shown in Table I. Accordingly, the observed values of 
T(t0 — em)a deviate from the imagined relation toward higher values.



1720 11, K A K U T A N I  A N D  M . A S A I1 IN A

Furthermore, the variation of g with composition may affect the shape of 
the line in a similar way.

On the other hand, the glass transition temperature T, changes almost 
linearly with copolymer composition, as shown by the solid line in Figure
4. The Tg plotted in the figure are calculated by following the W-L-F 
formula,6 as was done by Saitoh et al.:7

log t(T )/t(T0) = -17.44CT -  T,)/(51.6 +  T -  Ts)
Flere r(Tg) is the relaxation time at Tg. The relation between Tg and the 
composition of this system can be understood by current theories.8’9’10

The broken line in Figure 4 is the result obtained by Boyer.1 The 
deviation of this curve from the linear relationship may be interpreted 
on the basis of the distribution of copolymer composition as follows.

Considering the monomer reactivity ratios (n = 3.15, r2 = 0.23) of the 
A’DC VC copolymerization system, it may safely be said that the copoly-
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(6)

F ig . 1. S a m p le  5, e" v e rsu s  fre q u e n c y : (a )  h ig h - te m p e ra tu re  re g iu n ; ( b) lo w - te in p e ra -
tu re  re g io n .

mer has a relatively wide distribution of composition when the polymeriza
tion is carried out up to relatively high conversion.

Infrared analysis of the structure distribution in YIX! VC copolymer, 
reported by Enomoto,11 shows that in the case of low-conversion polymer 
the existence of such structures as VDC-VC-VC and VC VC-VC is negligi
ble as long as the YDC molar composition is above 0.7. On the other hand, 
in the case of high-conversion polymer the VC chain units are a considerable 
part of the polymer whose VDO molar fraction is O.N.

In the morphological study of VDO- VC copolymer series12 Okuda sug
gested that VC monomer units arc included as a fault in copolymer crystal
lites isomorphous to poly(vinylidene chloride). However, it seems unlikely 
that the VC units in VDC-VC-VC or VC-VC-VC structures have enough
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F ig . 2. e” v e rsu s  te m p e ra tu re  a t 120 eps in  h ig h - te m p e ra tu re  re g io n ; V D C  m o la r  
f r a c t io n  ( • )  0, (O ) 0 .14 , (A )  0 .46, (□ )  0 .60 , (® )  0 .70 , (© )  1.

F ig . 3. T(eo - )a ve rsu s  V D C  m o la r  f r a c t io n  o f c o p o ly m e r.
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X
O

100

-  90

80

70

<J

60 51*1

50

0̂

VDC M o la r F r a c t io n

F ig . 4. T„ a n d  E* ve rsu s  V D C  m o la r  f r a c t io n  o f  c o p o ly m e r : ( A )  E*\ (O ) 7’ s; ( X )  Ta
re p o r te d  b y  B o y e r .1

room in crystallites isomorphous to poly(vinylidene chloride). Therefore 
the VC units may be concentrated in amorphous phases.

As far as the glass transition phenomena are concerned, it seems reason
able that only the molecular movement in the amorphous phase should be 
considered.

The rise in T„ obtained by Boyer1 and Narita,2 with the increase in VC 
molar content at both ends of the composition range in Figure 4, a rise 
steeper than is expected from the overall composition of the copolymer, and 
the roughly linear relation obtained in this study are well understood by 
considering the molecular composition in the amorphous domain.

The apparent activation energies of the dielectric relaxation process, E * ,  

obtained from Arrhenius plots, are plotted in the same figure. It is seen 
that E* varies with composition much as does Tg.

13 Absorption
In Figure 5 the dielectric loss at various compositions are plotted against 

temperature. It is seen that the temperature of /3 absorption has little 
dependence on the composition of the copolymer and lies at about — 20°C., 
while the temperature of a absorption, as mentioned already, becomes 
lower and covers the /3 absorption at the foot of the curve with increase in
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i ' ig .  ,r). e" ve rsu s  te m p e ra tu re  a t 120 cps in  lo w - te m p e ra tu re  re g io n  ; Y D C  m o la r  f ra c t io n  
( • )  0, (O )  0 .14, ( A )  0 .46, (□ )  0 .60 , ( ® )  0 .70 .

the VDC content. Therefore, ¡3 absorption can be observed only in the co
polymers whose VC molar fraction are more than 0.3.

Figure 6 shows the relation between the magnitude of /3 absorption 
(en —  e „ ) j ,  obtained by Cole’s circular-arc law, and the composition. The 
values of (e0 — are taken at — 25°C. to avoid the effect of a absorption. 
The magnitude of (3 absorption becomes smaller with the increase of VDC 
content, as is shown in the figure.

In the case of poly(vinyl chloride) the /3 absorption is considered due to 
the local movement of small chain sequences of molecules, probably con
sisting of two or three monomer units.

As mentioned above, the chain sequence of two or more VC units exists 
only in the copolymer whose VC fraction is more than 0.3. Ft coincides 
with the VC molar fract ion at which the ¡3 absorption disappears.

From the facts described above it is considered that the ¡3 absorption of 
this copolymer series is due to the motion of VC chain sequences and that its 
intensity decreases with the decrease in the number of VC chain sequences.
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F ig . 6. (to  — €cr,)p a t  — 2 5 °C . ve rsu s  V D C  m o la r  f r a c t io n  o f c o p o ly m e r.

In Table I it is seen that the apparent activation energy of ft absorption 
shows the same tendency as the intensity of the absorption does, decreasing 
with the decrease in the number of VC chain sequences.

We are now carrying out studies on the /3 absorption of poly (vinyl 
chloride) and its copolymer systems; these will be discussed in a future 
paper.
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Résumé
L e s  p ro p r ié té s  d ié le c tr iq u e s  des c o p o ly m è re s  de c h lo ru re  de  v in y l id è n e  e t  c h lo ru re  de 

v in y le  p ré p a ré s  à des degrés de c o n v e rs io n  in fé r ie u rs  à  5 %  o n t  é té  é tu d ié e s . L a  g ra n d e u r 
de  l ’ a b s o rp t io n  a -d ié le c tr iq u e  n ’es t pas un e  fo n c t io n  lin é a ire  de  la  c o m p o s it io n  v u  l ’e f fe t 
de  la  c r is ta l l in i té  d u  c o p o ly m è re . P a r  a ille u rs , u n e  re la t io n  p ra t iq u e m e n t l in é a ire  a  é té  
obse rvé e  e n tre  la  te m p é ra tu re  de  t r a n s i t io n  v it re u s e  d ié le c t r iq u e  (Tg) d u  p o ly m è re  de 
basse c o n v e rs io n  e t  sa c o m p o s it io n , ta n d is  q u ’u n e  re la t io n  s ig m o ïd e  e s t ob se rvé e  p o u r  
u n  s ys tè m e  o b te n u  à h a u te  c o n v e rs io n  te l  q u e  l ’ o n t  o b se rvé  B o y e r  e t  N a r i t a  e t c o ll. L a  
d iffé re n c e  da ns  la  re la t io n  P j- c o m p o s it io n  e n tre  les sys tèm es  c o p o ly m é r iq u e s  de basse 
e t h a u te  c o n v e rs io n  a é té  i l lu s tré e  s u r la  base d ’u n e  d is t r ib u t io n  de la  c o m p o s it io n  m o lé c u 
la ire . L ’a b s o rp t io n  /3 -d ié le c tr iq u e  obse rvé e  d a n s  le  c o p o lv m è re  d o n t  la  f r a c t io n  m o la ire
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en c h lo ru re  de v in y le  est supérieure  à 5 a été in te rp ré té e  com m e ré s u lta n t de m o uvem e nts  

locaux des séquences de c h lo ru re  de v in y le  e t do longueurs fie séquences de ch lo ru re  fie 
v in y le  de 2  à M un ités, celles-ci é ta n t su liisa n tcs  p o u r p a r t ic ip e r  à l'a b s o rp tio n  0  du  

copo lym ère .

Z usam m enfassung

D ie  d ie le k tr isch e n  E ig e n sch a fte n  v o n  V in y lid e n c h lo r id -V in y lc h lo r id c o p o ly m e re n , 

e rh a lte n  be i U m sä tze n  u n te r 5 % , w u rd e n  u n te rs u c h t. D ie  Grösse de r d ie le k tr is c h e n  <*- 
A b s o rp tio n  is t  wegen des E in flusses d e r C o p o ly m e rk r is ta ll in itä t  ke ine  lin ea re  F u n k t io n  
de r Z u sam m ensetzung . A n d re rs e its  w u rd e  zw ischen d e r d ie le k tr is c h e n  G la su m w a n d 
lu n g s te m p e ra tu r ( T g) v o n  P o lym e re n  be i n ie d rig e m  U m sa tz  u n d  ih re r  Zusam m ensetzung 
eine lin e a re  B ez iehu ng  e rh a lte n , w ä h re n d  v o n  B o y e r u n d  N a r i ta  e t al. f ü r  C o p o ly m e r

system e be i hohem  U m sa tz  d ie  beobach te te  B ez iehu ng  eine s igm o ide  G e s ta lt h a t. D e r 
U n te rsch ie d  in  d e r r„-Z u sa m m e n se tzu n g sb e z ie h u n g  zw ischen C o p o lym e re n  be i hohem  

u n d  n ie d rig e m  U m sa tz  w u rd e  a n hand  d e r m o le ku la re n  Z u sam m ense tzung sverte ilung  
e r lä u te r t. D ie  b e im  C o p o lym e re n  m it  e inem  M o le n b ru c h  an V C  hö h e r als 0,5 beobach

te te  d ie le k tr is c h e  /3-Absorpt,ion w u rd e  als lo ka le  B ew egu ng vo n  V in y lch lo rid se q u e n ze n  
in te rp re tie r t,  w obe i eine V G -S equenzlänge v o n  2 oder 3 B a u s te in e n  genügt, u m  an der 
ß -A b s o rp tio n  des C o p o lym e re n  te ilzune hm en .

R eceived October 3, 1966 
R evised  D ecem ber 5, 1966 
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C a t i o n i c  P o l y m e r i z a t i o n  o f  a „ s - D i s u b s t i t u t e d  O l e f i n s .  

P a r t  I I .  C a t i o n i c  P o l y m e r i z a t i o n  o f  P r o p e n y l  

n - B u t y l  E t h e r

A. M IZO T E, S. K U S U D O , T. H IG A S H IM U R A , and S. OKA M UR A,
Department, of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

T h e  c a tio n ic  p o ly m e riz a tio n  o f p ro p e n y l n - b u ty l  e th e r (P B E )  in  m e th y le n e  ch lo rid e  
w ith  b o ro n  flu o r id e  e th e ra te  a t  — 7 8 °C . has been s tu d ie d . T h e  c o p o ly m e riz a tio n  o f 
P B E  w ith  v in y l  re -b u ty l e th e r (V B E )  showed th a t  b o th  th e  isom ers are m ore  re a c tive  

th a n  V B E , a n d  th e ir  m o nom e r re a c t iv ity  ra tio s  were fo u n d  to  be:

c is -P B E (M i) / V B E ( M 2): r ,  =  4 .0 !■: 1.0, r 2 =  0.5 ±  0.2

ira r e s -P B E ( M i) /V B E (M 2): n  =  2.3 ±  1.0, r 2 =  0.8 ±  0.3

I t  was fo u n d  in  the  c o p o ly m e riz a tio n  o f the  tra n s  a n d  c is  isom ers o f P B E  th a t  th e  c is  

isom er is 1.5 to  1.6 tim e s  m ore  re a c tiv e  th a n  th e  t ra n s  isom er. T h e  d iffe re n t e ffects o f the  
/3 -m eth y l g ro u p  in  P B E  fro m  th e  p  s u b s titu e n t in  p ro p e n y l benzene in  th e  c a tio n ic  p o ly 

m e riz a tio n  have been discussed.

IN TR O D U C TIO N

In Part I of th is series of investigations of the cationic polym erization of 
a,/3-disubstituted olefins /3-m ethylstyrenes as arom atic olefins were inves
tigated  w ith  reference to the steric and electronic effect of the /3-methyl 
group.1 I t  has been known th a t the polym erization reactiv ity  of a,/3- 
substituted  olefins is m uch sm aller than th a t of v in y l com pounds.2 The  
reactiv ity  of /3-m ethylstyrene in a hom opolym erization was in fact small. 
H owever, the reactiv ity  of /3-m ethylstyrene itself— th a t is, the reactiv ity  
of the olefinic double bond of /3-m ethylstyrene— was about the sam e as, or 
only a little  sm aller than, that of styrene. This m eans that the steric 
hindrance of the /3-methyl substituent is im portant at the transition state. 
It was also found that the /3-methyl group lowered the reactiv ity  of the  
olefinic double bond electronically .1

In  the present paper the effect of th e /3-methyl substituent in the cationic 
polym erization of v in y l ether, as com pared w ith  the styrene derivatives, 
will be reported. The reactiv ity  difference betw een the geom etric isomers 
of propenyl n -butyl ether will also be discussed.
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Hz at 90 mI./min. It was found that the cil> isomer tlms outaincd had a
purity of more than OS% and the trans isomer a purit.\· of mlJl'C than !J;")%.

n-Bul.yl Vinyl Ether

Commcrcial 'It-butyl vinyl eL!JCl' W:l:-i \m::;hcd \\'ith ::mLumLcd aqucous
sodium bicarbonate, dried with potassium hydroxide, and di:,;tilled twice
over sodium.

Catalyst and Solvent

Commercial BF3 · O(CzHs)z was distilled intu a small glass ampule.
Methylene chloride was washed with sodium carbonate aqueous solution
and water, dried with calcium chloride, and distilled twice over phosphorus
pentoxide just before use.

Polymerization Technique

Solvent and monumer were put in a 100 ml. flask thruugh a self-sealing
rubber cap, and the mixture was brought to the polymerization temperature
in a bath of solid carbon dioxide and methanol under a slight pressure of
dry nitrogen. The polymerizations were started by adding the catalyst
through the rubber cap.

Determination of Polymerization Conversion

The conversion was determined gravimetrically or by measuring the
residual monomer. The polymerizations were stopped by the addition of a
small amount of methanol. The resultant solution was analyzed by gas
chromatography with monochlorobenzene as internal standard under the
above-mentioned conditions. The conversion was calculated from the
amount of residual monomer. Under these polymerization conditions the
amount of methanol-soluble oligomers was negligible within the experi
mental error.

Degree of Polymerization

The degree of polymerization was expressed by the intrinsic viscosity
determined in benzene at 30°C.

Determination of Copolymer Composition

The copolymer composition was calculated from the composition of
residual monomer analyzed by gas chromatography. The monomer reac
tivity ratios were calculated by means of the Walling-NIayo equation or
the Fineman-Ross-Sakurada equation.

RESULTS

Copolymerization of n-Butyl Vinyl Ether and Propenyl n-Butyl Ether

For an estimate of its reactivity propenyl n-butyl ether was copoly
merized with n-butyl vinyl ether, and the monomer reactivity ratios were
determined. The choice of comonomer was made so as to have the propa-
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F ig . 1. T im e -c o n v e rs io n  curves fo r  c o p o ly m e riz a tio n  o f c is -p ro p e n y l n - b u ty l  e th e r 

and  v in y l  n - b u ty l  e th e r: m o n o m e r m o le  ra t io  c is -P B E /re -B V E , 0 .4 7 :0 .5 3 ; solvent, 

C H 2C12, 90 v o l.-9 c i c a ta ly s t B F 3O E t2, 4  m m o le / l ite r ;  te m p . — 78 °C .

gating species of electronically the sam e structure, as was done for the  
^-m ethylstyrenes in  Part I .1 T he steric and electronic effects of the 0- 
subst-ituent were thus estim ated.

In  Figure 1 are shown the tim e-conversion  curves for the copolym eriza
tion of an approxim ately equim olar m ixture of n -butyl v in yl ether and  
cfs-propenyl n -butyl ether, w hich were obtained b y  follow ing the residual 
am ount of each m onom er gas-chrom atographically. As is seen in the  
figure, CTs-propenyl n -b uty l ether was polym erized faster than n-butyl 
vin yl ether. The polym erization had an induction period. D uring the 
induction period n -b utyl v in yl ether was consum ed fa ster; th is was followed  
by a fast polym erization of as-p rop en yl n -b utyl ether. From  these curves 
the m onom er reactiv ity  ratios were calculated according to  the Finem an- 
R oss-Sakurada equation,

[M ,]/[M 2] -  1 / a  =  n U /a J M ^ /I M * ] )  -  »2 (1)

where a is given by the equation

«  =  (d [Mi ]/d  [M2 ] ) /  ( [Mi ] /  [M2 ]) (2)

B y  p lotting [M i ] /[M 2] — 1 /a  against [M i]/a [A I2] the reactiv ity  ratios r\ 
and r2 are obtained from the slope and the intercept of the straight line, 
respectively. T his is shown in Figure 2, where M i and .\I2 represent cis- 
propenyl n -b uty l ether and n -b uty l v in yl ether, respectively. It was found  
th a t ?’i was 4.0 ± 1 . 0  and r2 w as 0.5 ±  0.2.

The sam e procedure w as applied to  the copolym erization of n-butyl vinyl 
ether and /rans-propenyl n -butyl ether. Figure 3 shows the tim e-con ver
sion curves, and Figure 2 is a p lot of the data from Figure 3, m ade by using- 
equation (1). It was found th a t rx was 2.3 ±  1.0 and n  was 0.8 ±  0.3, 
where M i is frans-propenyl n -butyl ether and M 2 is n -butyl v in yl ether.

In the two sets of copolym erization described above the reproducibility 
of the overall rate w as not satisfactory, but it was good enough for a dis-
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F ig . 2. F ine m a n -R o ss-S a ku ra d a  p lo t  fo r  co p o ly m e riz a tio n  o f p ro p e n y l re -bu ty l e tn e r 
a n d  v in y l  » - b u ty l  e th er, fro m  F igu res  I a n d  3; c a ta ly s t B F a -O E t*, s o lve n t C II .O L , at 

—  78 °C .

cussion of m onom er reactivity. It was found that, regardless of the nature 
of isomers, propenyl n -b uty l ethers were more reactive than «-butyl vinyl 
ether and that when n -b uty l v in yl ether was comonomer, cts-propenyl 
n-butyl ether was more reactive than the trans isomer.

Estim ation o f the R eactiv ities o f cis and trans Isom ers

L ittle investigation  has been m ade into the cationic polym erization of 
the geom etric isom ers of « .^ -substituted  olefins.5’6 In the present research 
the difference in reactiv ity  between the cis- and frans-propenyl n-butyl 
ethers was investigated  as follows.

F ig . 3. T im e -c o n v e rs io n  curves fo r  c o p o ly m e riz a tio n  o f ira res-propenyl re -bu ty l e th e r 
and  v in y l  re -bu ty l e th e r: m o nom e r m o le  ra t io  ira re s -P B E /re -B Y E , 0 .4 7 :0 .5 3 ; so lve n t 

CHsCls, 90 v o l. -% ; c a ta ly s t B F j- O E t j ,  4 m m o le / l ite r ;  te m p . —  78 °C .
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F ig . 4. R e la tio n  be tw een con vers ion  an d  c is  isom e r fra c t io n  in  a re s id u a l m o nom e r 

in  th e  p o ly m e riz a tio n  o f c is -  a n d  fra ras-propenyl » - b u ty l  e th e r m ix tu re ; m onom er, 1 0  

v o l. -% ;  so lven t C H oC lj, f)0 v o l. - % ;  c a ta ly s t B F 3 'O E t2; te m p . — 7 8 °C .

Propenyl m-butyl ether of varying molar ratios of isomers was polym erized  
in  m ethylene chloride w ith  BIVCXC^Hs^ at — 7S°C., and the change in  
the molar ratio of residual isom ers w ith  tim e was followed by gas chroma
tography. Figure 4 shows the change in the molar ratio of the cis isomer 
w ith conversion. I t  was found th a t the cis isom er was consum ed faster 
than  the trans isomer.

The cis-trans m ixture was polym erized in m ethylene chloride w ith  
B F 3'0(C 2H 5)2 at — 7S°C., and the conversion-tim e curves for the cis and 
the trans isom ers are shown in Figure 5. Figure 6 is the first-order plot 
of the experim ental data given in Figure 5. I t  was confirmed that the 
steady state was attained  except during the induction period. Hence 
cis-trans  isom erization during polym erization did not seem  to take place. 
In  fact, the isom erization was found not to  occur in the polym erization of 
pure trans isom er or pure cis isom er in analysis of the residual m onom er in 
the polym erization system s.

F ig . 5. T im e -c o n v e rs io n  curves fo r  c o p o ly m e riz a tio n  o f c is -  an d  frcm .s-propenyl 71- 
b u ty l  e th e r: m o n o m e r m o le  ra t io  c is / t r a n s ,  0 .5 7 :0 .4 3 ; so lven t C H 2C12, 90 v o l. -% ; 
c a ta ly s t B F 3 -O E t2, 4  m m o le / l ite r ;  te m p . — 7S°C.
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F ig . 6 . F irs t-o rd e r  p lo t  o f c o p o ly m e riz a tio n  o f c is -  a n d  ira n s -p ro p e n y l e th e r: m o nom e r 
m o le  ra t io , c is / t r a n s ,  0 .5 7 :0 .4 3 ; c a ta ly s t B F s-O E t2; s o lve n t C H 2C1.

The straight line of the first-order p lot in Figure G m eans th a t eq. (3) 
holds for both  isomers:

If the growing end consisting of a ¿vans isom er is the sam e as that of a cis 
isom er in the polym erization of a m ixture of both  isom ers, then  [P*] is 
sim ply expressed by the equation

T hus the ratio of the slopes of the straight lines in Figure G gives th e  k p 
ra tio :

R atio  of slope — ^'p,cis[P ]/^'p-vons[R ] iCiS/t\ p iiTans 1.63

The cis isom er is about 1.6 tim es as reactive as the trans isomer.
The polym erization of the m ixture of both isom ers is regarded as a 

copolym erization. A m ixture of varying cis/trans  ratios was polym erized  
and after a conversion of a few  hundredths the cis/trans  ratio in the 
residual m onom er was analyzed. The “copolym er com position” thus 
determ ined was p lotted  against the cis/trans  ratio of the feed. Figure 7.

Figure 7 shows that the cis isom er is more reactive than the trans isomer. 
B y  the intersection m ethod,

The assum ption that the end growing from the cis isomer is same as that 
from  the trans isom er requires the relation ?t  =  l / r 2 in the copolym erization  
of both isomers, which w as satisfied experim entally (?.\r2 ~  1.0). This

In [M ]j/[M ]0 =  - k p[P*]t (3)

(1)

M i, cis isomer: n  =  1.35 ±  0.1

M 2, trans isomer: n  =  0.71 ±  0.1
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F ig . 9. R e la tio n s h ip  be tw een con vers ion  a n d  in tr in s ic  v is c o s ity  [jj] o f po ly-ct's- 
p ro p e n y l n - b u ty l  e th e r: m o nom e r, 0.69 m o le / li te r ,  10 v o l. -% ;  so lve n t, 90 v o l.-% ,

to lue ne  (O ) and  m e th y le n e  ch lo rid e  ( • ) ;  c a ta ly s t B F 3 -O E t2, 4 m m o le / l ite r ;  tem p. 
— 7 8 °C .

B F 3-0 (C2H 5)2 at —78°C . in Figure 9. Polym ers produced during the  
induction period had low m olecular w eights, but after the induction period 
the [77] of the polym er increased quickly w ith  conversion. The increase 
in m olecular w eight slowed down after about 20%  conversion. Polym ers 
produced in toluene were of higher m olecular w eight than those in m ethyl
ene chloride, a fact which agrees w ith  the experim ental results observed  
w ith a lk yl v in y l ethers.

D ISC U SSIO N

Comparison o f  the R eactiv ities B etw een  Propenyl n-B utyl 
Ethers and /¿-Butyl Vinyl Ether

It  has generally been considered th a t a,/3-substituted ethylenes are much  
less reactive than corresponding v in yl com pounds. In  the present inves
tigation, however, propenyl n -b utyl ethers were found to  be more reactive 
than n -b uty l v in yl ether.

In  the copolym erization of propenyl n -b uty l ethers and n -b utyl v in yl 
ether the relative reactivities of cis- and frans-propenyl n -b utyl ethers and  
of n -b u ty l v in y l ether to the propenyl /i-butvl ether cations are as follows, 
where G ” is a counter-ion:

¿-.I
« — C H - C H - G

/  \  +

c is -P B E ------------ > p *

C H 3 O C 4H 0 ( B V E > P *

(g ro w in g  end fro m  c is  isom er) T\ =  k u / k u =  4 .0  ±  1.

C H :i An
\  + - 1 Iva n s -P H E  —---------- > p *

« . ------ C H — C H -G  +
N  I ('12

O C J L , 1 B V E  ------------ > P *

(g ro w in g  ends fro m  Im m  iso m e r) r \  =  k \ \ / k u  =  2 ,3  ±  t ,U
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T he growing ends of both the trans and cis isom ers of the propenyl rt-butyl 
ethers are more reactive than those of the n -b utyl v in yl ether. If a com 
parison is m ade of the relative reactivities to  the n -butyl v in y l ether cations, 
one obtains:

A'21
« V — C IT — C I I - G +

c /s -P B E ------------> p *

\
O C J L , B V E ----------- > p *

(g ro w in g  end fro m  B V E ) l / r =  h ‘2i/k'i2 =  2 . 2  ±  0

kn

« V — c h 2— c h g

\
+

fra n s -P B E  - ---------- > p *

O C J L ,
B V E

k 22
-----------> P *

(g ro w in g  end fro m  B V E )  l / r 2 =  fe ,/fc22 =  1 .4 5  ±  0 .5 5

T he sam e conclusion as in the case of the growing chain ends and propenyl 
n -butyl ether can be drawn here. As was m ade clear in the copolym eriza
tion of /3-m ethylstyrene and styrene,1 the /3-methyl group exerts an im por
tan t steric hindrance, m aking the polym erization of /3-methylstyrene diffi
cult. H owever, th is sort of steric hindrance was not observed in the  
cationic polym erization of propenyl n -butyl ether. I t  was expected that 
the steric interaction between tw o m ethyl groups is im portant w hen pro
penyl n-butyl ether adds to the propenyl n -b uty l ether cation and that it is 
not im portant when propenyl n -butyl ether adds to  the n-butyl v in y l ether 
cation. It was experim entally observed, however, that ?'i >  l / r 2 when  
M i is propenyl n -butyl ether and 1YI2 is n -b uty l v in y l ether. T his im plies 
that in the cationic copolym erization of cis- or (rans-propenvl n-butyl ether 
and n-butyl v in yl ether the reaction betw een propenyl n -b uty l ether and  
its cation, which is thought to  be sterically hindered, proceeds more easily  
than the reaction betw een propenyl n-butyl ether and n -butyl v in y l ether 
cation, which is thought to  be sterically less hindered.

These results are not in agreem ent w ith the results found w ith  /3-methyl- 
stvrene, which w as less reactive than styrene. The reason w hy the effect 
of the /3-methyl group is different w ith the v in y l ether derivative and w ith  
the styrene derivative is n ot known. T he experim ental fact that propenyl 
n-butyl ether was more reactive than n-butyl v in y l ether m ight be explained  
by assum ing that the /3-methyl group stabilizes the cation at the transition  
sta te and lowers the activation  energy of the propagation reaction. A  
sim ilar phenom enon was observed w ith /3-phenyl alkyl v in y l ethers,7 which  
were more reactive than the corresponding alkyl v in yl ethers. A  similar 
effect of /3-methyl group m ay also be expected w ith  ^-m ethylstyrene, but 
in fact /3-m ethylstyrene was less reactive than styrene. The steric and the 
electronic effects of the /3-methyl group in the transition sta te were thus 
found to  be different w ith  vinyl ethers and w ith  styrenes. T he reason is not 
clear, but the difference in the nature of the transition sta te of propagation  
reaction between vinyl ethers and styrenes m ay have som ething to do w ith it.
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Comparison o f  the R eactiv ities B etw een  cis and trans Isom ers

T he reactiv ity  difference between cis and trans isom ers in the polym eriza
tion  reaction of « ^ -su b stitu ted  ethylenes has been investigated  m ainly  
w ith  radical polym erization. W ith  fumaric ester and m aleic ester the 
trans isom er w as more reactive than  the cis isom er.8 W ith  1,2-dichloro- 
ethylene, fum aronitrile, and m alenitrile the trans isom er was more reactive 
than  the cis isom er.9 T hese experim ental facts were explained in term s 
of the greater resonance stabilization  of the propagating radical from the  
trans isom er at the transition state.

On the other hand, little  investigation  has been m ade into the cationic  
polym erization of geom etric isomers. Overberger et al.6 reported that in 
the cationic copolym erization of /3-m ethylstyrenes and p-chlorostyrene the 
trans isom er was a little more reactive than the cis isomer. T his was ex
plained in term s of the distortion of the planary ethylenic double bond of the  
cis isom er due to  the steric repulsion between ortho hydrogen of the phenyl 
group and the /3-methyl group. T he deviation  of the m onom er double 
bond from planarity causes a steric hindrance when the cis isom er attacks 
the propagating cation and, hence, m akes for a less reactive cis isomer.

Brackm ann and P lesch6 observed that the less stable m -stilb en e  was 
more reactive than the trans isomer. On the assum ption of the sam e tran
sition states for the propagation of the cis and trans isomers, the cis isomer, 
which is energetically less stable in the ground state, is more reactive. R e
cently  Fueno et a l.10 studied the reactivities of som e «,/3-unsaturated ethers, 
including propenyl isobutyl ether, by hydrolysis, silver ion com plexation, 
and copolym erization. T hey suggested, from  the data on the activation  
param eters in the hydrolysis reaction at 25°C ., that the trans isomer is more 
stable than the cis isomer. Thus, various sorts of explanation have been 
proposed for the reactiv ity  difference between the isomers.

In the copolym erization of propenyl n -b uty l ethers and n-butyl v in yl 
ether and of cfs-propenyl ra-butyl ethers and the trans isom er it was found  
that the cis isom er was 1.5 tim es as reactive as the trans isomer. Since the  
cis isom er does not isomerize into the trans isomer during polym erization  
or w hen heated w ith benzoyl peroxide, and since a m ixture rich in cis isomer 
was obtained when propenyl n-butyl ether was synthesized, the cis isomer 
seem s to be more stable than the trans isomer. The m olecular m odel of 
the cis isom er showed no steric interaction between the two substituents. 
In fact, cis isom ers of 1,2-dichloroethylene11 and /3-bromopropylene12 are 
more stable in solution because of the polarized structures (I) and ( I I ) :

se
C H — C H

/  \  
e c i -----------e lse

(I)

C I 1 = C H  
/  s® \  

H — C ------ IT ------- B i 
se

11
OD

C H = C H

I I — C -------I I  — - O — C 4H 9
I se se  
il

d ii)

Therefore, a possible explanation of the greater reactiv ity  of the cis isomer 
would be as follows. W ith  regard to cfs-propenyl n -b uty l ether structure
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(III) m ay stabilize the com pound. Structure (III) is im possible w ith the 
trans isomer. The entropy of the cis isomer (III) in the ground state is 
therefore less than that of the trans isomer. If the entropy at the transi
tion  state is the sam e for both isomers, polym erization of the cis isomer 
m ay be facilitated  by the entropy term.

A t present, however, there cannot be found a very satisfactory inter
pretation  that w ill explain exclusively the difference betw een  the effects 
of the /3-methyl group on the m onom er reactivities of styrene derivatives 
and of v in yl ether derivatives, and the different reactivities of the geo
m etrical isomers. The polym ers from isomers of som e propenyl alkyl ethers 
have been found to have different structures. Such lines of study m ight 
m ake clear the transition state of the polym erization of geom etrical iso
mers.
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R ésum é

L a  p o ly m é ris a tio n  ca tio n iq u e  de l ’é th e r p ro p é n y l-n -b u ty liq u e  (P B E )  a été é tud iée  
dans le c h lo ru re  de m é th y lè n e  avec l ’é th é ra te  de flu o ru re  de bo re  à —  78 °C . L a  co p o ly 
m é risa tio n  d u  P B E  avec l ’é th e r v in y le -n -b u ty liq u e  (Y B E )  m o n tra it  que les isomères 
so n t p lus  ré a c tio n n e ls  que  Y B E  e t le u r ra p p o r t de ré a c tiv ité  m o n o m é riq u e  a été tro u v é  

com m e s u it :  c fs - P B E ( M i) /Y B E ( M 2): n  =  4 .0  ±  1.0, r% =  0.5 ±  0 .2 ; i r a n s - P B E ( M i) /  
Y B E ( M 2) : r, =  2.3 ±  1 .0 , r 2 =  0.8 ±  0.3. O n a tro u v é  au  cours de la  co p o lym é risa tio n  
des isom ères t ra n s -  e t c is -  de P B E  que l ’ isom ère c is  est e n v iro n  1.5 à 1.6 fo is  p lus  réac

t io n n e l que l ’ isom ère tra n s . Les e ffe ts d iffé re n ts  du  groupe m éthyle-/3  dans le P B E  au 
d é p a rt d u  su b s titu a n t-/?  dans le p ro p é n y le  benzène dans la  p o ly m é ris a tio n  ca tio n iq u e  
o n t été soum is à d iscussion.

Z usam m enfassung

D ie  k a tio n isch e  P o ly m e ris a tio n  v o n  P ro p e n y l-n -b u ty li ith e r  (P B E )  m it  B o rf lu o r id -  
ä th e ra t w u rd e  in  M e th y le n c h lo r id  be i —  78 °C  u n te rsu ch t. C o p o ly m e ris a tio n  von  P B E  
m it  Y m y l-n -b u ty lä th e r  (Y B E )  zeigte, dass be ide Isom ere  re a k tio n s fä h ig e r als Y B E  s ind ;
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ih re  M o n o m e r-R e a k tiv itä ts v e rh ä ltn is s e  w u rd e n  b e s tim m t zu : c w -P B E  ( M i) /V B E
( M 2), n  =  4 ,0 ±  1,0, H  =  0,5 ±  0,2 ; ira res-P B E  ( M i) / V B E  ( M 2) n  =  2,3 ±  1 , r 2 =  
0,8 ±  0,3. B e i de r C o p o ly m e ris a tio n  d e r I ra n s -  u n d  c is -  Isom ere n  vo n  P B E  erw ies sich 

das « » -Iso m e re  als 1,5 bis 1 , 6  m a l re a k tiv e r  als das I ra n s - Isom ere . D ie  versch ieden
a rtig e  W irk u n g  d e r /3 -M e th y lg ru p p e  in  P B E  im  V e rg le ich  zum  /3 -S u bstituen ten  in  
P ro p e n y lb e n zo l be i d e r ka tio n is c h e n  P o ly m e r is a tio n  w u rd e  d is k u tie r t.

R eceived  N ovem ber 1, 1906 
Prod. N o. 5358A
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P h o t o p o l y m e r i z a t i o n  I n i t i a t e d  b y  T r i p h e n y l p h o s p h i n e *

T. J. A(AO and R. J. E L D R E D , General Motors Research Laboratories,
Warren, M ichigan 48090

Synopsis

T h e  tr ip h e n y lp h o s p h in e - in it ia te d  p h o to p o ly m e riz a tio n  o f a c ry lic  m onom ers was 

s tu d ie d . O n ly  those m o nom e rs  c o n ta in in g  an a ,/3 -un sa tu ra ted  c a rb o n y l g ro u p  cou ld  be 
p h o to in it ia te d  b y  tr ip h e n y lp h o s p h in e , s ty re ne  be ing  u n a ffec ted  a t the  leve l o f in i t ia to r  

em p loyed . K in e t ic  s tud ie s  w ith  m e th y l m e th a c ry la te  showed th a t  th e  p ro p a g a tio n  was 
free ra d ic a l in  n a tu re . A n a ly s is  o f th e  re s u lt in g  p o ly m e r in d ic a te d  th a t  i t  co n ta ined  one 
phosphorus  a to m  per cha in . U lt ra v io le t  sp e c tra l d a ta  suggested th e  fo rm a tio n  o f com 

plexes be tw een th e  trip h e n y lp h o s p h in e  a n d  each m o nom e r fo r  w h ic h  i t  is in i t ia to r .  A  
re la tio n s h ip  be tw een th e  com plex a n d  th e  p o ly m e riz a tio n  was sho w n  to  e x is t. A  m ech
an ism  is proposed, in v o lv in g  a l ig h t-a c t iv a te d  d ipo le  in te ra c tio n  betw een th e  c a rb o n y l 
oxyg en an d  th e  phosphorus  a to m  w ith  th e  u lt im a te  fo rm a tio n  o f a m e th a c ry la te  ty p e  o f 

free ra d ica l.

I. IN TR O D U C TIO N

T he triphenyl derivatives of antim ony, arsenic, and bism uth have been 
reported to  be effective initiators for crosslinking elastom eric polym ers.1 
T hey were used as a source of phenyl radicals when heated at 200°C .

I t  has been found in th is laboratory that these com pounds and triphenyl
phosphine are capable of in itiating photopolym erization. Experim ents 
on the polym erization of various m onom ers w ith  the use of the triphenyl 
derivatives of phosphorus, arsenic, antim ony, and bism uth as photoinitia
tors indicated that these com pounds did n ot all in itiate photopolj'm eriza- 
tion by the sam e m echanism . The bism uthine, stibine, and arsine in itiated  
the photopolym erization of m onom ers that norm ally could be polym erized  
by a free-radical m echanism  induced by peroxide or an azo typ e of cata
lyst. For exam ple, triphenylbism uthine decom posed upon irradiation to  
give phenyl radicals and bism uth, as evidenced by the deposition of the  
free elem ent on the sides of the reaction vessel. Triphenylphosphine, on 
the other hand, was quite selective. It in itiated the photopolym erization  
of on ly acrylic types of m onom er (under the experim ental conditions given  
in th is work), styrene being com pletely unaffected. Because of th is selec
t iv ity  triphenylphosphine was chosen as the subject of a more extensive  
study.

* P resented  a t  th e  149th  M e e tin g  o f th e  A m e ric a n  C h e m ica l S o c ie ty  D iv is io n  o f P o ly 
m e r C h e m is try , D e tro it ,  M ic h ig a n , A p r i l  4 -9 , 1965.
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II. EXPERIM ENTAL  

M aterials

M eth y l m ethacrylate, m ethyl acrylate, and styrene were washed w ith  
sodium  hydroxide solution, passed through an alum ina colum n, and dis
tilled under reduced pressure. Im m ediately prior to use the m onom ers 
were redistilled under vacuum  from partially polym erized m onom er,2 in 
order to insure the absence of any inhibitor. The triphenylphosphine 
(Eastm an) was recrystallized to  constant m elting point (m .p. 79.5~80°C .) 
from absolute alcohol. Spectroquality-reagent benzene, ethyl acetate, 
and heptane (M atheson, Colem an and Bell) were used w ithout further 
purification.

Procedure

The reaction m ixtures were prepared by dilution and placed in Vycor 
Xo. 7900 test tubes. These sam ples were then deoxygenated by the freeze- 
m elt m ethod w ith  nitrogen, which had been purified by being scrubbed with  
chrom yl sulfate solution and passed through a series of drying tubes and 
finally through heated copper turnings. The polym erizations were carried 
out at the specified tem peratures to w ithin 0.1 °C. U ltraviolet light was 
provided by a 450-w. H anovia m edium -pressure lam p set through the  
center of a rotating p late (16 rpm ), w hich held the sam ples 7.6 cm. (center 
to center) from the lam p in the constant-tem perature bath. After poly
m erization (up to 7%  conversion) the sam ples were diluted w ith  acetone 
and the polym er precipitated w ith  heptane. T he rate of disappearance 
of m onom er was followed by gravim etric determ ination of the precipitated  
polym er dried in a vacuum  oven at 60°C . to constant weight.

The m olecular w eights of p o ly(m eth yl m ethacrylate) were determined  
by solu tion-viscosity m easurem ents in m ethyl eth yl ketone at 25°C . with  
the equation3

h ]  =  6 .8  X 1 0 -5M 0-72

Phosphorus analyses on polym er that had been precipitated ten tim es 
w ith  heptane were m ade by the spectrophotom etric m olybdenum -blue 
m ethod.4 A sim ilarly treated physical m ixture of polym er and triphenyl
phosphine w as used as a blank.

The com position of the styrene-m eth yl m ethacrylate copolym ers was 
determ ined by gas chrom atography of the residual monom ers on a Perkin- 
Elm er M odel 154D Vapor Fractom eter.

U ltraviolet spectra were obtained on a Cary 14 recording spectropho
tom eter w ith cells having a 1 cm. optical path. Infrared spectra were ob
tained on a Perkin-Elm er 337 grating infrared spectrophotom eter.
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III. RESULTS ANI) D ISC U SSIO N  

Triphenylphosphine-Initiated Polym erization

A typical exam ple show ing the effect of triphenylphosphine on the photo- 
polym erization of m ethyl m ethacrylate at 20°C . is shown in Figure 1. 
A lthough there is a considerable am ount of polym er formed that is due to  
the ultraviolet light alone, it is obvious that the phosphine does have an 
in itiating effect. The resulting poly(m ethy) m ethacrylate) was found to 
contain  phosphorus even after ten tim es of reprecipitation. A  physical 
m ixture containing triphenylphosphine and poly (m ethyl m ethacrylate), 
which had been in itiated  by benzoyl peroxide showed no phosphorus after 
one reprecipitation. U nder therm al conditions (at G0°C. for 2 hr.) tri
phenylphosphine did not in itiate polym erization.

T he effect of tem perature on the rate of the triphenylphosphine-in itiated  
photopolym erization of m ethyl m ethacrylate is shown in Figure 2, which  
indicates a positive tem perature coefficient. The overall energy of activa
tion was found to  be 4.5 k cal./m ole; th is value is in good agreem ent w ith  
th a t reported by M atheson5 (4.9 k cal./m ole) for the photopolym erization  
of m ethyl m ethacrylate w ith  b iacetyl as initiator. The triphenylphos
phine-in itiated copolym erization of m ethyl m ethacrylate and styrene  
yielded  1:1 copolym ers. These results point to a free-radical m echanism , 
although triphenylphosphine is a known catalyst for the ionic polym eriza
tion  of form aldehyde.6

T he phosphine-initiated photopolym erization gave a linear rate curve

F ig . 1. P h o to p o ly m e riz a tio n  o f m e th y l m e th a c ry la te  a t  20°C.: ( ------- ) 4 X  10 'm o le /
l i te r  o f tr ip h e n y lp h o s p h in e ; ( ----- ) no in i t ia to r  added.
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F ig . 2. A rrh e n iu s  p lo t fo r  tr ip h e n y lp h o s p h in e - in it ia te d  p h o to p o ly m e riz a tio n  o f 
m e th y lm e th a c ry la te :  ( • )  no in i t ia to r ;  ( 0 ) 2  X  10~J m o le / l i te r  o f tr ip h e n y lp h o s p h in e ; 

( □ )  4 X  10 m o le / l i te r  o f tr ip h e n y lp h o s p h in e .

up to at least 10% conversion, m ost data having been obtained from be
tween 1 to 7%  conversion. T he effect of a changing triphenylphosphine 
concentration on the rate of polym erization at 20°C . is given in Figure 3. 
From  this graph it m ay be seen that at a concentration of about 10-3  
m ole/liter of in itiator the rate of polym erization reaches a m axim um . 
T his break in the curve is probably due to a self-quenching effect similar 
to that observed w ith anthracene.7 Increasing the triphenylphosphine 
concentration above 1 X 10~2 m ole/liter leads to an increase in the rate. 
T his phenom enon can probably be explained on the basis of the work re
ported by Kaufm an and Griffin.8 A t relatively high phosphine concen
tration the effect of photolytic decom position of triphenylphosphine be
com es im portant and introduces an additional reaction into the photo- 
initiation m echanism . In m ost of our experim ents a phosphine concen
tration of about 4 X 10~4 m ole/liter was chosen.
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F ig . 3. E ffe c t o f tr ip h e n y lp h o s p h in e  c o n c e n tra tio n  on ra te  o f p o ly m e riz a tio n  o f m e th y l
m e th a c ry la te .

W hen these experim ents were repeated in the presence of air, no poly
m erization occurred until the phosphine concentration exceeded about 3 X 
10-3  m ole/liter. The rate then rapidly approached that obtained in a 
nitrogen atm osphere. (It was determ ined spectrophotom etrically that 
triphenylphosphine could be quan titatively  converted to triphenylphos
phine oxide upon ultraviolet irradiation in the presence of dissolved oxygen. 
Triphenylphosphine oxide, however, showed no effect upon the photo
polym erization process.) I t  appeared th a t the dissolved oxygen sim ply  
prevented in itiation  by conversion of the phosphine to the oxide until all 
the oxygen had been exhausted.

Selectivity o f Triphenylphosphine

T o determ ine w hy triphenylphosphine w as a selective photoinitiator the 
effect of ultraviolet irradiation upon this com pound in heptane so
lution was investigated . Figure 4 shows an initial u ltraviolet spectrum  
of triphenylphosphine w ith  an absorption peak at 260 mg, a value  
in agreem ent w ith  that reported by lla o  et a l.9 In the presence of air 
triphenylphosphine underwent photo-oxidation, g iving triphenylphosphine 
oxide very rapidly. The decrease of the 260 mg peak was observed after 
only 5 sec. of irradiation. The decay was logarithm ic in character. A t the 
end of 100 sec. practically all the phosphine was converted to the oxide, 
as shown in Figure 4. The evidence of the form ation of the oxide cam e 
from ultraviolet and infrared spectral analyses as well as from the mixed  
m elting-point data. In the absence of air the irradiation at low concen
trations used in these studies had no discernible effect on the triphenyl
phosphine.
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F ig . 4. E ffe c t o f ir ra d ia t io n  o n  tr ip h e n y lp h o s p h in e  (1  X  10 4 m o le /lit .e r)  in  he p ta n e : 
( ------) in i t ia l ;  ( -------- ) a fte r  1 0 0  sec. o f exposure in  th e  presence o f a ir.

In Figure 5 is given a com parison of the u ltraviolet spectra of triphenyl
phosphine in heptane, of m ethyl m ethacrylate in heptane, and of a typical 
reaction m ixture containing triphenylphosphine and m ethyl m ethacrylate. 
These spectra show the existence of a new peak at 292 niju in the reaction  
m ixture. T his new peak is believed to be due to  the form ation of a com 
plex between m ethyl m ethacrylate and triphenylphosphine. Other vinyl 
monomers, such as styrene and v inyl acetate, do not show an absorption  
peak. Interestingly, triphenylphosphine has no effect upon the photo
polym erization of these monomers.

Complex Formation

For further evidence of com plex form ation the u ltraviolet spectra for all 
the triphenyl derivatives of the Group V B  elem ents in heptane and  
in m ethyl m ethacrylate were obtained as shown in Tables I and 
II. It is seen that the m ethyl m ethacrylate solution of triphenyl
phosphine follows B eer’s law, giving a constant value of extinction
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F ig . 5. U lt ra v io le t  sp e ctra : ( -  • - )  1 X  10~ 4 m o le / l i te r  o f m e th y l m e th a c ry la te  in

he p tan e ; ( • • ■ ) !  X  1 0 ~ 4 m o le s / li te r  o f tr ip h e n y lp h o s p h in e  in  he p ta n e ; ( ------- ) 1 X
1 0 - 4  m o le / l i te r  o f tr ip h e n y lp h o s p h in e  in  m e th y l m e th a c ry la te .

coefficient (emax 7,300). W ith  the exception of triphenylam ine all the tri
phenyl derivatives in m ethyl m ethacrylate have an absorption peak at the 
sam e w avelength, 292 mg, whereas the heptane solutions of these com 
pounds show different absorptions. Significantly, all these com pounds 
except triphenylam ine are found to in itiate the photopolym erization of 
m ethyl m ethacrylate (in the case of triphenylbism uthine, for exam ple, a 
dual m echanism , involving both com plex form ation and photolytic de
com position, is believed to be possible).

Other efforts in isolating and characterizing the com plex, including infra
red, electron spin resonance, and nuclear m agnetic resonance techniques, 
were unsuccessful. One possible explanation is that the com plex between  
triphenylphosphine and m ethyl m ethacrylate is a rather weak one. To  
substantiate th is point the following experim ents were performed. At a 
constant triphenylphosphine concentration the ultraviolet spectra of suc
cessive dilutions of the phosphine-m onom er m ixture were obtained. The 
A max and emax were determ ined after each dilution. In Figure 6 are shown  
the results as the concentration of m ethyl m ethacrylate was decreased and  
replaced by heptane. As the m onom er concentration was reduced to  0.1% , 
the Amax approached the value (262 mg) for triphenylphosphine in heptane.

T A B L E  I
S p e c tra l D a ta  fo r  th e  T r ip h e n y l D e r iv a t iv e s  o f G ro u p  Y B  E le m e n ts  in  H e p ta n e

C oncn  • y ^maxj
C o m p o u n d m o le s /lite r m  ¿it Cmax

(C e lh h P 1 .0  X  I t ) ' 4 262 10 ,880

(CcIT5)3B i 1 .0  X  10 “ 4 280 3 ,6 0 0

250 13 ,000

(C 6I I 6)3Sb 6 .4  X  10 —5 255 13 ,6 7 0

(C 6H 5)3A s 8 .0  X  10 ~5 248 13 ,750

(C 6H 6)3N 3 .6 5  X  10 “ 5 299 2 4 ,4 0 0
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T A B L E  I I

S p e c tra l D a ta  fo r  th e  T r ip h e u v l D e riv a tiv e s  o f G ro u p  \ ’R  E le m e n ts  in  M e th y l
M e th a c ry la te

C o m p o u n d

Conen.,
m o le s /lite r

înaxj
mju €max

(C 6H 5)3P 4 .0  X  10 ~ 5 292 7 ,3 0 0

(C 6H 5)3P 1 .0  X  10 “ 4 292 7 ,3 0 0
(C 6II..,);,P 2 .0  X  10 “ ' 292 7 ,3 0 0

(C J O a B i 4 .0  X  10 ” 4 292 1 ,9 10

(CeHohSb 8 .0  X  10 “ 4 292 459
(C eila^A .s 4 .0  X  1 0 “ 3 292 71
(C 6H 5)3N 4 .0  X  10 “ 5 300 2 5 ,7 0 0

At this point the system  contains essentially pure phosphine in the inert 
solvent. T he graph actually  represents a com posite of the com plexed  
and noncom plexed triphenylphosphine, which have som e area of overlap, 
as seen in Figure 5, thereby giving an impression of a shift in the w ave
length. T his equilibrium  behavior is quite typical of weak com plexes10 
and suggests that the com plex is solvent-sensitive.

Complex and Initiation

To relate the com plex form ation to photoinitiation  another experim ent 
was carried out, in which m ethyl acrylate w as used as the monomer, be
cause it polym erizes more rapidly than m ethyl m ethacrylate. T he photo- 
polym erization of m ethyl acrylate in the presence of triphenylphosphine

Fig. 6. Change in wavelength of complex peak of triphenylphosphine (1 X ID“ 4
mole/liter) in methyl m ethacrylate upon dilution with a solution of 1 X 10“ 4 mole/
liter of triphenylphosphine in heptane.
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was m onitored spectrophotom etrically. T he reaction m ixture, containing  
the acrylate and the in itiator in the absence of oxygen, was irradiated at 
short intervals, and the u ltraviolet spectrum  was determ ined after each  
exposure to ultraviolet light. Figure 7 shows that the com plex peak at 
292 m g decreased in in tensity  linearly w ith  tim e of irradiation. This de
crease in in tensity  was not caused by any reaction of a polym er radical 
w ith  the phosphine, since no decay of the com plex peak was observed when  
the reaction m ixture was allowed to  stand in the dark for prolonged periods

F ig . 7. I le ca y  o f com plex peak o f tr ip h e n y lp h o s p h in e  (4  X  1(1 4 m o le / l i te r )  in  m e th y l 
a c ry la te  d u r in g  p h o to p o ly m e riz a tio n .

w hile polym erization continued. A t the end of the experim ent a pre
cipitation of polym er was observed when the reaction m ixture was poured  
into heptane. These results support the concept that the absorption of the  
light energy by the com plex is responsible for the initiation of polym eriza
tion. T his view  is further strengthened by the fact that in the spectra of 
those m onom ers for which triphenylphosphine is not an in itiator no com 
plex peak can be found. On the other hand, all those m onom ers for which  
triphenylphosphine is an in itiator exhibit a com plex peak in their spec
tra.
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N ature o f Complex

The first choice for the site of com plex form ation in m ethyl m ethacrylate  
would be the double bond. H owever, failure of other v in yl com pounds, 
such as styrene, to  be in itiated  by the phosphine rules out th is possibility. 
A lternatively  it is proposed that there is a dipole interaction between the  
carbonyl oxygen and the phosphorus. U pon irradiation phosphorus do
nates one of its unpaired electrons to the oxygen, resulting in an inter- 
m olecular charge-transfer com plex. A rearrangement of electrons through
out the system , as shown in the following schem e, produces a m ethyl m eth
acrylate radical, which can proceed to propagate the reaction.

OCH3 OCH3

1 ■*+ S *
C H ,= C — C ^ A ) w :P— f C H 2= T A t-C — 0 : - P - f  

| %
c h 3 c h 3

t
OCH3 
I — + /  

C H 2— C = C — 0 :-P —
I \ .

Similar com plexes can be formed betw een the m onom er and other triphenyl 
derivatives except triphenylam ine. This can be explained by the fact 
that the nitrogen atom , unlike phosphorus or other m em bers of Group V B  
elem ents, does not have any d orbital and, therefore, it is difficult to par
ticipate in this typ e of com plex form ation.

The proposed m echanism  is also consistent w ith  the results obtained from  
a solvent study. Experim ents w ith  ethyl acetate and benzene, represent
ing a polar and a nonpolar system , were performed. The data shown in 
Table III indicate that eth y l acetate m olecules could interfere w ith the

T A B L E  I I I
E ffe c t o f S o lve n t on  T r ip h e n y lp h o s p h in e - ln it ia te d  P o ly m e r iz a tio n

R a te  w ith o u t  R a te  w ith
(C 6H 5)3P, (C 6H 5)3P, [M ] ,

S o lve n t m o le / lite r /s e c . m o le / lite r /s e c . m o le s /lite r

C A L  1 . 1 1 X 1 0 - '  6 . 4 4 X 1 0 - '  5 .6 6
E tO A c  2 .2 2  X  1 0 - ' 5 .8 1  X  1 0 " ' 5 .6 6

dipole form ation between the m onom er and triphenylphosphine. If the 
ethyl acetate forms a dipole w ith  triphenylphosphine, the effective in itiator  
concentration would be reduced, thereby giving a decreased rate of poly
m erization.
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R ésum é

L a  p h o to p o ly m é ris a tio n  in it ié e  p a r la  tr ip h é n y l phosph ine  de m onom ères a c ry liq u e s  

a été é tu d iée . U n iq u e m e n t les m onom ères c o n te n a n t des groupes ca rbony les  <*,/3-insat- 
urés p e u v e n t ê tre  p h o to in it ié s  p a r la  trip h é n y lp h o s p h in e . L e  s ty rè ne  ne s u b it  pas l ’ in f lu 

ence de cet in it ia te u r .  Des é tudes c iné tiqu es u t i l is a n t le m é th a c ry la te  de m é th y le  o n t 
m o n tré  que la  p ro p a g a tio n  é ta it  de n a tu re  ra d ica la ire . L ’analyse d u  p o lym è re  ré s u lta n t 

in d iq u e  q u ’i l  c o n tie n t un  a to m e de phosphore  p a r cha îne. Les ré s u lta ts  d ’analyse spec
tra le  u l t ra v io le t te  sug gère n t la  fo rm a tio n  de com plexes e n tre  la  tr ip h é n y lp h o s p h in e  e t 

chaque m onom ère  p o u r leque l la  p h osph ine  est u n  in it ia te u r .  U n ra p p o r t e n tre  le com 
plexe et la  p o ly m é ris a tio n  existe. U n  m écanism e est p roposé ; i l  co m p o rte  une in te r 

a c tio n  d ip o la ire  a c tivé e  p a r la  lu m iè re  e n tre  l ’oxygène ca rb o n yü q u e  e t l ’a to m e de phos
ph o re  avec la fo rm a tio n  fin a le  de ra d ic a u x  lib re s  d u  ty p e  m é th a c ry la te  de m é th y le .

Z usam m enfassung

D ie  m it  T r ip h e n y lp h o s p h in  in i t i ie r te  P h o to p o ly m e ris a tio n  v o n  A c ry lm o n o m e re n  

w u rd e  u n te rs u c h t. N u r  be i M o n o m e re n  m i t  e ine r a ,^ -u n g e s ä ttig te n  C a rb o n y lg ru p p e  
w a r eine P h o to in it ie ru n g  m ö g lic h ; S ty ro l b lie b  be i dem  ve rw e n d e te n  In it ia to rn iv e a u  

u n v e rä n d e rt, K in e tis c h e  U n te rsu ch u n g e n  an M e th y lm e th a c ry la t  zeigten, dass es sich 
u m  e in  ra d ika lische s  W a c h s tu m  h a n d e lt. D ie  A n a lyse  d e r e n ts tand ene n  P o lym e re n  
ergab einen P h o sp h o rg e h a lt v o n  e inem  A to m  p ro  K e tte . U ltra v io le tts p e k tre n  sprechen 

fü r  d ie  B ild u n g  v o n  K o m p le x e n  zw ischen T r ip h e n y lp h o s p h in  u n d  dem  M o n o m e re n , 
w'elches es s ta r te t. E s  w u rd e  gezeigt, dass d e r K o m p le x  z u r P o ly m e r is a tio n  in  B ez iehu ng  
s te h t, E in  M e ch a n ism u s  m it  e ine r l ig h t -a k t iv ie r te n  D ip o lw e c h s e lw irk u n g  zw ischen dem  
C a rb o n y lsa u e rs to ff u n d  de m  P h o sp h o ra to m  u n te r  schliesslieher B ild u n g  eines fre ie n  

R a d ik a ls  v o m  M e th a c r y la t ty p  w ird  vorgeschlagen.

R eceived  January 20, 1967 
Prod. N o. 5359A
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S t u d i e s  o n  t h e  C h a r g e - T r a n s f e r  C o m p l e x  a n d  
P o l y m e r i z a t i o n .  P a r t  X I I I .  D i l u t i o n  a n d  S o l v e n t  

E f f e c t s  i n  R a d i c a l  T e r p o l y m e r i z a t i o n *

SH O U JI IW A T S U K I and Y U Y A  Y A M A SH IT A , Department of Synthetic 
Chemistry, Faculty of Engineering , Nagoya University, Nagoya, Japan

Synopsis

I n  th e  te rp o ly m e r iz a tio n  o f 2 -c h lo ro e th y l v in y l  e th e r-m a le ic  a n h y d r id e -a c ry lo n itr i le  

and  p -d io x e n e -m a le ic  a n h y d r id e -a c ry lo n it r i le  system s th e  com positions  o f th e  te rp o ly -  
m ers o b ta in e d  fro m  feed o f th e  same m ole  fra c t io n  w ere fo u n d  to  be changed b e yo n d  th e  
l im i t  o f e rro r fo r  the  g ive n  a m o u n ts  a n d  k in d s  o f so lve n t. T h is  change was considered 

to  be d iv id e d  in to  tw o  p a rts . T h e  first, p a rt, discussed q u a n t ita t iv e ly ,  was due to  a 
d ilu t io n  e ffec t on th e  e q u ilib r iu m  com plex fo rm a tio n  be tw een d o n o r an d  a cce p to r m o n o 

m er, a n d  the  second, as te n ta t iv e ly  proposed, was due to  a so lve n t e ffect on  th e  r e a c t iv ity  

o f th e  com plex.

IN TR O D U C TIO N

B artlett and N ozaki2 proposed in 1946 that the m olecular com plex  
formed betw een styrene and m aleic anhydride (M Anh) m ight participate  
in their free-radical alternating copolym erization, but M ayo and W alling  
and their associate’s3,4 stood against th is proposal, offering instead a charge- 
transfer interaction betw een the growing radical and m onom er in a transi
tion sta te of the cross-propagating steps, based on the follow ing three 
experim ental facts: no evidence of physical association in every m ixture of 
m onom ers showing high or m oderate alternation ,4 no change of m onom er 
reactiv ity  ratios on d ilution ,4-6 and no unequivocal kinetic evidence in  
alternating system s. In  certain system s containing sulfur dioxide, how 
ever, the m olecular com plex formed betw een  the sulfur dioxide and the  
com onom er has often been considered to  play an im portant role in the  
alternating copolym erization.7 The writers have studied the alternating  
copolym erization of p-dioxene (PD ) or vinyl ethers w ith  M Anh and found  
evidence of a physical association8,9 (form ation of a charge-transfer com 
plex betw een them ) and kinetic evidence of participation of th e com plex.10 
E specially in the terpolym erization of these alternating copolym erizable 
m onom er pairs with the third monomer, which had little or no interaction

F o r P a r t  X I I  o f th is  pa per see reference 1.
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w ith either m onom er of the pairs for, exam ple, in the system s P D -M A n h -  
A N  (where A X  =  aery Ion t rile),9-11 P D -M A n h -2-ch loroeth y l acry la te,12 
C E V E -M A n h -A X  (where C E V E  =  2-chloroethyl v inyl eth er13), dodecyl 
vin yl ether -fum aronitrile-2-chloroethyl acrylate14— it was quite apparent 
from the relation betw een the m onom er feed and the terpolym er com posi
tion that an interaction betw een donor and acceptor m onom er played an 
im portant role in th e alternating copolym erization, and this, it was con
cluded, supported the com plex m echanism , in which the com plex between  
these two m onom ers polym erizes by itself through a radical interm ediate 
to give an alternating copolym er. H owever, there has been no evidence of 
change of m onom er reactiv ity  ratios w ith am ount of dilution in copolym er
ization or the polym erization of more than two m onom ers, although some 
stud ies15-18 on the change of m onom er reactiv ity  ratios with kind of solvent 
in radical copolym erization have been reported.

In this study successive experim ents on terpolym erization involving an 
alternating copolym erizable m onom er pair perm itted an observation of the 
change of m onom er reactiv ity  ratios both w ith  am ount of dilution and w ith  
kind of solvent and, moreover, a q uantitative exam ination of the equilib
rium form ation of the com plex betw een the alternating copolym erizable 
monomers. These experim ents also supported the com plex m echanism  in 
alternating copolym erization.

The tw o terpolym erization system s used in th is stud}7 were C E V E -  
M A n h -A N  and P D -M A n h -A X .

EXPERIM ENTAL

M aterials

According to the m ethod of Cretcher et a h 19 C EV E (b.p. 108°C .) was 
prepared b y  dehydrochlorination of 2,2'-d ichloroethyl ether. P D  was 
prepared from p-dioxane according to the m ethod of Sum m erbell and his 
co-workers,20,21 in which p-dioxane w as converted to 2,3-dichloro-p-dioxane 
(m.p. 28-30°C ., n fl  1.4960) by chlorination and dichloro-p-dioxane 
reacted w ith  m agnesium  iodide in eth yl ether to yield  P D  (b.p. 9 3 -  
95.5°C ., 74%  yield). M Anh was purified by recrystallization and vacuum  
distillation of the com m ercial product. A X  was used soon after distillation  
of the com m ercial product. Benzene (Bz), toluene (Tol), chlorobenzene 
(C1B), m -xylene (m -X yl), chloroform, and acetone as solvents were purified 
by the conventional m ethod and by fractional d istillation.

Polym erization Procedure

In to  a 30 ml. glass am pule w as put an appropriate m ixture of m onom ers 
tota lling  0.02 m ole, a definite am ount of solvent, and 4.6 mg. of azobisiso- 
butyronitrile. A fter being well flushed w ith  nitrogen the am pule was 
sealed and placed, w ithou t stirring, in an oil bath  at 60 ±  0.2°C . for the 
tim e necessary to give conversion, which was no more than 10%. It was
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Fig. 3. Dependence of composition of terpolymers from same feed on amount and
kind of solvents in PD-MAnh-AN system. Abscissa, volume of solvent, in milliliters;
ordinate, AN content in terpolymer, in weight percentage; (0) Bz, (e) Tol, (<t) m-Xyl,
(D) acetone, (®) cm, (m) CHC!,.

where K is the equilibhum constant of the complex formation. Therefore,
the concentration of the complex considering K to be very small,8 is given as

[complex] = K [donor][acceptor] (2)

Since AN and the complex may be considered to copolymerize at random
with each other, the copolymerization composition equation is given as
follows, where the conventional copolymerization composition equation of
Mayo and Lewis24 and eq. (2) are used:

_ d[complex] = (_ d[donors] = _ d[aCceptor]) =
d[AN] d[AN] d[AN]

[dollor] [acceptor]( 7'lK [donor] [acceptor] + [AN] )
[AN] [donor][acceptor] + (1'dK)[AN] (3)

where 1'1 and 1'2 are the monomer reactivity ratios of the complex and of AN,
respectively. The validity of eq. (3) was previously examined in the sys
tems PD-MAnh-AN,Il vinyl ether-.MAnh-AN,13 PD-MAnh-acrylate,12
and others. Hereupon, the concentration in moles per liter was changed
into that in mole fraction, in order to calculate easily the change of com
position on dilution, and the whole concentration, in moles per liter, of the
monomer mixture was taken as M. Then eq. (3) could be converted into

d[complex]

d[AN]
(donor) (acceptor) ( 7'lK(donor)(acceptor)M + (AN) )

(AN) (donor) (acceptor) + (1'2/K) (AN) (1/M)

(4)

where (monomer;) was the concentration, in mole fraction, of monomer.
In Figure 4 is shown the application of eq. (4) to the benzene solution ter
polymerization of the CEVE-MAnh-AN system with the use of the mono
mer reactivity ratios 1'1K = 1.52 and I'dK = 0.385, which were recalculated
from the values in the previous paper13 by adjusting the concentration unit.
The open circles show points calculated from eq. (4), and the closed circles
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Alternatively, these changes in reactivity ratios with solvent might be 
considered due to the heterogeneity of the systems during terpolymeriza- 
tion, since in these system all the terpolymers produced were precipitated. 
However, in PD-MAnh-AN with acetone as solvent, which had a partial 
solubility toward these terpolymers, the solvent did not affect the terpoly- 
merization exceptionally, and this fact was considered to permit exclusion 
of the concept of heterogeneity in this case.

One of the reasons why the dilution effect on alternating copolymerization 
could be observed for the first time was considered to lie in the terpoly- 
merization technique, in which the equilibrium formation of the complex 
must be developed in relation to the third monomer. In the copolymeriza
tion of donor and acceptor monomers the equilibrium formation of their 
complex might be considered difficult to estimate, since such a copolymeriza
tion might be regarded as a homopolymerization of the complex.

At this time only two alternating copolymerizable monomer pairs, vinyl 
ether-MAnh and PD-MAnh, are concluded to polymerize through a com
plex mechanism to give the alternating copolymers, but the problem still 
remains whether every alternating copolymerizable monomer pair poly
merizes through the complex mechanism.

Further studies of the other pairs are now going on and will be reported 
subsequently.
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Résumé
On a prouvé que la composition de terpolymères obtenus au départ d’une même frac

tion molaire des monomères changeait appréciablement plus au delà des limites d ’erruer 
avec la quantité et la nature des solvants: cette constatation a été faite dans le cas des 
systèmes éther 2-chloroéthyle vinylique anhydride maléique-acrylonitrile et p-dioxène- 
anhydride maléique-acrylonitrile. Cette variation de composition peut, être divisée en 
deux parties. La première partie est, discutée quantitativement comme provenant d'un 
effet de dilution sur l’équilibre de formation des complexes entre monomères donneur 
et accepteur et la seconde partie, de l’effet du solvant sur la réactivité du complexe lui- 
même.

Zusammenfassung
Bei der Terpolymerisation in System 2-Chloräthylvinyläther-.Maleinsäureanhydrid- 

Acrylnitril und p-Dioxen-Maleinsäureanhydrid-Acrylnitril hängt die Zusammensetzung 
der aus Ansätzen mit gleichem Molverhältnis erhaltenen Terpolymeren weit ausserhalb 
der Versuchsfehler von Menge und Art der Lösungsmittel ab. 1 )iese Abhängigkeit wurde 
in zwei Anteile zerlegt. Der erste Anteil wurde quantitativ als Verdünnungseffekt beim 
Komplexbildungsgleichgewicht zwischen Donor- und Akzeptormonomerem diskutiert, 
der zweite als Lösungsmitteleffekt für die Reaktivität des Komplexes.
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Tebiro, Kamakura, Japan

Synopsis
Fully aromatic polyquinazolinediones of high molecular weight were prepared by the 

cyclopolycondensation reaction of 4,4'-diamino-3,3'-biphenyldicarboxylic acid with 
aromatic diisocyanates. The polyfphosphoric acid) solution polymerization techniques 
yielded tractable poly(urea acid), which was converted to polyquinazolinediones by ther
mal cyclodehydration at 300-400°C. under reduced pressure. The polyquinazoline
diones thus obtained have excellent thermal stability both in nitrogen and in air. The 
poly(urea. acid) is soluble in dimethyl sulfoxide, and films can be cast from the polymer 
solution of poly(urea acid) = 0.8 to 1.8). The films are made tough by being heated 
in nitrogen or under reduced pressure at 300-400°C. The polymerization mechanism 
of the cyclopoly condensation reaction was studied, and it was established that the poly
merization proceeded through the formation of tractable poly(urea acid), Structure (I), 
of high molecular weight, followed by cyclodehydration, yielding poly(l,2-dihydro-2- 
imino-4H-3,l-benzoxazin-4-one), Structure (II). On subsequently being heated this 
undergoes intramolecular rearrangement along the polymer chain, giving the thermo
dynamically stable polyquinazolinedione, Structure (III).

INTRODUCTION
In earlier publications1-5 it was demonstrated that polymers Containing 

quinazolinedione or benzoxazinone nuclei of high molecular weight could 
be prepared by the reaction of suitable aromatic diaminodicarboxylic acid 
with aromatic diisocyanate or dicarboxylic acid derivatives by using both 
melt and low-temperature solution polymerization techniques in addition 
to the poly (phosphoric acid) solution polymerization method. These poly
mers showed remarkable thermal stability and were soluble in a variety of 
organic and inorganic solvents.

During the course of our studies of cyclopolycondensation reactions1-6 
several new polyquinazolinediones were prepared by the reaction of 4,4'- 
diamino-3,3'-biphenyldicarboxylic acid (BDC) with such aromatic diiso
cyanates as p-phenylene diisocyanate, methvlenedi-p-phenylene diiso
cyanate, 1,5-naphthylene diisocyanate, 3,3'-dimethyl-4,4'-biphenylylene 
diisocyanate, 3,3'-dimethoxy-4,4'-biphenylylene diisocvanate, and tolylene

* For P art IV of this series see reference 1.
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technique.
The present paper deals with the preparation and the study of the proper

ties of new aromatic polyquinazolinediones. A detailed account of the
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experimental work concerning the optimum polymerization conditions for 
poly (urea acid) formation and the cyclodehydration of polyquinazolinedione 
of high molecular weight is given; see the above equations.

EXPERIMENTAL

All the melting points were taken on a Biichi melting point apparatus 
and were uncorrected. The microanalyses were carried out by the Micro- 
analytical Section of this laboratory. The infrared spectra were recorded 
with Hitachi Model EPI-S recording spectrophotometers in a potassium 
bromide disk, Xujol, or film.

The molecular weight was determined with a Mechrolab Model 310A 
vapor-pressure osmometer in benzene and methyl ethyl ketone. Thermal 
gravimetric analyses in nitrogen and air were recorded with an Oyorika 
Type OPiK-IBB with 100 mg. of sample at AT = 3°C./min. The x-ray 
diffraction diagrams were taken by the powder method using nickel filtered 
CuKa radiation by a Norelco x-ray diffraction analyzer.

Materials

4,4/-Diamino-3,3'-biphenyl Dicarboxyl Acid.6'7 This was prepared in 
92% yield from o-nitrobenzoic acid by reduction with zinc and sodium 
hydroxide, followed by the benzidine rearrangement with hydrochloric acid. 
The product was recrystallized from aqueous hydrochloric acid and neu
tralized with aqueous sodium acetate to give light yellow crystals, m.p. 
300°C. (decomp.).

Anal. Found: C, 61.53%; H, 4.53%; N, 10.12%. Calcd. for C14H12O4N2: C, 
61.76%; II, 4.44%; N, 10.29%.

Diisocyanate

Commercially available isocyanates (C.P. grade) were recrystallized 
from «-hexane or benzene, and each structure was confirmed by the infrared 
spectra, elemental analyses, melting points, and boiling points.

p-Phenylene Diisocyanate. p-Phenylene diisocyanate (Kishida Kagaku 
Co.) was recrystallized three times from «-hexane in the presence of de
colorizing charcoal; m.p. 95.5°C.

Methylene Di-p-phenylene Diisocyanate. The commercially available 
compound (Hodogaya Kagaku Co.) was recrystallized three times from 
«-hexane; m.p. 42°C., b.p. 190°C. at 5 mm. Hg.

1,5-NaphthyIene Diisocyanate. The commercially available compound 
(Mitsui Chemical Co.) was recrystallized several times from diethyl ether 
or «-hexane; m.p. 130°C.

3,3'-Dimethyl-4,4'-biphenylylene Diisocyanate. This compound (Car- 
win Co.) was recrystallized twice from boiling «-hexane; m.p. 75°C.

3,3'-Dimethoxy-4,4'-biphenylylene Diisocyanate. This compound (Car- 
win Co.) was recrystallized three times from benzene; m.p. 141°C.





CYCLOPOLYCONDENSATIONS. V 1769
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Fig. 1. Infrared spectra of A?-(phenylcarbamoyl)anthranilic acid (IV), 1,2-dihydro- 
2-phenylimino-4H-3,l-benzoxazin-4-one (V), and 3-phenyl-2,4(lH,3H)quinazolme- 
dione (VI).

Intramolecular Rearrangement of 1,2-I)ihydro-2-phenylimino-4H-3,l- 
benzoxazin-4-one(V) to 3-Phenyl-2,4(lH,3H)quinazolinedione, Structure
(VI).8'9 A 0.200 g. (0.0084 mole) portion of (IV) was heated with 20.0 g. of 
(PPA) at 150°C. for 5 hr. The colorless needles (m.p. 282°C.) were ob-
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tained in 70% yield, and the structure was confirmed by the comparison of 
its infrared spectrum (KBr) with those of an authentic sample of (VI) pre
pared directly from W-(phenvlcarbamoyl)anthranilic acid in PPA. It was 
confirmed in the infrared spectra that absorption bands at 1240 (N=C—0— 
C) and 1000 cm.-1 (C—O—C) disappeared and that new carbonyl bands 
appeared at 1730 and 1650 c m r1 in the quinazolinedione ring system.
A. Polycondensation in Poly (phosphoric Acid) (First-Stage Polymeriza

tion) : General Procedure10
In a three-necked flask equipped with nitrogen inlet and outlet tubes, a 

stirrer, and an apparatus to introduce the reagent under inert atmosphere 
the 116% PPA was added and then heated at 60°C.

The calculated amount of aromatic diisocyanate was then added slowly 
under a thin stream of nitrogen and heated at 80-100°C. When this 
compound was completely dissolved, powdered 4,4'-diamino-3,3'-biphenyl 
dicarboxylic acid was added gradually. The reaction mixture was heated 
under nitrogen at 140-160°C. Usually after 4 or 5 hr. of heating the 
reaction mixture becomes very viscous. The polymer was isolated by 
pouring the hot reaction mixture into distilled water; the solution was 
centrifuged or filtered, and the precipitate washed thoroughly with dis
tilled water. The solid was then dipped into 5% aqueous sodium car
bonate solution and allowed to stand overnight at room temperature. 
Finally, the polymer was washed with dilute hydrochloric acid, water, and 
methanol, successively, and dried at 50°C. under reduced pressure at 1 mm. 
Hg. If not noted otherwise, the inherent viscosities were measured at 
0.5% concentration in concentrated sulfuric acid at 25°C. T,ypical 
examples for the preparation of the poly(urea acid) are described below.

B. Cyclodehydration11 (Second-Stage Polymerization): General
Procedure11

The polymers obtained by the first-stage polymerization were pulverized 
and heated at 250°C. under reduced pressure at 0.1 mm. Hg and then gradu
ally heated up to 400°C. by means of a Wood’s metal bath for 1 hr. in a 
rotating flask containing two steel ball bearings S mm. in diameter, to facili
tate mixing. In the second-stage polymerization a trace (5-6%) of 
hydrolyzed diamine from the corresponding diisocyanate and the low 
molecular weight polymer were discarded by sublimation, and the polymer 
was obtained as a brown or black powder. It was found that the elemental 
analyses of the resultant polymer were in good agreement with the theo
retical values. The solubility of the polymer in concentrated sulfuric acid 
decreased, owing to the cyclization and crosslinking, whereas the hydrolytic 
stability against the acidic or alkaline degradation increased. The experi
mental results are summarized in Table I.

Polymer from BDC and p-Phenylene Diisocyanate
A 1.6 g. portion of purified p-phenylene diisocyanate was dissolved in 80 

g. of PPA with vigorous mechanical stirring, and the polymerization vessel
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Wave Length (microns)

1800 1700 1600 1500

Wave Numbers (cm *)

Fig. 2. Infrared spectra of poly(urea acid) (I), iminobenzoxazinone polymer (II), and
polyquinazolinedione (III).

was heated at 130°C. Then a 2.72 g. portion of BDC was added under 
nitrogen, and the heating was continued at 140-1 ")0°C. for 5 hr. The 
yield of polymer was 2.7 g. (90%), and the inherent viscosity measured in 
concentrated sulfuric acid was 1.29. The resultant polymer was partially
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soluble in iV-methylpyrrolidonc, dimethylacetamide, and dimethyl sul
foxide containing 5-10% of lithium chloride. It was also soluble in 
concentrated sulfuric acid. The polymer solution of dimethyl sulfoxide 
was poured onto a glass plate and dried at 110°G. for 2 hr., giving a tough 
film.

Anal. Found: C, 64.60%; H, 4.03%; N, 10.80%.

Polymer from BDC and Methylene Di-p-phenylene Diisocyanate

A 1.4 g. portion of methylene di-p-phenvlene diisocyanate was dissolved 
in 110 g. of PPA at 100°C., and a 1.36 g. portion of BDC was added under 
nitrogen to the solution at 140°C. The reaction mixture was stirred vigor
ously at 150-155°C. for 5 hr. [polymer (I)], and then half of this reac
tion mixture was heated further at 250-250°C. for 2 hr. [polymer (II)]. 
The infrared spectra of the resultant polymers (I) and (II) are shown in 
Figure 2. The inherent viscosity of polymer (I) was 0.51.

Polymer from BDC and 1,5-Naphthylene Diisocyanate

A 2.10 g. portion of 1,5-naphthylene diisocyanate and a 2.7 g. portion of 
BDC were dissolved in 97 g. of PPA at 160°C. under nitrogen. The reac
tion mixture was heated at 150-100°C. for 3 hr. The resultant polymer 
was yellowish brown, and the inherent viscosity was 0.61. The second- 
stage polymerization, with polymer at 300°C. for 1 hr. and at 360°C. for 1 
hr. under reduced pressure, 0.1 mm. Hg, gave a cyclized polymer as a black 
powder.

Anal. Found: C, 70.14%; H, 4.06%; N, 12.53%. Caled. for C26Hl40 4N4: C, 
69.95%; II, 3.16%; N, 12.55%.

The resultant polymer is insoluble in concentrated sulfuric acid. The 
infrared spectrum of the polymer is shown in Figure 2. A trace of pre
polymer was obtained by sublimation, and the elemental analysis was in 
good agreement with the poly (urea acid), which was soluble in concentrated 
sulfuric acid.

Anal. Found: C, 65.64%; IT, 4.49%; N, 11.88%. Caled. for CS8H180 6N4: C, 
64.73%; H, 3.76%; N, 11.61%.

In the cyclopolycondensation stage 1,5-naphthylenediamine was ob
tained by sublimation and its structure confirmed by elemental analysis, 
melting point, and infrared spectrum.

RESULTS AND DISCUSSIONS

Model compounds were prepared as described in the previous papers8’9 in 
connection with the intramolecular rearrangement in PPA:
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The physical properties and infrared absorption bands of the model 
compounds were compared with those of the polymers in the region of 1500 
-1800 cm r1 as shown in Figures 1 and 2. From the data on the infrared 
spectra of these model compounds, given in Table II and Figure 1, the car-
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Fig. 3. Effect of temperature on extent of polymerization and solubility of polymer.
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bonyl absorption of (IV) fell at 1673 and 1666 cm.-1, and the carbonyl 
group of (V) showed an absorption band at 1747 cm.-1 corresponding to the 
lactone carbonyl group and the C=N group at 1644 cm.-1. The carbonyl 
absorption bands of (VI) appeared at 1730 and 1650 cm.-1, which were 
assigned to 4-carbonyl and 2-carbonyl groups of quinazolinedione, respec
tively. The infrared spectrum of the resultant polymer (I), given in Figure 
2, showed the absorption band at 1670 cm.-1 for carbonyl groups, which was 
closely related to the carbonyl absorption band of the model compound (IV) 
in Figure 1. Consequently, the structure of the resultant polymer (I) was 
confirmed as the poly (urea acid). Polymer (II) showed the characteristic 
carbonyl absorption band of the benzoxazinone ring at 1750 cm.-1, which

X!Pom

Monomer Concentration (%)
Fig. 4. Effect of monomer concentration on extent of polymerization and solubility 

of polymer; mole ratio of 4,4,-diamino-3,3'-biphenyldicarboxylic acid to methylene 
di-p-phenylene diisocyanate, 1:1; time, 5-20 hr.; temperature, 150-160°C.

was identical with the carbonyl absorption of model compound (V). The 
carbonyl absorption band at 1670 cm.-1 indicated that the polymer con
tained appreciable amounts of the uncyclized poly (urea acid) structure.

The resultant polymer (III) obtained by the second-stage polymerization 
showed the carbonyl absorption band at 1730 cm.-1, which was identical 
with the absorption of model compound (VI). The carbonyl absorption 
band of polymer (III) at 1670 cm.-1 suggested that the polymer contained
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an appreciable amount of the uncyclized poly(urea acid) structure. The 
elemental analyses and 1 lie infrared characteristic absorption band of the 
resultant polymers (II) and (III) were in good agreement with the co
polymer structure of poly(l,2-dihydro-2-iinino-4H-3,l-benzoxazin-4-one), 
polyqinazolinedione, and poly (urea acid). On the basis of the infrared 
spectra of the polymer and several of the model reactions described above, 
the cyclopolycondensation of poly(urea acid) (I) was confirmed by the for-

o
Xd

X I2om

Time (hr.)
Fig. 5. Rate of polymerization and solubility of polymer: mole ratio of 4,4'-diamino- 

3,3'-biphenyldicarboxylic acid to methyl di-p-phenyl diisocyanate, 1:1: monomer 
concentration, 5%; temperature, 150-160°C.

mation of poly(l,2-dihydro-2-imino-4H-3,l-benzoxazin-4-one), structure 
(II). Intramolecular rearrangement along the polymer chain occurred upon 
heating, to form the thermodynamically stable polyquinazolinedione (111). 
In an attempt to prepare a linear tractable poly (urea acid) (I), which was 
soluble in sulfuric acid, the optimum polymerization conditions in PPA 
were determined by measuring the variation of the extent of polymerization 
and the solubility in sulfuric acid with temperature. The plots in Figure 3 
show that the optimum polymerization temperature was in the range of 
140 160° C. It was reasonably presumed, on the basis of the reactivity 
differences between isocyanate groups and amino and carbonyl groups, that
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Fig. 6. X-ray diffraction diagrams of polyquinazolinedione.

the comparatively mild reaction conditions at lower temperature were 
necessary to give linear poly (urea acid). The optimum total monomer con
centration for obtaining linear soluble polymers was found to be 5 wt.-% at 
150 160°C., as shown in Figure 4. Gelation was observed in a short time 
by using more than 5% monomer concentration at 150-160° C. The data 
in Figure 5 indicate that the polymerization period should be less than 5 
hr. at 150-T60°C. in PPA for a tractable open-chain precursor. Longer 
heating after gelation gave infusible polymer by crosslinking; thus, it was 
necessary to stop the reaction system before the gelation.

Properties of Poly(urea Acid) and Polyquinazolinedione. The crystallin
ity of the resulting polymer was investigated by the powder method with a 
nickel-filtered Cu/y„ radiation. The x-ray diffraction diagrams in Figure 6 
indicate that the polymer has a low degree of crystallinity. The thermal 
stability of the resultant polymer was measured either in nitrogen or in air 
by the thermogravimetric method; see Figure 7. The thermogravimetric 
analyses, Figure 7, show that these quinazolinedione polymers had excel
lent thermal stability and were stable up to 550°C. in nitrogen. The 
solubility behavior of poly (urea acid) in a variety of organic polar solvents 
and in concentrated sulfuric acid was studied. The polymers were fairly
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Fig. 7. Thermogravimetric analysis of poly(urea acid) (I) and polyquinazolinedione (111)
in nitrogen and in air.

soluble in IV-methylpyrrolidone, ./V,fV'-dimethylacetamide, and dimethyl 
sulfoxide containing 5-10% lithium chloride, and the polymer could be 
cast into a tough film from these polymer solutions. It was also soluble in 
concentrated sulfuric acid, as shown in Table I. It was reasonably pre
sumed from the solubility behavior given in Table I that the resultant poly- 
urea acid was partially cyclized by intramolecular dehydration, and was 
crosslinked by intermolecular amide linkage formed by the reaction of 
pendant carboxyl groups and isocyanate terminal groups from the poly- 
ureide main chain.9 The polyquinazolinedione was insoluble in most organic 
solvents and cold concentrated sulfuric acid, whereas it was soluble in 
fuming nitric acid.
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The hydrolytic stability of the poly (urea acid) (I) and the polyquinazoline- 
dione (Hi) toward acid and alkali was tested. The pulverized polymers 
were boiled either in 35% sulfuric acid or in 28% aqueous potassium hy
droxide solution at 120°C. for 5 hr. The inherent viscosity of the poly (urea 
acid) (I) decreased from 1.07 to 0.27 in 91% yield in the case of the acidic 
treatment, and the viscosity decreased to 0.06 in 46.5% yield in the case of 
the basic treatment. The polymer of polyquinazolinedione (III) obtained 
by the second-stage polymerization was 62.5% in yield in the case of the 
acidic treatment and 76.5% in yield in the case of the basic treatment. It 
was insoluble in concentrated sulfuric acid.

The authors gratefully acknowledge the encouragement of T. Hoshino and R. Nak- 
anishi of the Basic Research Laboratories, Toyo Rayon Company Ltd., and they are 
indebted to Y. Ebata and his staff for microanalyses and to T. .Mizushima for thermo- 
gravimetric analyses. Thanks are due to A. Kobayashi for his technical assistance.
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Résumé
Des polyquinazolinediones aromatiques de poids moléculaire élevé ont été préparées 

par cyclopolycondensation d ’acide 4,4'-diamino-3,3'-biphényldicarboxylique avec des 
diisocyanates aromatiques. Les techniques de polymérisation en solution d’acide poly- 
phosphorique fournissent l’acide polyureique, et celui-ci est converti en polyquinazoline
dione par cyclodéhydratation thermique à 300-400°C sous pression réduite. Les poly
quinazolinediones ainsi obtenues avaient une stabilité thermique excellente à la fois sous 
azote et à l’air. L’acide polyuréique est soluble dans le diméthylsulfoxyde et des films 
peuvent être coulés au départ de la solution du polymère de d’acide polyuréique (om, = 
0.8-1.8). Des films résistants ont été obtenus par chauffage du film sous azote ou sous 
pression réduite à 300-400°C. Le mécanisme de polymérisation de la cyclopolycondensa- 
tion a été étudié et on a établi que la polymérisation résulte de la formation d’un acide 
polyuréique de haut poids moléculaire suivi de sa cyclodéhydradation poly(l,2-dihydro- 
2-imino-4H-3,l-benzoxazine-4-one) (II). Ce polymère subit ultérieurement un re
arrangement. intramoléculaire le long de la chaîne principale par chauffage pour obtenir 
la polyquinazolinedione (III) thermodynamiquement stable.
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Zusammenfassung
Yollaromatische hochmolekulare Polychinazolindione wurden durch die Cyclopoly- 

kondensationsreaktion von 4,4'-Diamino-3,3'-biphenyldicarbonsäure mit aromatischen 
Diisoeyanaten dargestellt. Das Polymerisationsverfahren in Polyphosphorsäurelösung 
lieferte die Polyharnstoffsäure, die durch thermische Cyclodehydratisierung bei 300- 
400°C unter reduziertem Druck in die Polychinazolindione umgewandelt wurde. Die 
so erhaltenen Polychinazolindione besitzen in Stickstoff und in Luft eine ausgezeichnete 
thermische Stabilität. Die Polyharnstoffsäure ist in Dimethylsulfoxyd löslich und aus 
der Polyharnstoffsäurelösung (jjn,h = 0,8-1,8) können Filme gegossen werden. Durch 
Erhitzen des Filmes unter Stickstoff oder unter reduziertem Druck auf 300-400°C 
werden zähe Filme erhalten. I)er Polymerisationsmechanismus der Cyclopolykondensa- 
tionsreaktion wurde untersucht und es wurde gefunden, dass die Polymerisation über 
die Bildung der hochmolekularen Polyharnstoffsäure (I) verläuft., worauf Cyclodehydra
tisierung zum Poly-(l,2-dihydro-2-imino-4H-3,l-benzoazin-4-on) (II) erfolgt. Beim 
Erhitzen kommt es schliesslich zur intramolekularen Umlagerung entlang der Poly
merkette und das thermodynamisch stabile Polychinazolindion (III) wird gebildet.

Received November 1, 1966 
Revised January 12, 1967 
Prod. No. 5362A
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A n aly sis  o f  ih e  N e g a tiv e  P e a k s  in  G el P e rm e a t io n  
C h ro m a to g ra p h y

DAVID ALLIET, Xerox Corporation, Webster, New York 14580

Synopsis
The negative peak usually encountered in gel permeation chromatography has been 

resolved into three distinct peaks through selection of appropriate columns. The three 
peaks are associated with water, nitrogen, and oxygen. Separation of these simple 
molecules was found to follow the fundamental theory of gel permeation chromatography, 
that is, separation according to straight-chain length.

INTRODUCTION
Gel permeation chromatography (GPC) is a relatively new technique, 

which fractionates polymers and permits determination of their molecular 
weight distribution. The technique separates materials according to 
molecular size, based on the depth to which each molecular specie is able 
to diffuse into the gel network.1 Control of the separation is exerted 
through control of the porosity existing in the gel. Volume elution curves, 
called chromatograms, are produced as a representation of the fractionation 
taking place within the GPC columns.

The appearance of a negative peak at the end of the volume elution chro
matogram is a common occurrence. These have been reported in the 
literature,2'3 but no attention has been devoted to their generation. The 
cause of these peaks has been attributed to water,2'3 and in one instance 
soap3 was suspected of contributing to such peak formation. It was found 
that with a column arrangement capable of fractionating low molecular 
weight materials this negative peak had the dissymmetry associated with a 
mixture of materials. The work conducted in this investigation was con
ducted in an effort to elucidate the nature of the materials contributing to 
the negative peak and to assess the potential of the technique for the sepa
ration of low molecular weight materials.

EXPERIMENTAL
A Model 100 Waters Associates GPC was used for this investigation’ 

utilizing a four-column series of crosslinked polystyrene gels of 900, 400, 
400, and 250 A. porosity. An excellent description of the basic equipment 
has been given by Matey.3 Eastman Kodak tetrahydrofuran (THE) was 
used as the carrier solvent for the GPC system and was degassed before

1783
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....4 — ...■■■ - 4 r ......  T— «:------------- -,
Fig. 1. Tetrahydrofuran reference chromatogram.

entering the columns. The analyses were carried out at ambient tem
peratures with a solvent flow rate regulated at 1 cc./min. Under these 
experimental conditions the single negative peak was resolved into three 
distinct peaks.

Fig. 2. Chromatogram obtained from 10 cc. of tetrahydrofuran with 1 drop of H20
added.
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Fig. 3. Chromatogram obtained from nitrogen-saturated tetrahydrofuran.

Several analyses were carried out in an effort to identify the materials 
responsible for the generation of these three negative peaks. Injections of 
10 cc. of the TIFF carrier solvent were made into the column system, to 
establish a reference chromatogram for the negative peaks, and it gave the 
chromatogram shown in Figure 1. A solution was injected into the columns 
with a concentration of 1 drop of distilled water in 10 cc. of THF, produc
ing the chromatogram shown in Figure 2. Finally, a 10 cc. sample of THF 
carrier solvent, saturated with nitrogen gas, was injected into the system, 
resulting in the chromatogram reproduced in Figure 8. The GPC chro
matograms were obtained for each analysis with 2-min. injection periods at 
2X attenuation.

RESULTS AND DISCUSSION
The chromatogram represented by Figure 1 was obtained for all injec

tions of THF carrier solvent into the GPC system. Three distinct nega
tive peaks were obtained for each analysis at elution volume counts of 32 
to 37. Each elution count interval represents 5 ml. of THF carrier solvent 
submitted to the refraetometer from the GPC columns. The water peak 
was eluted between the count intervals 32 and 34, as shown in Figure 2. 
This peak coincides with the first unknown peak observed in the carrier 
solvent injection shown in Figure 1. These results indicate that the first 
of three negative peaks obtained with THF is caused by water in the carrier 
solvent.

Figure 3 shows the chromatogram obtained from the THF carrier sol
vent saturated with nitrogen gas. A sharp negative peak was observed 
between elution interval 34 and 35. This corresponds identically to the 
second unknown peak obtained from the carrier solvent injection shown in 
Figure 1.
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From the data obtained—that is, identification of negative peaks associ
ated with water and nitrogen—it was obvious that the third peak must re
sult from oxygen in the system. Undoubtedly, the presence of the last 
material results from incorporation of air into the sample during the injec
tion operation.

According to gel permeation chromatography theory, the largest molecu
lar species should penetrate the crosslinked polymer gel the least and be 
eluted first.2

Table I shows the straight-chain lengths in angstrom units for each of the 
simple molecules encountered in this work. In accordance with GPC 
theory these angstrom values indicate that water should be eluted first and 
nitrogen and oxygen should follow according to their decreasing chain 
length. Results in this study show that the three negative peaks obtained 
from THF injections are in the order of the straight-chain lengths for 
water, nitrogen, and oxygen. These data indicate that GPC theory is 
applicable to very small molecules and that separation of such materials 
can occur with the proper column selection.

TABLE I
Straight-Chain Lengths For Simple Molecules4

Straight-chain 
length, A.

H ,0 1.92
n 2 1.09

0.55

Substance

Conclusions

The results of this investigation have shown that the negative peak 
reported by other investigators may be resolved into three distinct peaks 
by a proper column selection. These peaks have been associated with water, 
nitrogen, and oxygen and are artifacts resulting from injection. A most 
significant fact is that the separation of these three simple molecules still 
follows the fundamental theory of GPC, that is, separation by virtue of 
straight-chain length.
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Résumé
Le pic négatif rencontré généralement dans la chromatographie par perméation sur 

(el a été résolu en trois pics distincts par sélection de colonnes appropriées. Les trois 
pics sont associés à l’eau, à l’azote et à l ’oxygène. La séparation de ces molécules simples 
suit le théorie fondamentale de la chromatographie par perméation sur gel c’est-à-dire 
séparation conformément à la longueur de la chaîne rectiligne.

Zusammenfassung
Die üblicherweise bei der Gelpermeationschromatographie gefundene negative Spitze 

wurde durch Wahl geeigneter Säulen in drei deutliche Spitzen aufgelöst. Die drei 
Spitzen entsprechen Wasser, Stickstoff und Sauerstoff. Die Trennung dieser einfachen 
Moleküle gehorcht der grundlegenden Theorie der Gelpermeationschromatographie und 
erfolgt gemäss der geraden Kettenlänge.
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Synopsis
Equilibrium complex formation between symmetrically substituted benzoyl peroxides 

and ring-substituted (V,iV-diethylanilines has been quantitat ively measured. From the 
results the rate constant for the unimolecular decomposition of the complexes, producing 
an initiating free radical, is found to be approximately 1012 exp {(—25 X 103)/7?7Tj- 
The data obtained are consistent with a previously postulated mechanism for radical 
production in the presence of vinyl monomers.

Introduction
In the previous paper1 it was shown that the rate constants for the de

composition of substituted benzoyl peroxides induced by ring-substituted 
N,N -diethylanilines could be determined in styrene polymerization and 
represented by the equation

log (fcd(X,Y)//Cd(H,H)) = 1.6(2<7x) — 2.7(<Ty) (1)
where a is the Hammett factor for the substituent X on the peroxide or the 
substituent Y on the amine. Earlier work had established that there 
existed a true equilibrium between the amine (A) and peroxide (B), yielding 
a complex (C), which could be determined spectrophotometrically.2 It 
was postulated that C decomposed to yield free radical R •, which can initi
ate polymerization:

A +  b £ c ^ R -  (2)
The rate for induced decomposition would then be given by

d[R-]/dt = kK[A][B] (3)
where kd, the apparent decomposition rate constant, is equal to the product 
of Kk. Such an equilibrium is consistent with the mechanism [ecp (2a)]

* Present address: Department of Chemical Engineering, State University of New 
York at Buffalo, Buffalo, New York 14214.

f Taken in part from M.S. theses submitted to Villanova University.
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Fig. 1. Molar extinction coefficient for chloroform solution of (A) diethylaniline, (S) 
benzoyl peroxide, and (C) the complex formed between them.

peroxide at 0°C. and at a particular wavelength can be described by either 
of the equations

A/C k° = (a +  CB°/CA°(ec — «b) (4a)
A / C b °  —  (b +  CA°/CB°(ec — cb) (4b)

where A  is the absorbance of a solution originally containing concentration 
C'a0 of the amine and Cb0 of the peroxide, which, respectively, have extinc-

TABLE I
Extinction Coefficients“ at 260 mp

Benzoyl
peroxide

substituent
Diethylaniline 

substituent t.\ X 10 -3 in X 10- 3 «c X 10 "3

p-Methyl None 12.71 17. 19 32.08
None “ 12.71 2.78 17.22
3,4-Dichloro 12.71 32.16 46.39
p-Cyano “ 12.71 10.50 25.15
3,5-Dinitro < < 12.71 14.29 27.48
None p-Nitroso 5.09 2.78 9.82
None p-Acetamide 9.15 2.78 13.49
None m-Methyl 12.40 2.78 16.54

“ Estimated errors in ca and en are less than ±1% ; in tv they are less than ±5% .
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Fig. 2. Determination of ec at 260 m/t for complex formation (A) between p-nitroso 
diethylaniline and benzoyl peroxide and (B) between p-cyano benzoyl peroxide and 
diethylaniline.

tion coefficient t\  and «b. The complex formed has extinction coefficients 
ec. Equation (4a) is to be used with an excess of amine over peroxide and 
(4b) with an excess of peroxide over amine. Figure 2 shows typical plots 
of eqs. (4), from which ec can be evaluated. Table I lists values of ex
tinction coefficients measured in this work.

From the variation of absorbance with temperature and the value of ec 
obtained at low temperatures it is possible to determine the value of the 
equilibrium constant K of eq. (2) over a wide range of temperature. Figure 
3 shows typical plots, which also permit determination of the standard 
enthalpy and entropy changes accompanying the equilibrium. Values of 
K, A11°, and AN0 for complex formation are tabulated for 30°C. in Table II.

Hammett plots for symmetrically substituted benzoyl peroxides with 
diethylaniline and for substituted diethylanilines with benzoyl peroxide 
are given in Figure 4. The combined Hammett equation for K analogous 
to eq. (1) for kd is given by

log K(X,Y)/A'(h,H) O.S3(2ux) — 1.52(7y (5)
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l/T  x 10s

Fig. 3. Variation of K  with temperature for complex formation (.1) between p- 
nitroso diethylaniline and benzoyl peroxide and (B) between p-cyano benzoyl peroxide 
and diethylaniline.

Discussion
Combining eqs. (1) and (5) we obtain for the decomposition of the com

plex formed between Y-substituted diethylanilines and X-substituted 
benzoyl peroxides the equation

log (A'\-y/7i'Hii) = 0.77(2crx) — ].2<jy 

TABLE II
Thermodynamic Values“ at 30°C. for Complex Formation Between 

Substituted Benzoyl Peroxides and Diethylanilines

Benzoyl
peroxide

substituent
1 )iethylaniline

substituent
K  X 10 “, 
liter/mule

A H°,
kcal./mole

AS°,
e.u.

p-Methyl None 1 . 17 - 8 .7 -  13.0
None '2.0.7 - S .4 - 1 2 .6
3,4-Dichloro Hi. 1 - 0 .4 -1 1 .8
p-Cyann 20. 1 - 0 .2 -  10.6
None p-Nltroso 1.40 - S .0 -1 1 .7
None p-Acetamide 2.17 — 8.6 -1 2 .6
None »¡-Methyl 2.70 - 9 .0 -  13.7

“ Estimated errors K, ± 5% ; AH°, ±0.5 kcal.; A8 °, ±  1 e.u.
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Fig. 4. Variation of K  a t 30°C. with Hammett substituent for complex formation 
(□) between substituted diethylanilines and benzoyl peroxide and (O) between sub
stituted benzoyl peroxides and diethylaniline.

The absolute magnitude of kxy from the observed values of K and kd 
is of the order of 10-li sec.-1. Since the activation energy for benzoyl per
oxide decomposition induced by dimethylaniline is approximately 13 kcal./ 
mole, and the heat of complex formation as given in Table II is approxi-

Fig. 5. Correlation between ec and «a +  sb for (□) substituted diethylanilines with 
benzoyl peroxide, (O) substituted benzoyl peroxides with diethylaniline, and (A ) benzoyl 
peroxide with dimethylaniline (see ref. 2 of the paper).
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mately —12 kcal./mole, the activation energy for A' can be estimated as 25 
kcal./mole. Therefore the frequency factor for k has a value of It)1'- sec.“ 1, 
which is quite normal8 for unimolecular decompositions into free radicals. 
The 25 kcal./mole activation energy is considerably less than the >30 kcal./ 
mole value for the non-induced benzoyl peroxide decomposition.

ft is interesting to note that at 260 m/a the value of tc is simply the sum 
«a +  tB +  (2 X 10'*), since a plot (Fig. 5) of ec versus eA +  6b is extremely 
linear and gives a least-squares slope of 0.99 ± 0.02. This indicates that 
the absorbance maximum near 260 mp for the complex represents very little 
more than the addition of the two molecules. It may also be taken to 
mean that in the complex formation there is no conjugation between the 
phenyl rings of the amine and peroxide. These data are then seen to be 
consistent with Imoto’s proposed mechanism, eq. (2a).

Partial support of this research by the Petroleum Research Fund, administered by 
the American Chemical Society, is greatly appreciated.
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Résumé
On a mesuré la formation d'un complexe à l'équilibre entre des peroxydes de benzoyle 

substitués symmétriquement et des diéthylaniline-iY,.V' substituées dans l’anneau. 
Au départ de ces résultats, on a trouvé que la constante de vitesse pour une décompo
sition unimoléculaire des complexes en vue de produire des radicaux primaires, a été 
trouvée être approximativement égale à 10ia exp | —25 X 103//?7’). Les résultats ob
tenus sont en accord avec le mécanisme postulé précédemment pour la production de 
radicaux en présence de monomères vinyliques.

Zusammenfassung
Das Komplexbildungsgleichgewicht zwischen symmetrisch substituierten Benzoyl

peroxyden und ring-substitliierten Ar,A-Diiithylanilinen wurde quantitativ bestimmt. 
Die Ergebnisse liefern für die Geschwindigkeitskonstante der monomolekularen Zer
setzung des Komplexes unter Bildung initierender freier Radikale etwa 1012exp | —25000/ 
R T \. Die erhaltenen Daten entsprechen einem früher aufgestellten Mechanismus für 
die Radikalerzeugung in Gegenwart von Yinvlmonomeren.

Received December 15, 1966 
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NOTES

Preparation and Thermal Properties of Some 
Piperazine Poly sulfonamides

A number of investigators have studied the polymerization of piperazines with a 
variety of difunctional aromatic compounds.1-10 Among these investigations was the 
preparation of polyamides from piperazines and aromatic diacid chlorides.1-8 These 
polymers were of high molecular weight and exhibited appreciable thermal stability,
i.e., thermogravimetric studies in vacuo showed breakdown in the region of 420-480°C.u -12 
An analogous system which has been only summarily investigated is that of the aromatic 
piperazine polysulfonamides:

The polycondensation of piperazine and m-benzenedisulfonyl chloride has been reported 
by Kwolek.9 However, no information was given regarding the thermal properties 
of the resulting low molecular weight polymer.

In order to determine the thermal behavior of the aromatic piperazine sulfonamides, 
it was necessary to prepare some representative polymers and to subject them to sof
tening range determinations, thermogravimetric analysis (TGA), and differential thermal 
analysis (DTA).

P reparation of P olym ers

Piperazine was reacted with m-benzenedisulfonyl chloride, diphenyl ether-4,4'-di- 
sulfonyl chloride, and diphenylmethane-4,4'-disulfonyl chloride using interfacial or solu
tion polymerization methods. In all cases, the products were soluble only in cold sul
furic acid and exhibited low inherent viscosities in that solvent.

In order to obtain a more soluble polymer, iraras-2,5-dimethylpiperazine was used as a 
monomer. The polycondensation of this compound with m-benzenedisulfonyl chloride 
was performed by using methods similar to those used above. The products were soluble 
in a number of organic solvents (DMSO, DMF, m-cresol) but also were of low inherent 
viscosities.

Either a chloroform-water or a toluene-water solvent system was used in the inter
facial polymerizations. The solution polymerizations were performed in a chloroform 
medium in a manner similar to that used for the corresponding polyamides.7'8 How
ever, the polysulfonamides were insoluble in this solvent and precipitated during the 
course of the polymerization. I t  was considered that this, in part, was responsible for 
the low inherent viscosities of the polymers. An attempt was made to increase the 
molecular weight of the products by using a reaction medium in which the polymer was 
soluble. Dimethyl sulfoxide, pyridine, and A-methyl-2-pyrrolidone were used as solvents 
in the polymerization of ira«s-2,5-dimethylpiperazine and m-benzenedisulfonyl chloride. 
In the case of dimethyl sulfoxide, the infrared spectrum, elemental analysis, and physical 
characteristics of the product indicated that, the solvent had entered into or altered the 
course of the reaction. With pyridine and A’-methyl-2-pyrrolidone, the products ob
tained were similar to those obtained when chloroform was used as a reaction medium. 
No appreciable increase in inherent viscosity was noted.

An attempt to prepare the above polymer by the melt polycondensation of Irans- 
2,5-dimethylpiperazine and m-benzenedisulfonyl chloride was unsuccessful. Ex ten-
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Fig. 2. Composite TGA plot (AT = 150°C./hr.).

250-280°C. while the trans-2,5-dimethylpiperazine polymer softened in the range of 
150-200°C. The thermal stability of the polymers was evaluated by thermogravimetric 
analysis under a nitrogen atmosphere with a plot of per cent weight residue versus 
temperature (Fig. 2) being made for each polymer. All of the polymers show a break
down in the region of 300-350°C. with the polymer from the polycondensation of piper
azine and m-benzenedisulfonyl chloride exhibiting the best stability. Differential 
thermal analysis of three of the polymers revealed decomposition endotherms between 
324 and 370°C. The polymer from piperazine and diphenylmethane-4,4'-disulfonyl 
chloride had two additional endotherms at 55 and 190°C. The latter possibly can be 
attributed to the melting point.

A summary of the thermal behavior data is given in Table I. As can be seen, these 
piperazine polysulfonamides are of considerably lower molecular weight and are ap
preciably less stable than the aromatic piperazine polyamides reported in the liter
ature.781112

Experimental

Interfacial Polycondensation. A solution of the piperazine (0.01 mole) in 00 ml. of
water was placed in a Waring Elendor. Sodium hydroxide (0.02 mole) was added as au





NOTES 1801

12. S. D. Bruck, paper presented to 151st ¡Meeting, Division of Polymer Chemistry, 
American Chemical Society, Phoenix, Ariz., January 1966; Polymer Preprints, 7, No. 1, 
364 (1966).

13. L. J. Bellamy, The Infra-Red Spectra of Complex Molecules, 2nd Ed., Wiley, 
New York, 1958.

Hubert C. E vers 
Gerhard F. L. E hlers

Air Force Materials Laboratory 
Wright-Patterson Air Force Base, Ohio 45433

Received August 11, 1966



1802 JOURNAL OF POLYMER SCIENCE: PART A-l VOL. 5 (1067)

The preparation of poly(arylene .sulfones) by the Friedel-Crafts reaction has been de
scribed recently. Cudby et al.1 prepared polysulfones by homocondensation of monomers 
such as p-phenoxybenzenesulfonyl chloride, or by cocondensation of disulfonyl chlorides 
with dinuclear aromatic compounds such as diphenyl ether. The authors used small (up 
to 4%) amounts of ferric chloride and temperatures up to 260°C. Reduced specific vis
cosities of up to 2.0 were obtained for the homopolymer from p-phenoxybenzenesulfonyl 
chloride while values not greater than 0.6 were obtained from the two-component sys
tems. Detailed structural examination by NM R indicated that the polymers are es
sentially linear and showed how t he substitution depends upon the structure of the mono
mer. Analytical results were not shown.

Cohen and Young2 prepared a polysulfone from diphenyl ether 4,4'-disulfonyl chloride 
and diphenyl ether in nitrobenzene at temperatures of up to 120°C. Equivalent 
amounts of aluminum chloride were present. Inherent viscosities of up to 0.3') have 
been obtained. The authors point out that the elemental analysis shows carbon to be 
1-2% high and sulfur 1-2% low. The polymer contains varying amounts of ash, indi
cating that the catalyst was chemically combined with the polymer.

Earlier work performed in t his laboratory supplements the above results, m-benzene- 
disulfonyl chloride and 4,4'-diphenyldisulfonyl chloride have been reacted with diphenyl, 
diphenyl ether, and diphenyl carbonate in the presence of ferric chloride, zinc dust, or 
aluminum chloride. The latter was used in connection with carbon disulfide or nitro
benzene as a solvent. A ratio of 2 moles of ferric chloride or aluminum chloride or 1 mole 
of zinc dust per mole of disulfonyl chloride was used. Reaction temperatures up to 
300°C. were applied for the melt reactions and the reactions in carbon disulfide and nitro
benzene were run at 45 and 120-180°C., respectively. The reactions wrere performed 
under nitrogen.

The polymers prepared in carbon disulfide or in a melt varied from light to dark brown 
in color while those prepared in nitrobenzene were black. Between 60 to 80%. of the 
polymers from the melt reactions were soluble in tetrahydrofuran or dimethylformamide 
while those from the solution reactions were completely soluble. Inherent viscosities be
tween 0.07 and 0.11 (0.3% in DMF) have been obtained. Empirical viscosity-molecu
lar weight relationships (on the basis of inherent viscosities of model compounds) suggest 
molecular weights of at least 3000-4000.

Elemental analyses revealed that the sulfur content ŵ as too low for polymers with a 
1:1 ratio of the two components and the chlorine content much too high to be attributed 
to sulfonyl chloride endgroups. Extensive work by Kovacic et al.3̂ 9 shows that ben
zene and other aromatic hydrocarbons in the presence of a Lewis acid and an oxidizing 
agent (FcCL or AlCL-CuCL) form polyphenylenes. I t has also been found10 that aro
matic sulfonyl chlorides or disulfonyl chlorides, under pyrolysis conditions (for example, 
in boiling biphenyl), can react in the following manner:

Poly(arylene Sulfones) 
Prepared by Friedel-Crafts Reactions

+ SO, + HC1

with side reactions such as:
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The side reactions are minimized when the solution is kept dilute in sulfonyl chloride and 
in the presence of copper and some other metal salts, but are catalyzed by even trace 
amounts of aluminum and iron.

From the foregoing it is evident that carbon-carbon coupling has occurred as part of 
the condensation mechanism, either by the same cationic oxidative mechanism Kovacic 
found for aromatic hydrocarbons or by loss of SO; from the sulfonyl chloride. The for
mer mechanism should lead to pendent sulfonylchloride groups. The C1:S ratio deter
mines the number of pendent sulfonyl chloride groups vs. the number of sulfone link
ages. Alkaline fusion also has been used on selected polymers to determine the number 
of pendent groups. This reaction did not go to completion in several instances (based 
on the chlorine still present) but it showed that 54-64% or more of the sulfur was pres
ent in the form of pendent groups. The structure of several polysulfones has been cal
culated from the analysis data (Table I).

TABLE I
Structure of Polysulfones from 

m-Benzene Disulfonyl Chloride and Biphenyl

No. Catalyst Solvent

1—S 02— 
linkage 

every. . . .  
rings

1— SOoCl 
group 

every. . . . 
rings

1—s o 3h
group 

every. . . . 
rings

1 FeCl, — 6 6 —

2 Zn — 37= — 37a
3 AlCb Carbon

disulfide
10 272 —

4 U Nitrobenzene — 272 —

Polymer 3, for example may be represented by the following structure:

The question may arise whether dibenzothiophene dioxide type structures may form

instead of sulfone linkages. It is believed that this will not be I he case. The mela- 
direoting influence of the sulfonyl chloride group probably will not allow carbon-carbon 
coupling in «-position lo this group. Coupling of this kind after ti sulfone linkage has 
formed, appears to be even less likely.

Chlorine is practically absent in polymer 2. Since alkaline fusion indicates that 50%
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2. oxid.
/. H,0 +  Z n C I(O H )

SO, Cl S O .Z n C l SO:;H
.

or more of the sulfur is present in the form of pendent groups, these must be sulfonic acid 
rather than sulfonyl chloride groups. Probably a zinc salt of sulfinic acid forms first and 
is hydrolyzed and oxidized during the work-up (washing with water).

The sulfonyl chloride group itself is relatively stable to hydrolysis. The analysis of 
this polymer also suggests the presence of water bound to the sulfonic acid group as is the 
case with benzene sulfonic acid. The IK spectrum of this polymer (while otherwise 
identical to those of the other polymers) has an additional absorption at 715 cm.-1. 
Thermal stability of polymer 2 is considerably lower than others. I t seems feasible that 
the polymers with pendent sulfonyl chloride groups crosslink at higher temperatures with 
evolution of hydrogen chloride and form a stable network, while the one with sulfonic 
acid groups cleaves.

DTA shows melting point endotherms of 105°C. for polymer 1 and 126°C. for polymer
2. However, an endotherm of 224°C. was obtained for polymer 4 which is essentially a 
polyphenylene with high rigidity and aromaticity (black color).

1. M. E. A. Cudby, R. G. Feasey, B. E. Jennings, M. E. B. Jones, and J. B. Rose, 
Polymer, 6, 589 (1965).

2. S. M. Cohen and R. AI. Young, J . Polymer Sei. A-l, 4, 722 (1966).
3. P. Kovacic and A. Kyriakis, Tetrahedron Letters, 11, 467 (1962).
4. P. Kovacic and C. Wu, ./. Polymer Sei., 47, 45 (1960).
5. P. Kovacic and J. Oziomek, Polymer Preprints, 4, No. 2, 57 (1963).
6. P. Kovacic and F. W. Koch, ./. Org. Chem., 28, 1864 (1963).
7. P. Kovacic and A. Kyriakis, J. Am. Chem. Soc., 85, 454 (1963).
8. P. Kovacic and J. Oziomek, J . Org. Chem., 29, 100 (1964).
9. P. Kovacic, F. W. Koch, and C. E. Stephan, ./. Polymer Sri. A, 2, 1193 (1964).

10. F. Long, E. B. AIcCale, B. B. Alillward, A. J. Neale, T. J. Rawlings, and R. J.
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1 ,2,1- and 1,3,5-Trivinylbenzenes. Vapor-Pliase Chromatographic 
and Nuclear Magnetic Resonance Characterization

The mixture of 1,2,4- and 1,3,5-trivinylbenzenes prepared as previously described1 has 
been obtained in 25% yields at reaction temperatures of — 10 to 10°C. The ratio of the
1.2.4- and 1,3,5-isomers in the crude reaction mixture, as determined by gas-liquid chro
matography, is 90 to 10. The isomeric mixture has been separated with preparative gas 
chromatographic techniques similar to those used for divinylbenzene.2 Both Perkin 
Elmer “R” column and a column prepared with 15% Bentone-34 and 5% polypropylene 
glycol (Ucon LB 550-X) on 00 mesh Chromosorb-W (80%) have been used in the Perkin 
Elmer Model 1) 154 Fractometer with thermistor detectors and six 1 in. by 0.5 m. column 
tubes. The injection block was maintained at 250°C., the column at 165°C., and pres
sure a t 10 psi (97 cc./min.). At these temperatures and flow rates there is considerable 
loss of liquid phase into the helium carrier gas. The columns are conditioned under op
erating conditions prior to use to bring the loss of liquid phase to a uniform level. In op
eration the trivinylbenzene (2 ml.) was injected slowly as a 50% solution in xylene with 
1,6-di-tert-butyl-p-cresol and quinone as inhibitors. There is considerable loss (up to 
50%) due to polymerization and rapid sample injection results in almost complete poly
merization in the injection block. Samples with over 10% 1,3,5-isomer are especially 
prone to polymerize. The retention times of the two isomers are at about 26 and 29 min. 
The trivinylbenzene “peak” was divided into two fractions. The first is an 83% 1,2,4- 
and 17% 1,3,5-mixture as determined by peak height-width at half height products. 
The second is a 29% 1,2,4- and 71%, 1,3,5-mixture. A second separation of the first frac
tion gave a principal fraction over 99% pure 1,2,4-trivinylbenzene, b.p. 57°C./2 mm., 
(Id  1.6052. The second fraction was separated into two distinct fractions, the first 94%
1.2.4- and the second 98% 1,3,5-trivinylbenzene, b.p. 60°C./2 mm., 1.5930. On a 
pure Bentone column the separation was better but the loss due to polymerization was in
creased.

The nuclear magnetic resonance spectra (Varian 4320, 60 Me.) of the two isomers are 
shown in Figures 1 and 2. The 1,3,5-isomer shows the same absorption maxima seen 
with styrene and m-divinylbenzene.3 The 60 Me. pattern for the 1,2,4-isomer is a com-

Figure 1. Nuclear magnetic resonance spectrum of 1,3,5-trivinylbenzene. Tail values 
from tetramethylsilane (TMS); 33% in carbon tetrachloride; extrapolated to infinite 
dilution. Absorption at 2.78 r (aromatic Id); 3.36 r  (J 17.4; 10.6) H„; 4.33 t (J 17.4) 
Idc; 4.82 t (J 10.6) H6; 8.60-8.75 t (inhibitor).
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4,71
Figure 2. Nuclear magnetic resonance spectrum of 1,2,4-trivinylbenzene. Tau values 

from tetramethylsilane (TMS); 20% by volume in carbon tetrachloride extrapolated to 
infinite dilution. Absorption at 2.75 r  (aromatic 11), 3.38 r  (J 18.2; 10.8) H„; 4.33; 
4.71 r  Hj and He; 8.62 r  (inhibitor).

plicated combination of the o-, in-, and p-divinylbenzene absorption characteristics. 
Further study with spin decoupling and at 100 Me. is planned to clarify the assignments.

This woi'k was supported in part by the U.S. Atomic Energy Commission under 
Contracts AT-(40-1)-2055 with the University of Louisville and AT-(30-l)-3644 with 
Hunter College of the City University of New York.
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BOOK REVIEWS

An Atomistic Approach to the Nature and Properties of Materials. J. A.
Pask, Ed. Wiley, New York, 1966. 477. $19.95.

This is an excellent educational book for high school and college graduates who want to 
familiarize themselves with the principles of the atomic and molecular approach for the 
understanding of the properties of matter.

The individual chapters (17) are, on the average, 30 pages long and are surprisingly 
homogeneous if one considers that each of them was written by a different author. 
Obviously the editor succeeded to exercise a beneficial activity of bringing the different 
chapters to the same level.

Each chapter starts with an explanation of the basic aspects of the subject matter, 
proceeds to the treatment of increasingly complicated conditions, and winds up with 
relationships between properties and structure. There is a carefully selected and, in 
most cases, rather elaborate text of references at the end of each chapter.

In respect to the origin of the individual contributor the book has a distinct Western 
touch which does not hurt its content and usefulness a t all. I liked it very much and 
can recommend it with good conscience as a source of useful and reliable knowledge.

H. Mark

Polytechnic Institute of Brooklyn 
Brooklyn, New York 11201

Polymerization by Organometallic Compounds. L. R e i c h  and A. S c h i n d 

l e r . Interscience, New York, 1966. x +  740. $25.00.

This is Volume 12 of Polymer Reviews, the Interscience series edited by II. F. Mark 
and E. II. Immergut.

Workers in the field of organometallic-initiated polymerizations have been so pro
liferous in the last 15 years that their research efforts have resulted in a voluminous 
journal and patent literature. It is a formidable task for the new worker to collect and 
assess this vast literature. Because they wanted to do something about this problem 
the authors set out “to present, in a single volume and in an organized and categorized 
sequence, pertinent information derived from the literature (scattered and often con
fusing) on organometallic-initiated polymerizations.” They suggest that the book 
should be useful mainly to research workers and graduate students who have already 
been introduced to polymer chemistry and who desire to broaden their knowledge in the 
field of organometallic-catalyzed polymerizations.

I believe that this volume meets this objective. The chapters are well organized and 
highly informative. The authors have been diligent in collecting leading references and 
in reporting faithfully the pertinent data and the interpretations of the original publica
tions.

This volume offers many examples which demonstrate convincingly that organometal
lic compounds have found wide application in the polymerization of monomers by most
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of the presently conceived modes or catalysis. Chapters I II  and IV describe mainly 
polymerizations by the Ziegler type catalysts; Chapter V is concerned with the Alfm 
catalyst while Chapters VI, ATI, and M il  describe polymerizations by free-radical, 
anionic, and cat ionic mechanisms, respectively.

The authors have chosen to restrict the discussions to (a) catalysts in which at least 
one of the components contains a metal-carbon bond and (6) linear monomers which 
contain a single double bond or two conjugated double bonds.

Some of the chapters, however, are overburdened with detail which make their reading 
difficult for those who are seeking a general insight into the subject matter. Also, 
parts of Chapter II (entitled “General Theoretical Concepts of Polymerization") could 
have been condensed or omitted since this information can be generally found in texts 
on polymerization chemistry.

In summary, this book is timely and extremely useful in a field which shows no sign 
of slowing down in the generation of new information.

H. Mark

Polytechnic Institute of Brooklyn 
Brooklyn, New York 11201
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