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Relationship between the Autoacceleration of
Polymerization Rate and Conversion in Radical
Polymerization

KATSUKIYO ITO, Government Industrial Research Institute, Nagoya,
Kita-ku, Nagoya, Japan

Synopsis

By using a simple treatment for the Kkinetics of radical polymerization with primary
radical termination, the ratio kty/ktx of chain termination rate constant ktv at conversion
y to that ktx at conversion x and the ratio kny/ktix of the primary radical termination
rate constant ktiy at conversion y to ktix at conversion x were calculated for the
polymerizations of methyl methacrylate and ethyl acrylate in the conversion range 0 to
0.4. kty/ktx and ktiy/ktix were treated by using the following equations based on the
variation of conversion:

where g{T,y) is the average fractional free volume of radical chain end at conversion y
and absolute temperature and /3(T) is a function depending on T, and

where gJT,y) is the average fractional free volume of primary radical at conversion y
and T and fSJT) is a function depending on T. The autoacceleration for the above
monomers was successfully interpreted by the above treatment.

INTRODUCTION

In the past, the autoacceleration of polymerization rate has been inter-
preted oil the assumption that the termination rate constant decreases
with decreasing mobility of the polymeric radical. Brunett and Duncanl
pointed out that due to loss of mobility of the polymeric radical at high
conversion, termination for bimolecular reaction between primary radical
and polymeric radical (primary radical termination) is a matter of great
importance, and termination for bimolecular reaction between polymeric
radicals (chain termination) is negligible. The following equation was
derived for a relationship between two polymerization rates Rx and Ro
at conversions x and 0, respectively:

(Rx/Ra - 1) = K\{x — .Ti)2 (1
1313
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1314 K. ITO

where K\ is a constant depending on termination rate constant and initi-
ation rate and xi is the critical conversion requiring a threshold concentra-
tion of polymer for trapping the radicals. If the treatment based on eq.
(1) is correct at high conversion, the molecular weight distribution should
be observed for a polymerization terminated by primary radical termi-
nation at low and high initiation rates rather than by chain termination.
However, it was reported that in the bulk polymerization of methyl meth-
acrylate at high conversion, the molecular weight distribution observed
at low initiation rate is that with one peak, corresponding to chain ter-
mination while at high initiation rate distribution with two peaks is ob-
served, the first and second peaks corresponding to primary radical ter-
mination and chain termination, respectively.23 Thus, not every condition
can be applicable Brunett and Duncan'’s treatment. In view of the molec-
ular weight distribution, their treatment is correct under the condition
that chain termination is negligible to be compared to primary radical
termination.

In the previous papers,34 by using a treatment based on the relation-
ships between conversions and the termination rate constants, it was
proved that the termination rate constants for chain termination and pri-
mary radical termination are in proportion to the diffusion constants for
the radical chain end and primary radical, respectively. By using these
treatments, the autoacceleration of the polymerization rate for the poly-
merization with both chain termination and primary radical termination
should be able to be interpreted. In this paper, by using Ito and Mat-
suda’s equation,6 the ratios of ktwktx and kltw/ktix were calculated, where
ktx and kty are the chain termination rate constants at conversions x and vy,
respectively, and kttx and ktiy are the primary radical termination rate con-
stants at conversions x and y, respectively. On extension of the treatments
in the previous papers34 to the above ratios, the autoacceleration for the
polymerization where chain termination exceeds primary radical termi-
nation was interpreted.

THEORY

Kinetics for Radical Polymerization
with Primary Radical Termination

Using an approximate equation
{1 + -iB(X) [Cyi2y o = 1+ 2B(x) [C]W - 2[H(x)?[C] 2

Ito and Matsuda5derived eq. (3) for the polymerization rate Rx of chain
termination exceeding primary radical termination:

Rx = -4(x) [C]/{1- H(Cr)[ClYy 3)
where
A(x) = (2fkd16 [M ]l -x)/ kb (4)

B(x) = (2fkd'Mi*/{kik;/[MUI - s)} )
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In egs. (2) and (3), [M]O0is the initial concentration of monomer, [C] is the
concentration of initiator, / is initiator efficiency, and kp, kt, and kdare the
rate constants for the propagation, primary radical addition to monomer,
and decomposition of initiator, respectively.

On taking eq. (3) and an approximate equation

I1_ = 1+ (20)[Clla
¢2(0) ¢(0) [C]12 w
at conversion x = 0, in which an approximation
I/{1- £(0)[C]'A} = 1+ 5(0)[C]* (7)
can be used, RzZR0becomes
RJIRo = [A{x)/A(0){1 - [B() - 5(0)][C]13 (8)

Taking eqg. (3) and the same equation with respect to conversion y in the
conversion range where fk,,, k,, and kt do not depend on conversion, con-
stants, kty/ktx and kH/kHk are given by eqgs. (9) and (10), respectively.

K = pKx»(l - y)I2
kix —u@na -x)\ )

kay = A(X)B(y) /'l - yV
kHe A(iiB{x) \1 - x)

Termination Rate Constants

Chain Termination Rate Constant. For a linear relationship to conver-
sions and the chain termination rate constants proportional to the diffusion
constant of the radical chain end,6eq. (11) was derived on the assumption
that an approximation

v=1-—X

can be used,4where v is the volume fraction of monomer in the homogeneous
solution of monomer molecules and segments:

[o(Ty)Yy (1 \
log(ktwka) o(Ty) 0(T)  \x - y) (e

where
g(my) = 9(T,1) + 0(7) (X - y) (12)

In eq. (11), g{T,y) is the average fractional free volume of radical chain
end at conversion y and absolute temperature T, and O(T) is a function de-
pending on T.

Primary Radical Termination Rate Constant. In the previous paper,6
a primary radical termination rate constant was derived for the first-order
reaction on the assumption that the concentration of radical chain ends
during a collision between primary radical and polymeric radical is con-
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stant. Actually, the reaction between primary radicals and radical chain
ends is second-order. Fortunately, when the distance or the time t for the
translation of primary radical during a collision is a sufficiently short, the
result obtained for the first-order reaction is equivalent to the result ob-
tained in the second-order reaction. In this paper, taking by assuming a
second-order reaction and using the fact that the distance of the translation
of primary radical is utt (where ut denotes the mean velocity of translation
of the primary radical), the rate of this reaction is given by

—d\R)/dt = Mi7i[R][S]
= TrN\LpSirs\us2+ w-2 ¥2AR][S] X 10~3mole/l.-sec (23)

where yt is a reactivity constant, [R] and [S] are the concentrations of
primary radical and radical chain end, respectively in the polymeric radical,

us is the mean velocity of translation of radical chain end, NLis Avogadro’s
number, psi is the probability of bimolecular combination between primary

radical and radical chain end, and rSiis the average distance of approach of
the primary radical and radical chain end during a collision. By using y4
determined from eq. (13) and the primary radical termination rate con-

stant obtained in the previous paper,6ktixis given by

ktix = Au(us>+ uiy* (24)

where
An = 7 itNLpsirsivi(l ~ X 10 3

where is the ratio of the length of a primary radical immersed in the poly-
meric radical to the radius of the polymeric radical.

Under the condition that us is negligible compared to ut, and on assum-
ing the validity of eq. (14) and Einstein’s equation

u{ = QDi/ht (15)

where Dtis the diffusion constant of the primary radical and htis the dis-
tance of translation of primary radical per collision between primary radical
and solvent molecule, eq. (14) becomes

ktix  AyDi (16)
where
At = 6Aa/ht a7)

On applying this equation similarly to the diffusion constant of radical
chain end,3the diffusion constant of the primary radical is given by

Dt = Aaexp[ —[1/ffi(T,x)]} (18)
where

Gi(Tx) = GiiT,) + POF(TYA - x) (29)
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In egs. (18) and (19), Anis constant, and (ji{T,x) and /SAT) are the average
fractional free volume at conversion x and a function depending on T for
the primary radical, respectively. On the introduction of eq. (18) into eq.
(16), eq. (16) becomes

ktix = Al*exp {-l/gr42»} (20)
where
Ai* — AtAfi. (22)

Taking eg. (20) and the same equation with respect to conversion y to
eq. (20), a linear relationship between the primary radical termination rate
constants and conversion is given by eq. (22):

1 MTy)V/ 1 \

——  giT
log (km/htiy ~ 9¢ Y PI(T)  \t - y)

(22)

This equation is applicable under the condition ut  us.

Under the condition ut = us or ut €Cus, a linear relationship between
primary radical termination rate constants and conversions is given by eq.
(23):

] mmt( 1\
og kuyzkty)  SU Y Tim - y) #)

Under the condition that u, is only moderately greater than us or ufis
only moderately less than us, no convenient linear relationship could be
obtained for the primary radical termination rate constant.

APPLICATIONS AND DISCUSSION

Determination of kty/k,zand k H# ktix

In the bulk polymerization of methyl methacrylate (MMA) initiated by
benzoyl peroxide (BPO) (at concentrations of BPO of 0.0103-0.0826 mole/

Fig. 1. Relationships between Ro and [C]12 for the polymerization of MMA: (O) at
50°C; (=) at 70°C.
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Fig. 2. Relationships between Rx/R0 and [C]12 for the polymerization of MMA at
50°C: (=) x = 0.2; (Q)x = 0.25; (© )x = 0.3; (0O)* = 04.

Fig. 3. Relationship between Ro and [C]12 for the polymerization of EA.

1), and fio/[C]12was essentially constant,7 the small decrease of 720[C]'/!
with increasing of [C] observed being attributed to experimental error.
Actually, in view of eq. (3) for this polymerization (Fig. 1), this point is

TABLE 1
Values of A{x)/A{0), B(x)/B(0), kloktx, and km/ktix
at Conversion x for the Bulk Polymerization of MMA

X A{x)/A(0) B(x)/B(0) kto/ktx kuo/ktix
0 1 1 i i
0.20 2.60 3.91 10.6 1.04
0.25 3.90 4.06 26.9 1.71
0.30 5.80 3.66 68.6 3.25

0.40 10.70 1.53 318.0 19.5
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Fig. 4. Relationships between Rx/R0and [C]12for the polymerization of EA: (*) X =
0.2; (©)x = 0.25; (©)x = 0.3; (O)x = 0.35; (O)x = 0.4.

not correct. The linear relationships in Figure 1 gave 5(0) = 0.53 and
0.30 at 50 and 70°C, respectively. Because of the small value of B(0) [C]I2
on taking y = 0 and using eq. (8), linear relationships between Rx/R0and
[C]¥2could be obtained (Fig. 2). By using these linear relationships and
5(0) = 0.53, k,o/k,x and ktnY/ktix were calculated from egs. (9) and (10),
respectively (Table I).

TABLE 11
Values of A{x)/A{0), B{x)/B{0:2), kt0/ktz, and
kta.t/ktiz at Conversion x for the Bulk Polymerization of EA

X A(x)/A(0) B(x)/B(0.2) kto/ktx Ktio.z/ktix
0.20 3.33 1 16.8 i
0.25 4.65 0.972 38.5 1.63
0.27 5.50 0.986 56.8 2.02
0.30 6.72 0.986 92.1 2.75
0.35 9.08 0.968 195.0 4.33
0.40 11.70 0.916 380.0 6.75

A linear relationship between ROand [C]12could be obtained for the bulk
polymerization of ethyl acrylate8 (EA) initiated by 2,2'-azobisisobutyro-
nitrile (AIBN) at AIBN concentrations of 0.0080-0.0030 mole/1. at 35°C
(Fig. 3). Accordingly, 5(0) = 0. On takingy = 0 and by using eq. (8),
linear relationships between Rz/R0Oand [C]' 2could be obtained (Fig. 4).
In these determinations of Rx/Ro, eq. (1) was used. Using these linear
relationships, kt’k,x and kti0.i/ktix were calculated from Egs. (9) and (10),
respectively (Table I1).
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Termination Rate Constants

Chain Termination Rate Constant. On application of eq. (11) to the
values of ktwvktx in Tables I and Il, linear relationships between kit kix
and \/x for the polymerizations of MMA and EA could be obtained (Figs. 5
and 6). Using these linear relationships the eqgs. (24) and (25), were ob-
tained for the polymerization of MMA at 50°C and for the polymerization
of EA at 35°C, respectively.

g(T,x) = 0.084 + 0.031(1 - x) (24)
g(T,x) = 010 + 0.13(1 - Xx) (25)
20
15
21.0
05
0
0 1 2 3 4 5
/X

Fig. 5. Relationship between 1/log (kt,/ktX) and \/x, and relationships between
[Rz/lio (1 — x)]2and \/x for the polymerization of MMA: (=) relationship between
1/log(klo/htx) and 1/xfor [C] = 0; (© ) [C] = 0.0103 mole/1. ;( © ) [C] = 0.0413 mole/1,;
(O) [C] = 0.0S26 mole/1.

In the past, in spite of the breakdown of the square-root dependence of
the polymerization rate, various rate constants have been calculated on the
basis of a second-order termination mechanism between polymeric radi-
cals.9 However, a linear relationship between log[/U//?0(] — x)]2and I/x
at high initiation rate could not be obtained (Figs. 5 and 6). Thus, be-
cause of the effect of primary radical termination on the polymerization
rate, the rate constants determined on the basis of a second-order termi-
nation mechanism between polymeric radicals at high initiation rate are
approximate. Generally, the results at high initiation rate are a poorer
approximation than the results at low initiation rate.

Primary Radical Termination Rate Constant. On the application of
ed. (22) or (23) to the values k Hork tix and « tia.t/ k tix calculated by using k nos
ktix in Table I, linear relationships could not be obtained. Thus, it ap-
pears that the condition ut» us, ut = us, or ut <Cus was not satisfied for
the polymerization of MMA initiated by BPO.
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Fig. 6. Relationship between I/Iog(kln/kb() and 1/x and relationships between
[Rx/Ro (1 — x)]2 and 1/x for the polymerization of EA: (=) relationship between
1/log(KIYkIX) and 1/x for [C] =0; (© ) [C] = 0.8 X 10“2inole/1l.; (O) [C] = 3.0 X
10“2mole/1.

Fig. 7. Relationship between 1/log (kta.i/kux) and 1/(x-0.2) for the polymerization of

On the application of eq. (22) or (23) to the values k,i02/ktix in Table 11
in the polymerization of EA initiated by using AIBN, a linear relationship
between l/log(/cii0:Aiu) and I/(x — 0.2) could be obtained (Fig. 7). By
using this linear relationship, the eq. (26) was derived.

gt(T,x) = 0.15 + 0.10(1 - x) (26)

This equation is approximately equivalent to eq. (25). However, A\* and
A,*, where A,* is a constant defined by kty = At exp {—I1/9g(T,x)}, were
unknown. Furthermore, because gt{T,0.2) has a very small value com-
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pared to 1 (Fig. 7), it was difficult graphically to determine the correct
value, and eq. (26) was approximate. Thus, to discuss termination rate
constants in detail was impossible.

As stated in the theory, egs. (9) and (10) are correct in the conversion
range (0 to 0.4 in this paper) for which kv, ku and 2fkd[C] are constants and
are independent of conversion. The autoacceleration in this conversion
range should be interpreted by the same method in this paper. Without
this conversion range, the treatment for the kinetics in this paper must be
modified for the analysis to experimental results. Furthermore, because
eq. (3) is an approximation,5eq. (3) should be not applied to polymeriza-
tions for which primary radical termination exceeds chain termination.
The complete analysis of polymerization with primary radical termination
will be reported in a future publication.D

The author thanks Dr. T. Matsuda for the treatment of polymerization.
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Polymerization of Aromatic Aldehydes. V.
Cationic Copolymerization of Phthalaldehyde
Isomers and Styrene

CHUJI ASO, SANAE TAGAMI, and TOYOKI IVUNITAKE,
Department of Organic Synthesis, Faculty of Engineering, Kyushu
University, Fukuoka, 812, Japan

Synopsis

Copolymerizations of three phthalaldehyde isomers (M2) with styrene (Mi) were
carried out in methylene chloride or in toluene with BFaOEt2 catalyst. The monomer
reactivity ratios were r1 = 0.77, % = 0 for the meta isomer and n = 0.60, r2 = 0O for the
para isomer. The second aldehyde group of both isomers did not participate in poly-
merization and acted simply as the electron-withdrawing group, thus reducing the
cationic reactivity of these monomers. Copolymerization behaviors of the ortho isomer
(0-PhA) were quite different between 0°C and —78°C. At —78°C, 0-PhA preferentially
polymerized to yield “living” cyclopolymers, until an equilibrium concentration of
0-PhA monomer was reached. Then, styrene propagated from the living terminal
rather slowly. The block structure of the copolymer was confirmed by the chemical
and spectroscopic means. In the copolymerization at 0°C, the o-PhA unit in copolymer
consisted both of cyclized and uncyclized units. This copolymer seemed to contain
short 0-PhA sequences. The variation of the 0-PhA-St copolymer structure with the
polymerization temperature was explained on the basis of whether the polymerization
was carried out above or below the ceiling temperature (—43°C) of the homopolymer-
ization of 0-PhA.

INTRODUCTION

It was recently reported that the carbonyl group of benzaldehyde readily
underwent addition copolymerization with styrenel-3 and with conjugated
dienes by cationic catalystsl although its homopolymerization was not
possible. The content of the benzaldehyde unit in copolymer reached
almost 50 rnole-% at high benzaldehyde feeds in the monomer mixture.l
Then phthalaldehyde isomers which possess two aldehyde groups conceiv-
ably give rise to interesting polymer structures such as branching, cross-
linking, and intramolecular cyclization by copolymerization with vinyl com-
pounds. Therefore, cationic copolymerizations between sytrene and the
three isomers of phthalaldehyde were studied in the present investigation.

It was expected in the copolymerization of o-phthalaldehyde that the
adjacent aldehyde groups would selectively form a five-membered ring by
intramolecular cyclization [eq. (1)] as was the case for some aliphatic
dialdehydes.4-6

1323
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Thus, differences in polymerization behavior which would probably
arise between the ortho isomer and the meta and para isomers were of
particular interest. The results obtained in the present investigation that
copolymers containing more than 50 mole-% of the o-phthalaldehyde unit
were formed in the copolymerization with styrene led us to the finding that
o-phthalaldehyde by itself could yield the cyclopolymer. The latter results
were reported in detail in previous publications.7-9

EXPERIMENTAL

Materials

Phthalaldehyde (0-PhA), mp 54.5 55.0°C, was prepared according to the
method of Bill and Tarbell.0 Terephthalaldehyde (p-PhA), mp 112—
113°C, was prepared by the method of Zimmermann et al.1 Commercial
isophthalaldehyde (m-PhA) was purified by recrystallization from ligroin
mp 87-88°C. Styrene (St) was washed with dilute alkali, dried over CaCl2,
and distilled over CaH2under reduced pressure. Methylene chloride was
washed with dilute alkali, dried over CacCl2 refluxed over PZCh, and distilled
over CaH2 Toluene was washed with concentrated sulfuric acid and with
dilute alkali, dried over CaCl2 refluxed over metallic sodium, and distilled.
BF30Et2-was distilled under nitrogen.

Polymerization

Given amounts of aldehydes, styrene, and solvents were placed in
Schlenk-type ampoules under nitrogen and cooled to the given polymeriza-
tion temperature. Catalyst (BF3OEt) solutions were then added. After
given periods, polymerization was terminated by adding pyridine. The
polymer was recovered by pouring the reaction mixture into methanol and
purified by reprecipitation from benzene and methanol.

Reaction of Copolymers with 2,4-Dinitrophenylhydrazine

Copolymers were dissolved in a mixture of benzene and methanol and an
acidic (HX04 ethanol solution of 2,4-dinitrophenylhydrazine was added.
The mixture was kept at 40°C. In the case of copolymers from m-PhA and
p-PhA, the precipitated polymeric products were separated and reprecipi-
tated from THF and methanol.

In the case of the copolymer of styrene and o-PhA, the polymeric product
presumably remained in solution and the bishydrazone of o-PhA precipi-
tated. The bishydrazone was recrystallized from dimethylformamide.

Acid Hydrolysis of 0-PhA-St Copolymer

The copolymer (0.5 g) (run 2 in Table 1V) was dissolved in dioxane and
concentrated hydrochloric acid was added. Upon standing overnight, the
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reaction mixture was poured into methanol and the precipitated product
(0.098 g) recovered. The solution was treated with an acidic (HZS04
alcohol solution of 2,4-dinitrophenylhydrazine, and 0.745 g of the bis-
hydrazone of 0-PhA was obtained.

Determination of the Residual Carbonyl Group in
the Copolymer of o-Phthalaldehyde and Styrene

A calibration curve was prepared between the concentration of the alde-
hyde group and the intensity of its infrared peak (1703 cm-1), o-PhA (CCLi
solution) being used as a reference. The amount of the carbonyl group in
the copolymer was determined by using the calibration curve from the
intensity of the carbonyl peak of CC14solutions of the copolymer.

RESULTS

Cationic Copolymerization of Terephthalaldehyde
and Isophthalaldehyde with Styrene

Methylene chloride was used as polymerization solvent. Terephthalal-
dehyde (p-PhA) and isophthalaldehyde (wi-PhA) did not homopolymerize
with BF3OEt2 catalyst at 0°C and —78°C, consistent with the result of
benzaldehyde. On the other hand, the cationic copolymerization of these
monomers with styrene proceeded easily, as shown in Table I. The copoly-
merizations proceeded homogeneously at any monomer feed, and the co-
polymers obtained were white powders which were soluble in benzene,
chloroform, and carbon tetrachloride.

Infrared spectra of these copolymers (p-PhA-St and m-PhA-St) are
shown in Figure 1. The absorption due to the ether linkage is observed at
1000-1100 cm-1, similar to that in the benzaldehyde-styrene copolymer.
At the same time these copolymers possess strong carbonyl peaks in the 1700
cm-1 region, which are assigned to the pendent aldehyde groups. They
cannot be attributed to contaminating monomers because the copolymers
were freed of the monomers by reprecipitation from benzene and methanol.

The amount of the aldehyde unit in copolymer obtained from 1:1
monomer mixtures was about 38 mole-% for both m-PhA and p-PhA. The
content of the aldehyde unit did not exceed 50 mole-%, even at 80 mole-%
feed of p-PhA (Table I). This implies that the monomer reactivity ratios
of these phthalaldehydes were close to zero.

When the copolymers were treated with 2,4-dinitrophenylhydrazine in
acidic media, the recovered products were orange powders and their
softening points were higher by about (50°C than those of the starting co-
polymers. The main-chain ether linkage of the copolymer was considered
to remain intact, since a benzaldehyde-styrene copolymer was stable under
the same condition. Infrared spectra of the product polymers showed that
on the hydrazine treatment, the absorption of the main-chain ether linkage
(1000-1100 cm-1) did not change but the carbonyl peak at 1700 cm-1 dis-
appeared completely and new peaks appeared at 1620 (vc=xi), 3300 (?nn),
and 1330 cm-1(cNoj- These infrared data indicate that the pendent aide-
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hyde group reacted quantitatively. In Table | are compared the copolymer
compositions calculated from the elemental analyses of the starting co-
polymers and from those of the hydrazone polymers. Their agreement was
not necessarily satisfactory.

Thus it can be concluded that one of the aldehyde groups in m-PhA and
p-PhA remained unreacted under the polymerization conditions used. The
reduced reactivity of the pendent aldehyde group is further supported by
the fact that no crosslinked polymer was formed during copolymerization.

Copolymerization of o-Phthalaldehyde and Styrene

Phthalaldehyde (o-PhA) copolymerized quite readily with styrene, as
summarized in Tables Il and I1l. The polymerization system was brown
at 0°C and changed from yellowish to yellow brown at —78°C. The poly-
merization proceeded homogeneously in methylene chloride, and the poly-
mer formed at 0°C was a yellowish white or white powder, and that formed
at —78°C was awhite powder.

Infrared Spectra. In Figure 1 are given infrared spectra of the copoly-
mers obtained atO°C (copolymer c) and at —78°C (copolymer d) from the
1:1 monomer mixture. The characteristic peaks for the styrene unit appears
at 1603, 1490, 1450, and 700 cm-1 in both spectra. The broad peaks at
950-1100 cnr lare ascribable to the ether linkage and are generally similar
to that of poly(o-PhA) or its model compound, 1,3-dimethoxyphthalan.8

The copolymers obtained at 0°C were shown to contain some aldehyde
groups from its infrared spectra. The amount of aldehyde, as determined
by using 0-PhA monomer as reference was 10-25 mole-% of the total o-PhA

Fig. 1. Infrared spectra of PhA-St copolymers (KBr disk): (0) m-PhA-St; (b) p-
PhA-St; (c) o-PhA-St (polymerized at 0°C); (d) o-PhA-St (polymerized at -78°C).
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unit in copolymer (Table I1). On the other hand, the copolymers obtained
at -78°C contained less than a few per cent of the aldehyde group (not
detectable in most cases).

These infrared data indicate that there are three structural units (11, 111,
1V) contained in the copolymer and that the o-PhA unit was almost com-
pletely cyclized at —78°C while some uncyclized units (IV) were present in
the copolymer obtained at 0°C.

Nuclear substitution on o-PhA monomers appears improbable as a cause
for the presence of the aldehyde group in the copolymer on the basis of the
infrared spectrum data.

Composition of o-PhA-St Copolymer. The copolymer composition
changed considerably with polymerization temperature, as is apparent
from Tables Il and IlIl. The o-PhA unit was incorporated into polymer
more readily at —78°C than at 0°C. The content of the o-PhA unit in
copolymer could be much higher than 50 mole-%, indicating that sequences
of the o-PhA unit, consequently the intermolecular acetal linkage, were
present. This result is in marked contrast with the copolymer composition
of styrene and the other isomers of phthalaldehyde, where the content of
the aldehyde unit never exceeded 50 mole-%.

The copolymer composition was affected differently by the conversion
at 0°C and at —78°C. Thus, the compositions of the copolymer obtained
at 0°C were close, irrespective of conversions (Table Il, runs 2, 3 and 4).
On the other hand, the composition changed remarkably with conversion
when the copolymerization was carried out at —78°C. Inspection of
Table 111 indicates that the content of the o-PhA unit in the copolymer was
quite high at low conversions but that it decreased with increasing conver-
sions (compare runs 2 and 3, and runs 4, 5, and 6).

The variations of the copolymer composition and of the conversion with
the polymerization period are shown in Figures 2 and 3 for the copolymers
obtained at —78°C from the 1:1 monomer mixture. The polymerization
process was divided into two stages. In the first stage, rapid polymeriza-
tion occurred, and the polymer formed was composed almost exclusively
of the 0-PhA unit. The subsequent stage was characterized by the gradual
increase in the polymer yield and by the decrease in the 0o-PhA unit content
of the copolymer. The molecular weight of the polymer similarly reached
a certain value in the first stage and then gradually increased with time.
The amount of 0o-PhA monomer incorporated into copolymer was constant
during these periods (Fig. 3), being 92-94% of the initial amount of
0-PhA. The concentration of the remaining o-PhA monomer (0.06 mole/1.)
was close to the equilibrium concentration (0.09 mole/l. in CHZXC12 at
—78°C)8in the homopolymerization.
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Time , (hr.)

Fig. 2. Dependence of conversion and molecular weight on polymerization period.
St, 0.742 g; o-PhA, 0.932 g; [MZ3 = 49.3 mole-%; monomer concn, 1.34 mole/l,
solvent, CH2CI2; catalyst, BFaOEU, 3.8 mole-%; polymerization temperature, —78°C.

othA
‘@ -

Fig. 3. Dependence of copolymer composition and o-PhA consumed on polymerization
period. Polymerization conditions as in Fig. 2.

Fractionation of the Copolymer. The preceding polymerization data
strongly suggest that the o-PhA-St copolymers obtained at —78°C are
not random copolymers. Therefore, some of the o-PhA-St copolymers
were fractionated in order to see if they are true copolymers. Poly (0-PhA)
is insoluble in CCl14and in cyclohexane, which are good solvents for poly-
styrene.

The copolymers formed in the first stage of the polymerization (Table
111, runs 2 and 8) were insoluble in CCh and cyclohexane, as can be in-
ferred from their very high o-PhA content. A copolymer containing 58
mole-% of the o-PhA unit (Table 111, run 4) was completely soluble in CC14
and did not contain any fraction soluble in cyclohexane. Therefore, it was
concluded that this copolymer was not a homopolymer mixture.

On the other hand, the copolymer obtained from a monomer mixture
containing 10 mole-% of o-PhA (Table 111, run 1) was fractionated in cy-

niyQYrtnn'
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clohexane into soluble and insoluble fractions, and these fractions were
found to contain 13 mole-% and 36 mole-%, respectively, of the o-PhA
unit. The cyclohexane-soluble fraction was also a copolymer containing
the o-PhA unit, and this solubility probably arose from the large content
of the styrene unit.

A 0-PhA-St copolymer obtained at 0°C (Table 11, run 2) could be sep-
arated into cyclohexane-soluble and -insoluble fractions. However, their
structural characteristics such as infrared spectra, the pendent carbonyl
content, and the copolymer composition were the same. This fractionation
appears to be done on the basis of the difference in their molecular weights.

Acid Hydrolysis of 0o-PhA-St Copolymers. When o-PhA-St copolymers
were treated with 2,4-dinitrophenylhydrazine in acidic media, the bis-
bydrazone of the o-PhA monomer was recovered as shown in Table IV.
The extent of recovery was 68% of the PhA unit in copolymer (run 1), as
against the quantitative recovery in the case of the o-PhA homopoly-
mer.8

When a copolymer (content of o-PhA unit, 69.0 mole-%; M, = 8400)
obtained at —78°C was hydrolyzed in a hydrochloric acid-dioxane solu-
tion (run 2), a methanol-insoluble polymer was recovered as yellowish
powders. The latter polymer (Mn = 1700) was soluble in cyclohexane,
and its infrared spectrum resembled that of polystyrene. The elemental
analysis indicated that it consisted of 90 mole-% of the St unit. o0-PhA
liberated by hydrolysis was recovered by treating the methanol solution
with the hydrazine. The recovery of the bishydrazone was 55% of the
0-PhA unit in copolymer. These results suggest that the o-PhA-St co-
polymers obtained at —78°C possessed long o-PhA blocks and shorter St
blocks. The recovery of the bishydrazone was poorer for the copolymer
obtained at 0°C, implying shorter o-PhA sequences.

DISCUSSION

It now became clear that the polymerization behaviors of the meta and
para isomers of phthalaldehyde were very much alike, but the ortho isomer
reacted quite differently in the cationic copolymerization with styrene.
The latter isomer gave rise to the phthalan ring unit in the copolymer due
to cyclopolymerization. These copolymerization results are discussed
below in connection with the polymerization results of some related systems.

Copolymerization of Terephthalaldehyde and Isophthalaldehyde

It is interesting that only one of the two aldehyde groups in these mono-
mers was involved in the copolymerization with styrene, the other remain-
ing unreacted. At the same time, the hydrazine treatment of these co-
polymers indicated that the acetal linkage derivable from the aldehyde
sequence was not present. This results, together with the fact that the
content of the aldehyde monomers did not exceed 50 mole-%, implies that
the monomer reactivity ratios of these dialdehydes were close to zero, as
was the case for benzaldehyde in the cationic copolymerization with sty-
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rene. Assuming that the reactivity ratios of these aldehydes (M2 were
zero, ?i (St) was calculated to be 0.77 and 0.60 for m-PhA and p-PhA, re-
spectively. Since these values are greater than that (r£ = 0.27) in the
copolymerization of St (Mi) and benzaldehyde (M., : the second aldehyde
group seems simply to exert an electron-withdrawing effect on the reacting
aldehyde group, thus decreasing the reactivity of these monomers toward
the styryl cation.

Copolymerization of o-Phthalaldehyde and
Influence of Polymerization Temperature

As described in the previous section, the copolymerization characteristics
of 0-PhA and St are quite different at 0°C and -78°C. The difference can
be attributed to whether the polymerization temperature is above or below
the ceiling temperature (—43°C) of the homopolymerization of o-PhA.

Copolymerization at —78°C. We already reported that the propagation
in the cyclopolymerization of 0o-PhA was not a simple stepwise process but
proceeded through an intramolecularly stabilized carbonium ion inter-
mediate (V) or in a concerted manner (V1).

+A V
R— 0—CH CH

The copolymer obtained at —78°C contained solely the cyclized o-PhA
unit. Therefore, the addition step of o-PhA monomer in this copolymer-
ization presumably resembles mechanistically homopolymerization.

The cationic polymerization of o-PhA was shown previously to be an
equilibrium polymerization and the propagating cation to be “living”
under the suitable condition. In addition, the rate constant of propagation
was quite large (0.181./mole-sec with BF30Et2at —78°C in CHZC12.8

The copolymerization data at —78°C can be interpreted in consistence
with these homopolymerization results. o0-PhA polymerizes preferentially
in the presence of styrene, and the homopolymer of o-PhA is formed in the
initial stage of the copolymerization. This stage continues until the
amount of 0-PhA monomer reaches the equilibrium concentration, and the
slower addition of styrene to the living end of poly(o-PhA) ensues. Only a
small amount of o-PhA is incorporated into polymer in the second stage, as
clearly shown by the constancy of the concentration of the residual o-PhA
monomer (0.06 mole/1l.) over a wide polymerization period (See Fig. 3).
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This copolymerization process is consistent with the block structure in-
ferred from the acid decomposition experiments. Thus, the copolymer
contains a long 0-PhA block and shorter St blocks separated by a sequence
of less than a few o-PhA units. A schematic representation of the copoly-
mer structure together with the block lengths estimated from a particular

copolymer (Table 111, run 7) is as follows:
C RR-meeeeeeeen R ) 1 StSt-——-— St ( RR )| StSt-——- S ~
DP: 45, 16, 1-2, 16
/°\
R: -O— CH CH-

Copolymerization at 0°C. The o-PhA-St copolymers obtained at 0°C
consisted of the three structural units, I, 111, and 1V, and the ratio of the
cyclic unit 111 to the uncyclized unit IV was 4:1. The presence of the un-
cyclized unit suggests that the propagation schemes are quite different at
0°C and -78°C.

In the reaction of BFAEt3and o-PhA, monomeric cyclized telomers were
obtained at several temperatures between 0°C and 30°C.R2

/°\ +
Et— 0— CH CH heR

/[ O\
EtO— CH CH— OR  (3)

Therefore, cyclization must also be the preferred course in the addition
reaction of 0-PhA at about 0°C. On the other hand, since this polymeriza-
tion temperature is much higher than the ceiling temperature (—43°C)
of the homogeneous propagation of o-PhA, depropagation of the o-PhA
unit should be extensive [eq. (4)], and the presence of long sequences of
0-PhA units is improbable. When the penultimate unit is St, the terminal
0-PhA unit cannot be severred, and the reverse reaction will result in the
ring opening [eq. (5)].
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CH—CH—0—CH o

JACH (5)

o P

The propagation from the uncyclized terminal unit gives rise to the pen-
dent aldehyde group. The structural unit 1V, however, appears isolated,
considering that the aldehyde unit did not continue in copolymerizations
of other phthalaldehyde isomers and benzaldehyde with styrene.

The content of the 0-PhA unit in the copolymers obtained at 0°C was in
some cases greater than 50 mole-% (cf. Table Il). Furthermore, a fair
amount of the bishydrazone of 0-PhA was recovered upon hydrazine treat-
ment of the copolymer (Table 1V, run 3). Since the 0-PhA unit next to the
St unit cannot be separated as the bishydrazone, these data show that there
exist (at least) short o-PhA sequences in the copolymer. The presence of
the o-PhA sequence in the copolymer which was formed at a temperature
higher than the ceiling temperature of the homopolymerization suggests
that the ceiling temperature of the propagation of o-PhA was not simply
determined by the equilibrium between the terminal unit and monomer
but was influenced also by the nature of the preceding unit, as already
discussed by other investigators for different cases.13
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Metal Coordination Polymers. 1ll.
Molecular Weights of Beryllium Phosphinate
Polymers in Chloroform

N. R. FETTER™* and C. M. GRIEVE, Chemistry Division, Naval Weapons
Center, Corona, California 91720

Synopsis

~apor-phase osmometric molecular weight measurements on beryllium di-n-butyl-
phosphinate are in general agreement with the results obtained in chloroform by Ripa-
mont.i and co-workers. The degree of polymer association in anhydrous chloroform is
approximately twice that obtained in reagent-grade chloroform, and the values ob-
tained in both types of chloroform are higher than those obtained by Ripamonti. Mem-
brane osmometric molecular weight measurements on beryllium 4-biphenyl(phenyl)-
phosphinate in chloroform indicate a reversible degradation exists between a number-
average molecular weight of 170 000 and 30 000, with the value dependent upon the
polymer concentration. Treatment of chloroform solutions of this polymer with
ammonia prevents reassembly of the polymer from 30 000 to higher values. To ex-
plain this and other solution properties of this polymer, a structure is proposed which
involves endgroup hydrogen bonding of phosphinate-bonded aggregates containing
approximately 50 monomer units (Mn = 30 000). Under certain conditions, the hy-
drogen-bonded aggregates may contain up to 300 monomer units, but in polar solvents
such as water or chloroform they are rapidly degraded.

INTRODUCTION

Our studieslof the molecular weights of beryllium phosphinate polymers
in toluene have demonstrated the effect of traces of water on number-
average molecular weights. We wished to see whether similar effects
could be observed in a polar solvent, and chloroform was chosen because
several beryllium phosphinates are soluble in it.

The molecular weight studies of Ripamonti and co-workers2on beryllium
di-n-butylphosphinate in chloroform by vapor-phase osmometry showed
that number-average molecular weight increased with increasing polymer
concentration. This result was interpreted as a dynamic polymer chain
breaking and reforming process which yielded oligomers whose degree of
polymerization was dependent upon concentration.

It is the purpose of this paper to offer an explanation of this process with
some supporting experimental evidence.

* Present address: Institute of Geophysics and Geochemistry, Dept, of Geologic
Sciences, University of California, Riverside, Ca 92502.
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EXPERIMENTAL

Apparatus

Molecular weights were measured at 37°C on a Hewlett-Packard Model
301 vapor-phase osmometer or at 25°C on a Hewlett-Packard Model 502
membrane osmometer with the use of S & S 0-8 nonaqueous cellulose
membranes. Sample solutions were prepared in 10-ml volumetric flasks
at concentrations ranging between 2.0 and 10.0 mg/ml for the membrane
osmometer, and between 1.0 and 50.0 mg/m| for the vapor-phase osmometer.

For vapor-phase osmometry, the samples were withdrawn from storage
flasks into the syringes in the air, but readings were taken as quickly as
possible when dry chloroform was used. Four readings were made and
averaged and, in most cases, solution concentrations were made large
enough to obtain AR values of 2 ohms or more.

For membrane osmometry, sample solutions were transferred into the
sample stack as quickly as possible. Determinations were made within 3
min, and dry chloroform was used as the reference solvent. Accuracy of
both instruments was checked against ArRO polystyrene molecular weight
standards, purchased from ArRO Laboratories, Inc., Joliet, Illinois.

Solvents

Both reagent grade and chloroform which had water and ethanol in-
hibitor removed were used for this study. Dry chloroform was prepared
by refluxing it over P>Cs for 4 hr, followed by distillation into a 1-liter
flask containing approximately 20 g of Linde molecular sieve, Type 4-A.
The flask was stored in a drybox in which solutions were prepared and
stored until used. Reagent grade chloroform and toluene were used with-
out treatment, and sample solutions were prepared in air.

Reagents

The preparation of beryllium phosphinates has been described else-
where.13

The treatment of beryllium 4-biphenvi(phenyl)phosphinate with am-
monia was accomplished by dissolving approximately 1 g of polymer in 50
ml of chloroform and bubbling ammonia gas through the solution for 1 hr.
The chloroform was removed under vacuum. The treated polymer was
dissolved in toluene and filtered to remove the insoluble ammonium phos-
phinate. For a 1-g sample of polymer, 60 mg (11 mole-%) of ammonium
4-biphenyl(phenyl)phosphinate was recovered. The toluene was removed
by vacuum transfer, and remaining polymer was heated at 100°C under
vacuum for 18 hr.

RESULTS AND DISCUSSION

The Mn values obtained from vapor-phase osmometry are shown in
Table I and those from membrane osmometry are shown in Table I1.
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TABLE 1
Number-Average Molecular Weights
of Beryllium di-n-butyl Phosphinate by Vapor-Phase Osmometry

Concn, Degree of
mg/ml Mn polymerization Solvent
10.30 3120 8.6 Reagent grade
chloroform

16.73 3890 10.7 u
20.84 4170 11.5 “
26.17 4760 13.1 u
40.40 5310 14.6 u

7.40 4300 11.8 Dry chloroform
11.70 4875 13.4 it
20.92 5505 15.2 a
30.26 5820 16.0 “
43.62 6510 18.0 “

Our molecular weight data and those reported by Ripamonti2for beryl-
lium di- m-butylphosphinate are presented in Figure 1. Also shown are
typical results for a sample of ArRO Laboratories polystyrene (Mn =
3500 + 2%).

There is a general agreement between our results and those of Ripamonti,
except that the degree of polymerization of our sample was slightly higher
and is probably a reflection of different preparative methods and water
content of the chloroform used to make solutions. Our results for beryl-
lium di-n-butylphosphinate and for the ArRO polystyrene show an in-
crease of Mn with concentration in a manner analogous to Ripamonti's
observations. Such behavior is a common occurrence when a colligative

TABLE 11
Number-Average Molecular Weights of Beryllium Phosphinates
in Chloroform by Membrane Osmometry

Time in
Degree of solution before
polymer- measurement,
Be phosphinate Mn ization Solvent hr
Beryllium trifluoro 13 000 30 lleagent-grade 22
methyl (phenyl) chloroform
phosphinate
11 500 27 a 120
14 000 33 Dry 96
chloroform
Beryllium 4-biphenyl- 35 000 60 Reagent-grade 4
(phenyl)phosphinate chloroform
30 000 50 a 30
25 000 42 “ 96
30 000 50 Dry 240

chloroform
32000 55 L 288
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Fig. 1. Degree of polymerization vs. concentration: Beryllium di-re-butyl phosphi-
nate in chloroform.

property is used to measure molecular weight4and is attributed to solution
nonideality rather than dynamic polymer degradation and reformation.

The M, values for beryllium trifluoromethyl(phenyl)phosphinate and
beryllium 4-biphenyl(phenyl) phosphinate, determined by membrane
osmometry in chloroform, were found to be about the same as those ob-
tained for the same polymers in toluene after the solutions had aged for 10
days.1

The results, obtained from samples dissolved in reagent grade chloroform
for 2 hr, indicate rapid degradation occurs within, at most, a few hours,
whereas in toluene, several days are required. This degradation is re-
versible in chloroform and irreversible in toluene. A sample of beryllium
4-biphenyl (phenyl) phosphinate (Mn = 170 000) was refluxed in chloroform
for 16 hr, followed by removal of the solvent under vacuum. The sample
was left under pumping vacuum at 25°C for 24 hr, and M nwas measured
in toluene and found to be 121 000. A sample of the same batch of poly-
mer, which was aged in toluene for 10 days, had an Mn of 39 000 when
dried under vacuum at 50°C for 24 hr.1

Our observation that beryllium 4-biphenyl(phenyl)phosphinate is re-
versibly degradable in chloroform and in the degraded state still has
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number average molecular weights corresponding to approximately 50
monomer units leads us to postulate a polymer structure which is made up
of units of approximately 50 monomer units (Mn « 30 000) connected by
a phosphinate backbone of the type suggested by Coates8or Ripamonti.6
These units are connected by hydrogen-bonded phosphinic acid end-
groups to give polymers with number-average molecular weights in non-
polar solvents corresponding to 500 monomer units (Mn « 300 000).
Such a polymer may have the structure I.

R R R R R\ / R
\ / \ / /P x
,;,0- P=0-H—O—P=C% er TR,
> Be/ Be_
0=P— O—H--0=P— O o
/\ /\ X
R R R R
R R

An experiment, designed to effect permanent depolymerization by block-
ing the hydrogen bonding sites, was undertaken by reacting ammonia with
chloroform solutions of beryllium 4-biphenyl(phenyl)phosphinate. This
polymer, in chloroform, is dissociated to the 50 mer chains shown in Table
Il and the acid endgroups should react with a base.

The results of ammonia treatment of two different preparations of poly-
mer are summarized in Table I11.

TABLE 111
Ammonia Treatment of Beryllium 4-Biphenyl(phenyl)Phosphinate
Recovered ammonium Mn
Sample wt, g phosphinate, mg in toluene Nitrogen, %
1.010 60.0 41 000 0.06
1.005 not measured 38 000 0.06

The ammonium phosphinate was verified by infrared comparison with
an authentic sample of ammonium 4-biphenyl(phenyl)phosphinate. The
nitrogen analysis of the treated polymer, although expectedly low, agrees
closely with that calculated for two ammonium ions per polymer chain of
approximately 65 units (Mn = 41 000; calcd N = 0.068%; Mn = 38 000;
calecd N = 0.074%).

Ammonia appears to be a base strong enough to neutralize the phos-
phinic acid endgroups without hydrolyzing the phosphinate backbone
seriously. The 60 mg of ammonium phosphinate recovered from one of the
treatments probably represents the extent of ammonolysis.

The possibility of hydrogen bonding through acetylacetone end groups
is also possible, and, although evidence for the presence of acetylacetone
was not observed, such bonding should not be discounted.
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Anionic Graft Polymerization and
Homopolymerization of Phenyl Glycidyl Ether

GABRIEL EZRA and ALBERT ZILKHA, Department of Organic
Chemistry, The Hebrew University, Jerusalem, Israel

Synopsis

Phenyl glycidyl ether was found to react with potassium starch alkoxide in dimethyl
sulfoxide (DMSO) to give graft polymers in almost quantitative yields, both the mono-
mer and the starch being incorporated completely into the graft polymer. No transfer
reactions to monomer or solvent leading to homopolymerization was found. For this
reason this system was used as a model for the study of the rate of the graft polymeriza-
tion of alkylene oxides on starch and other carbohydrates. Comparison of the rates
of the graft polymerization of phenyl glycidyl ether on starch alkoxide with that of the
homopolymerization by potassium naphthalene in DMSO under comparable conditions
showed that the former reaction was much slower. Rates of the graft polymerizations
on dextrin and sucrose under comparable conditions, were similar to those obtained
with starch. On the other hand, the rates of polymerization on poly(ethylene oxide)
alkoxides of different molecular weights were similar to those obtained in the corre-
sponding homopolymerization by potassium naphthalene, showing that neither the
molecular weight of the initiator nor the viscosity of the reaction medium were the
governing factors. This suggested that the lower rates obtained by using the carbo-
hydrate alkoxides as initiators were connected with the heterogeneity of these reaction
systems, the polymeric alkoxide being insoluble in DMSO. The systematic study
carried out on the homopolymerization by potassium naphthalene in DMSO showed
that the effective initiator was dimsyl anion obtained by interaction of potassium
naphthalene with DMSO. The reaction was bimolecular, being first order to monomer
and to initiator. The molecular weights increased with increasing monomer concentra-
tion and decreasing catalyst concentration, in accordance with a “living” polymeriza-
tion system.

INTRODUCTION

Graft polymers of poly(ethylene oxide)I’'2and poly(propylene oxide)3on
starch were prepared by reaction of starch alkali metal alkoxide, obtained
by reaction of the starch with alkali metal naphthalene, with the respective
monomers in DMSO. The graft polymers had various melting points and
were soluble in water and organic solvents.

In order to obtain graft polymers having even more different physical
properties, the reaction of an aromatic alkylene oxide, namely styrene
oxide, with starch alkoxide under the same conditions was investigated.4
No graft polymerization occurred, however, and the reaction stopped at
the initiation stage, due to steric hindrance of the phenyl group.
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As a continuation of this work we now studied the reaction of phenyl
glycidyl ether with starch alkoxide. This monomer has the aromatic
nucleus further away from the epoxide ring as compared with styrene oxide
and is reactive due to the phenoxy group, so that graft polymers may be
obtained.

Graft polymers were in fact obtained in almost quantitative yield and
there was no homopolymerization. This system was therefore found to
be convenient to use as a model for studying the rate of the graft poly-
merization of alkylene oxides on starch and other carbohydrates. In
order to obtain more information on the graft polymerization, the homo-
polymerization of phenyl glycidyl ether by potassium naphthalene in
DMSO was also studied. The rate of the graft polymerization was found
to differ considerably from that of the homopolymerization. To find out
whether the polymeric nature of the initiator was the cause of this behavior,
the rates of the graft polymerizations on the alkoxide derivative of lower
carbohydrates, i.e., dextrin and sucrose on the one hand, and on the poly-
alkoxide of polyethylene oxide) of different molecular weights on the other
were investigated.

EXPERIMENTAL

Materials

Soluble starch (Analar grade) and dextrin (BDH) containing 15 and
5% moisture, respectively, were used. Dry stock solutions of the carbo-
hydrates including sucrose (BDH) were obtained by dissolving them in di-
methyl sulfoxide (DMSO) (Fluka) and evaporating about 15% of the
solvent in vacuo at 60°C. The potassium starch, dextrin, sucrose, or poly-
ethylene oxide) alkoxide derivatives were conveniently prepared by re-
action of the dry compounds in DMSO, with potassium naphthalene pre-
pared in THF.8 Phenyl glycidyl ether (Matheson, Coleman and Bell) was
fractionally distilled in vacuo.

Tetrahydrofuran was dried as previously described.8 DMSO was dried
and distilled in vacuo over calcium hydride.

Graft Polymerization of Phenyl Glycidyl Ether on Starch

The graft polymerizations were carried out in three-necked flasks fitted
with a high speed stirrer, a thermometer and a self-sealing rubber cap for
the introduction of reagents by syringes. The polymerization flask was
flamed twice in vacuo, and filled with argon. A typical experiment in
which the graft polymer was isolated is given below. Starch (2 g) in
DMSO (50 ml) was introduced followed by potassium naphthalene in
THF (22 ml, 0.845”, 18.Gmmole) to convert 50% of the hydroxyl groups
of the starch to alkoxide. When the green color of the reagent disappeared,
phenyl glycidyl ether (14 ml, 0.104 mole) was added, and the reaction
mixture was stirred at room temperature until all the monomer has reacted
(YPC).
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The reaction mixture was neutralized with acetic acid and the graft
polymer was precipitated by methanol, filtered, and dried in vacuo; yield,
92%.

In a duplicate experiment the graft polymer was isolated in 91% yield.

Rate Measurements

The rate of disappearance of monomer in the graft and homopolymeri-
zation was followed by quantitative gas chromatography techniques.
An Aerograph Autoprep Model A-700 instrument was used. Helium was
used as the carrier gas at a flow rate of 33 ml/min and 2 m of standard
0.25-in. tubing was used to contain the packing of 5% SE 30 on chromosorb
P (60-80 mesh).

The injector temperature was 180°C, the column temperature 125°C,
and the detector 210°C. The monomer was quantitatively determined by
injecting known volumes of the reaction mixture, and comparison of the
peak areas on the chromatogram thus obtained with a calibration curve.

Homopolymerization of Phenyl Glycidyl Ether by Potassium
Naphthalene in DMSO

The polymerizations were conducted using the same apparatus and under
similar conditions to those used in the graft polymerization. A typical
example is given below.

Potassium naphthalene in THF (22 ml, 0.545A, 18.6 mmole) was added
at room temperature to dry DMSO (50 ml). After an exothermic re-
action, the temperature was adjusted to 25°C, and monomer (14 ml, 0.104
mole) was added in one portion. After all the monomer had polymerized
(VPC), acetic acid was added to neutralization and the polymer precipi-
tated with water. The solvents were decanted and the polymer was taken
up in chloroform and steam-distilled to remove any impurities in the
polymer. The water was evaporated, and the polymer was dried in vacuo
over phosphorus pentoxide. The homopolymers were generally viscous
syrups, but those obtained at low catalyst and high monomer concen-
trations were more or less solid.

Determination of Number-Average
Molecular Weights of the Homopolymers

Number-average molecular weights were determined from the hydroxyl
endgroups of the polymers, assuming one such endgroup per polymer
chain (see Discussion).

The procedure given by Sorenson and Campbell6was followed with the
use of pyridine-acetic anhydride acetylation reagent prepared from acetic
anhydride (10 ml) which was dissolved in dry redistilled pyridine (500 ml).
Poly(phenyl glycidyl ether) (1 g) was added to 20 ml of the acetylation
reagent and the solution was refluxed for 4-5 hr. Water was added and the
mixture was refluxed for 10 min. The solution was cooled and titrated with
0.5N sodium hydroxide with phenolphthalein as indicator.



1346 EZRA AND ZILKIIA

RESULTS

Phenyl glycidyl ether wets reacted with potassium starch alkoxide,
prepared by reaction of starch in DMSO solution with potassium naph-
thalene, to give graft polymers isolated in 91-92% vyield, under the con-
ditions investigated, namely, 50% starch alkoxide and 1.21 mole/1. mono-
mer. The graft polymers were solid, mp 60-80°C, as compared to the
homopolymers of phenyl glycidyl ether, which are viscous syrups. The
graft polymers were extracted with hot water in which the starch is soluble,
but no free starch was extracted. Extraction with benzene in which the
homopolymer is soluble gave no solute, indicating that all the monomer
polymerized was incorporated into the graft polymers. The graft polymers
were soluble in DMSO and pyridine and insoluble in chloroform, benzene
(contrary to the homopolymer), ethanol, and water.

The rate of disappearance of monomer in the graft polymerization re-
action was followed by gas-chromatographic techniques. The rate in-
creased with increasing monomer concentration and with starch alkoxide
concentration. Due to the heterogeneity if the reaction mixture (starch
alkoxide is insoluble in DMSO) no attempt was made to find out the order
of the reaction. The rate of the graft polymerization was relatively slow
but faster than that found in the graft polymerization of propylene oxide
on potassium starch alkoxide under comparable conditions.3

Fig. 1. Homopolymerization of phenyl glycidyl ether in DMSO. Plot of log Ma/M
vs. time. [Potassium naphthalene], 0.26 mole/1.; [monomer], 0.605 mole/l.
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To find out the effect of the polymeric initiator backbone on the rate of
the graft polymerization, the homopolymerization by potassium naph-
thalene in DMSO was studied in detail.

Fig. 2. Homopolymerization of phenyl glycidyl ether in DMSO. Dependence of rate
of conversion on alkoxide concentration at various [potassium naphthalene]: (1)
0.049 mole/L; (2)0.26 mole/1. [Monomer], 1.21 mole/1.

Fig. 3. Homopolymerization of phenyl glycidyl ether in DMSO. Dependence of DP,,
on monomer concentration. [Potassium naphthalene], 0.049 mole/1.
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It was found that under comparable conditions of monomer and potas-
sium naphthalene concentrations on the one hand and starch alkoxide on
the other, the rate of the homopolymerization was much faster. The
homopolymerization was first-order to monomer concentration, as seen
from the linear plots of log MO Mtversus time (Fig. 1), from the slopes of
which the k@s. values were calculated (Table 1). The rate increased with
increasing potassium naphthalene concentration (Fig. 2).

The number-average molecular weights increased linearly with increasing
monomer concentration (Fig. 3). In all cases they were higher than those
calculated from the ratio of the concentrations [monomer]/[potassium
naphthalene], possibly indicating that not all the introduced potassium

Fig. 4. Graft polymerization of phenyl glycidyl ether on sucrose potassium alkoxide.
[Monomer], 1.21 mole/1.; [alkoxide], 0.26 mole/l. (50% of the hydroxyl groups con-
verted to alkoxide).

naphthalene led to initiation of polymer chains. Furthermore the change
of Mn was not directly proportional to the potassium naphthalene con-
centration used.

To investigate the slower rate of the graft polymerization as compared
with the corresponding homopolymerization, experiments were carried out
to find out the effect of the molecular weights of the polymeric alkoxide on
the graft polymerization. Experiments with the alkoxide derivatives of
carbohydrates of lower molecular weight, namely, dextrin and sucrose
(Fig. 4) in DMSO under comparable conditions, gave the same reaction
rates as those found with soluble starch (Fig. 5). On the other hand, rate
experiments on the disappearance of monomer in the polymerization of
phenyl glycidyl ether initiated by the alkoxide derivatives of poly (ethylene
oxide) having M nof 400 and 4000 (Fig. 6, Table 11) showed that the rates
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were not dependent on the M nof poly (ethylene oxide) and were of the same
order as those found in the homopolymerization by potassium naphthalene
in DMSO.

Fig. 5. Graft, polymerization of phenyl gljxidyl ether oil starch potassium alkoxide.
[Monomer], 1.21 mole/1.; [alkoxide], 0.26 mole/l1. (50% of the hydroxyl groups con-
verted to alkoxide).

Fig. 6. Polymerization of phenyl glycidyl ether initiated by polyethylene oxide)

(Mn = 400) alkoxide. Plot of log M,,/Mtvs. time. [Monomer], 1.21 mole/l.; [alk-
oxide], 0.049 mole/1.
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TABLE 11
Polymerization of Phenylglycidyl Ether
Initiated by Poly(ethylene Oxide) (PEO) Alkoxide*

PEO PEO alkoxide
[Monomer], Kk,bs x 103 kp x 102
Mw Wt, ¢ mmole mole/1. mole/1. sec_lb 1/mole-sec”
400 2d 4.23 0.049 1.21 1.05 2.14
4000 20d 4.23 0.049 1.21 1.15 2.35

“ Experimental conditions: To adry poly(ethylene oxide) solution in DMSO, po-
tassium naphthalene in THF (5 ml, 0.X45.Y, 4.23 mmole) was added to form the PEO
alkoxide. Monomer was added and the polymerization was carried out at 25°C.

b kObSis the first-order rate constant obtained from the slope of the plot of log MO/Mt
vs. time.

Okp was calculated from the equation, kp = Aobs/[Cc], where [C] is the PEO alkoxide
concentration.

d This amount of poly(ethylene oxide) contained 10 mmole hydroxyl endgroups.

DISCUSSION

The results showed that the reaction of phenyl glycidyl ether with
potassium starch alkoxide led to the formation of graft polymers in almost
quantitative yield with no homopolymer formation. The mechanism of
the graft polymerization consists of anionic initiation on the starch alk-
oxide, followed by propagation. The fact that no homopolymer was
formed indicates that there was no transfer to monomer, a reaction which
is appreciable in the case of the graft polymerization of propylene oxide.3

The rate of the graft polymerization on starch alkoxide was found to be
much slower than that of the homopolymerization by potassium naphtha-
lenein DMSO. The fact that the rates obtained with the alkoxide deriva-
tives of the lower molecular weight carbohydrates were the same as those
obtained with starch alkoxide indicates that the molecular weight of the
initiator is not the cause of the slowing of the rate observed in the case of
the graft polymerization. This is further strengthened by the fact that the
rates obtained with poly (ethylene oxide) alkoxide (Mn = 400) were the
same as those found with that having Mn = 4000. This also indicates
that the viscosity of the reaction medium is not the factor for the lower
rates observed in the case of the graft polymerization. In fact, the rates
observed with the poly (ethylene oxide) alkoxides were fast and of the order
of those obtained in the homopolymerization and not of the graft poly-
merization. Close examination of the reaction media showed that while
the polymerizations in the case of starch, dextrin, and sucrose were hetero-
geneous, due to the insolubility (swollen gel) of their alkoxide derivatives
in DMSO, that of polyethylene oxide) alkoxide as well as the homopoly-
merization were homogeneous. This seems to point out clearly that the
heterogeneity of the graft polymerization system is the cause of the low
rates of polymerization observed. The insolubility of the starch alkoxide
may lead to low alkoxide efficiency as found in the case of the graft poly-
merization of propylene oxide on starch.3 On the other hand, however,
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there may be some slowing in the rate of the propagation reaction, due to
lower diffusion of the insoluble growing ends.

Homopolymerization studies on phenyl glycidyl ether by anionic in-
itiators were reported. Sorokin et al7-9 found in the polymerization at
relatively high temperature initiated by potassium or sodium hydroxides
and ethoxides, that the reaction was first order to monomer and to initiator.
Lebedev and BaranovD used sodium and potassium methoxides at high
temperature in solvents such as chlorobenzene and found that the polymeri-
zation reaction was first order to monomer but second order to initiator.
No detailed study of the anionic polymerization of phenylglycidyl ether in
DMSO was carried out, although such studies of the lower alkylene oxides
namely ethylene oxide and propylene oxide were carried outll'X2 using-
potassium f-butoxide as catalyst.

The polymerization of alkylene oxides by potassium naphthalene was
studied, and the mechanism of initiation suggested consisted of the addition
of alkylene oxide to the potassium naphthalene.

For ethylene oxide, initiation was formulated as shown in eq. (1).13

| il

The free radicals (1,11) formed by transfer of an electron from potas-
sium naphthalene are converted to anions which also initiate polymeriza-
tion. This mechanism was confirmed by the evidence that dihydronaph-
thalene was detected in the polymers.

Investigation of the homopolymers of phenyl glycidyl ether obtained in
the polymerization by potassium naphthalene in DMSO showed that there
were no resonance peaks in the NMR for the vinyl hydrogens of 1,2- or
1,4-dihydronaphthalenes at S = 6.4 and 5.9 ppm respectively. All the
polymers, however, were found to contain sulfur. The percentage of the
sulfur varied depending on concentration of the reactants, but due to their
small values and inexactness of the analytical determination, quantitative
results could not be concluded.

The possible source for the sulfur in the polymers has its origin in the
DMSO. The polymerizations were carried out in such a manner that
potassium naphthalene was first added to the DMSO. There was heat of
reaction and after this had subsided (several minutes) the monomer was
added. It seems that the potassium naphthalene reacted with DMSO.
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In fact, potassium metal was found to react readily with DMSO leading to
a mixture of products [egs. (2)—5)].4

(0]
CI—l:éCI—B+ 2MNACHZBO-M+ + CH3M+(M = retal) )
0 0
CELISCH, + CHrM+ CHSICHZ—M ++ CH4 ©)
(0]
CHISICH3+ 2M  CH3CH3+ M,0 @)
(0] 0
ch3!ch3 mad  CH3cH2-M+ + MOH )

Since potassium naphthalene may be regarded as solubilized potassium,B
it is quite logical that similar reactions may have occurred with potassium
naphthalene. Since the reaction with potassium naphthalene in solution
is expected to be even faster than that with potassium metal, it may be
quite possible that when the monomer was added no potassium naphthalene
was present, and that is why no dihydronaphthalenes were found in the
polymer. The presence of sulfur in the polymers points out clearly that
the actual active initiator of the polymerization was an anion derived from
dimethyl sulfoxide. From the possible products formed [egs. (2)—5)] it
seems that dimsyl anion is the most probable initiator, being a very strong
base. In connection with this it may be mentioned that it was recently
reported that in polymerization of vinyl monomers and alkylene oxides
conducted in DMSO in the presence of potassium leri-butoxide, the initiator
was dimsyl anion.2

The anionic polymerization of alkylene oxides in aprotic solvents is
characterized by being a “living” one with no termination.1618 For such
a living system the rate of the polymerization may be defined as follows:19

-d[M]/dt = /[cAMHC]6 6)

where a and b are the order of reaction to monomer and initiator, respec-
tively. If the initiation is fast, the concentration of the “living” ends is
identical with the initiator concentration, and in this case k,, would be the
propagation rate constant, provided that sufficiently high molecular weight
polymers were formed. As shown the polymerization was first order to
monomer. As regards the order to initiator, it should be taken in account
that the actual initiator was not potassium naphthalene but dimsyl anion,
and the rates of polymerization observed should be connected with Cm
(dimsyl anion) and not with Cmtrod, namely, the potassium naphthalene
concentration.

From egs. (2)-(5) it is seen that only part of the potassium naphthalene
leads to the formation of dimsyl anion. It is also expected that using
different amounts of potassium naphthalene will lead to different amounts
of dimsyl anion, but obviously a certain amount of potassium naphthalene
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will lead always to the same amount of dimsyl anion under the same re-
action conditions. Since the polymerization is a “living” one for which
DP, = [M]/[Ceff.],Bwhere Céff. is the effective initiator, it follows that
from the DP,, values and the monomer concentration (the polymerizations
were carried out to completion), the effective catalyst concentration can be
calculated. It may be seen (Table 1) that this effective catalyst concen-
tration was the same for a certain starting concentration of potassium
naphthalene and did not vary with increasing monomer concentration,
indicating further that the dimsyl anion reacts completely even at low
monomer concentration.

The order of reaction in effective initiator concentration, b, was calcu-
lated from the following two equations:

)

The average order value for effective initiator was approximately first-
order (b = 0.90 + 0.12) where the average was carried out on all the series
of monomer concentrations investigated.

Knowing that the reaction was first order to monomer and to initiator,
the kpvalues [egs. (7) ]were calculated from the kabSvalues and the effective
initiator concentration by the equation,

kp /"obs/[C 'eff]

These kPvalues are actually the propagation rate constants, as seen from
the fact that polymerization of a second equal portion of monomer on the
living ends of one that has already been completely polymerized, gave the
same k(xs values as those obtained in the first portion (Fig. 7, compare with
Fig. 1). Obviously in the second polymerization the kv value is actually
that of propagation.

In the polymerization initiated by the potassium alkoxide derivative of
polyethylene oxide) at an alkoxide concentration equivalent to the potas-
sium naphthalene concentration in a parallel reaction, the k(xs values were
found to be higher than those obtained with potassium naphthalene. The
kp values, however, calculated as above and on taking the alkoxide con-
centration as the effective initiator concentration, were the same as those
found with potassium naphthalene on taking the effective initiator con-
centration into consideration. Since here also initiation on polyethylene
oxide alkoxide may be looked at in a way as propagation of polymerization,
this further indicates that the kv values found were actually those of the
propagation rate constants.

In view of the results of the present work in which potassium naph-
thalene was found to react easily with DMSO, the question arises whether
in the metallation of starch in DMSO solution by alkali metal naphthalene
the metallation is directly by the reagent or whether it proceeds via prior
formation of dimsyl anion, which is the true metallating agent. Some
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Fig. 7. Homopolymerization of phenyl glycidvl ether in DMSO initiated by “living”
poly(phenyl glycidyl ether). Addition of a second equal portion of monomer (0.605
mole d.) to one completely polymerized by using 0.26 mole/l. potassium naphthalene
(compare with Fig. 1).

answer to this question may be obtained from the results of a recent work2
in which we have shown that metallation of starch in DMSO solution by
potassium naphthalene is quantitative, each molecule of the reagent re-
acting to give an alkoxide group, as seen from quantitative methylation of
the product. Had the potassium naphthalene reacted first with DMSO,
subsequent methylation should not have been quantitative, since as
shown above part of the potassium naphthalene on reaction with DMSO
gives species which are not enough basic to lead to metallation of the
hydroxyl groups of the starch.

The authors are pleased to acknowledge a studentship for G. E. from the Israel
National Council for Research and Development.
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K. HORIE, H. HIURA, M. SAWADA, I. MITA, and H. KAMBE,
Institute of Space and Aeronautical Science, University of Tokyo,
Komaba, Tokyo, Japan

Synopsis

The curing reactions of epoxy resin with aliphatic diamines and the reaction of phenyl
glycidyl ether with butylamine as a model for the curing reactions were investigated
with a differential scanning calorimeter (DSC) operated isothermally. The heat of
reaction of phenyl glycidyl ether with butylamine is equal to 24.5 + 0.6 kcal/mole.
The rate of reaction was followed over the whole range of conversion for both model
and curing reactions. The reactions are accelerated by the hydrogen-bond donor
produced in the system. The rate constants based on the third-order kinetics were de-
termined and discussed for the model reaction and for the chemically controlled
region of curing reactions. The activation energies for these rate constants are 13-
14 kcal/mole. At alater stage of conversion, the curing reactions become controlled by
diffusion of functional groups. The final extent of conversion is short of completion
for most isothermally cured and even for postcured samples because of crosslinking.
It was quantitatively indicated that the final conversion of isothermal cure corresponds
to the transition of the system from a viscous liquid to a glass on the basis of the
theory of glass transition temperature of crosslinked polymer systems.

INTRODUCTION

The investigation of the curing mechanism of thermosetting resins has
been restricted by the insolubility in any solvent of the resulting network
polymers. The curing reaction of epoxy resin is not exceptional.

In order to discuss the curing mechanism of epoxy resin with amines, it is
necessary to know final conversion and rate of cure for the crosslinked poly-
mer system. The change in physical properties of the system, such as re-
fractive index,lelectrical resistivity,23and viscosity,4has been proposed as
a relative indication of the extent of conversion of monomer to polymer.
Infrared analysis5has also been applied to determine the conversion for the
cure of epoxy resin. However, an accurate and continuous measurement of
the rate of cure has not been attained by these methods.

Calorimetry is a powerful method for the direct measurement of the rate
of exothermic polymerization. In our previous works, the rate of poly-
merization of methyl methacrylate and styrene6and the rate of copolymer-

1357

© 1970 by John Wiley & Sons, Inc.



1358 110RIE ET AL.

ization of diethyl fumarate with styrene7 have been measured directly,
continuously, and over the whole range of conversion by the isothermal
operation of a differential scanning calorimeter (DSC). The relative
conversion for a thermosetting polymer has been determined by the differ-
ential thermal analysis (DTA).8 This method is based on the exothermic
peak during the temperature scanning. In contrast to DTA, DSC mea-
sures the absolute conversion over the whole range of process, and in par-
ticular, it can be used in a strictly isothermal condition. Recently, Fava9
has reported an application of DSC to the curing reaction of epoxy resin
system. His emphasis has been placed on the techniques of differential
scanning calorimetry, and an important feature of DSC which is capable of
absolute measurements of conversion and rate of cure has not been utilized.

The reaction of a primary amine with an epoxide usually affords a secon-
dary amine, which reacts with another epoxide resulting in a tertiary amine.
The reaction of monofunctional epoxide with amines has been studied by
many investigators10-14 as a model reaction for the curing process of epoxy
resin. Shechter et al.Das well as Kakurai and Noguchill have shown that
the addition of amine to epoxide can be accelerated by the presence of
alcohol, water, or other hydrogen donor in the system and suggested a
mechanism involving opening of the epoxide ring with the aid of hydrogen
bonding in the transition state. Smith13 has proposed the third-order
kinetics for the reaction of epoxide with secondary amine accelerated by
the hydrogen-bond donor and indicated that the third-order Kinetics tends
towards a pseudo-second-order one in a large excess of the hydrogen-
donating solvent.

Our preliminary results for the reaction of phenyl glycidyl ether with
butylamine have already been reported.5 In the present paper, the curing
reaction of epoxy resin with aliphatic diamines as well as its model reaction,
i.e., the reaction of phenyl glycidyl ether with butylamine, is investigated
by DSC. The heat of reaction and the rate constants based on the third-
order kinetics were determined for the model reaction. The absolute ex-
tent of conversion and the rate constants for the curing reaction were
measured and discussed in relation to the structure of diamines and the glass
transition phenomena of the system.

EXPERIMENTAL

Materials

Phenyl glycidyl ether was dried and purified by fractional distillation
under nitrogen at a reduced pressure. Dow DER 332/LC regarded as a
pure diglycidyl ether of bisphenol A (DGEBA) was used as an epoxy resin.
Butylamine was dried over potassium hydroxide. Ethylenediamine, tri-
methylenediamine, and hexamethylenediamine were dried in the same way
as with butylamine. n-Butyl alcohol was dried and purified by fractional
distillation.
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Procedure

The reaction of phenyl glycidyl ether with various amounts of butylamine
was carried out at 50, 60, and 70°C. In some cases n-butyl alcohol was
added to the system as a hydrogen-donating accelerator. The epoxy resin
(DGEBA) was cured isothermally with ethylenediamine, trimethylenedi-
amine, and hexamethylenediamine at 50, 60, and 70°C. Both model and
curing reactions were carried out in a modified closed sample pan of a
Perkin-Elmer differential scanning calorimeter (DSC-1) operated iso-
thermally. Details of the procedure with the DSC are similar to those
described previously.6 The factor converting the peak area to the thermal
energy was obtained from heats of fusion of eight nonvolatile compounds
measured between 40 and 150°C.%6

Measurements of Residual Reactants for Model Reaction

An epoxide reacts quantitatively with sodium thiosulfate in an acetone-
water mixed solvent liberating a hydroxyl ion.16
RCH—CH2+ HD + NaX23-* RCH(0H)CHX2D Na + NaOH (1)

(0]

This reaction was applied for determining the residual content of epoxide in
the model reaction. Residual amine was determined by titration with
acetic acid. It was ascertained that the solution of primary butylamine
and that of secondary amine formed by the addition of epoxide were colored
in the presence of phenolphthalein, whereas the solution of tertiary amine
(reaction product of butylamine with a large excess of phenyl glycidyl
ether) was not colored by this indicator.

After reaction in the DSC, the sample (40-80 mg) was dissolved in 1 ml
acetone, mixed with 5 ml of water, and titrated with 0.5N acetic acid solu-
tion with phenolphthalein in order to determine the residual amine content.
Then, 5 ml of 0.2M sodium thiosulfate solution in acetone-water (4:1)
mixed solvent was added to the sample solution. When residual epoxide
was present, the solution became red, and was titrated with 052V acetic
acid solution over a 2-lir period.

Glass Transition Temperature for Cured Epoxy Resins

DSC thermograms of postcured DGEBA with diamines, unreacted
DGEBA, and linear copolymer of DGEBA with butylamine were obtained
by temperature scanning at the rate of 8°C/min. The glass transition
temperature was defined at the low temperature end of the transition re-
gion. Temperature calibration of DSC was made with melting tempera-
tures of fourteen organic compounds between —45 and 150°C.56

RESULTS AND DISCUSSION

Heat of Reaction of Phenyl Glycidyl Ether with Butylamine

Typical DSC curves for the reaction of phenyl glycidyl ether with butyl-
amine at 70°C are shown in Figure 1. The feed composition and residual
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Fig. 1. DSC curves for reaction of Phenyl glycidyl ether with butylamine (BA) at
70°C. Mole fractions of BA are (A) 0.19; (B) 0.32; (C) 0.50; (D) 0.64.

Mole Fraction of BA

Fig. 2. Heat of reaction of phenyl glycidyl ether with butylamine (BA) against mole
fraction of BA.

contents of epoxide and amine, determined by titration, are summarized in
Table I. When the molar ratio of epoxide to amine is about 2-4, primary
and secondary amines were thoroughly converted to tertiary amine, while
in the case of equimolar or amine-rich composition phenyl glycidyl ether
reacted completely.

The average heat of reaction of phenyl glycidyl ether with butylamine
was determined as the ratio of the total heat evolved to the epoxide con-
sumption and is listed also in Table I. The average heat of reaction con-
sists of heats of two different reactions, that is, the reaction of epoxide with
primary amine and that with secondary amine. Since the average heat of
reaction is independent of the feed composition and seems to be constant,
as is shown in Figure 2, the difference between heats of the two reactions
would be negligibly small. The heat of reaction of phenyl glycidyl ether
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with butylamine was determined to be 24.5 + 0.6 kcal/mole, which shows a
fairly good agreement with the results of Klute and ViehmarmIfor epoxide
with primary amines (26 kcal/mole).

Kinetics of Epoxide Reaction with Primary Amines

Smith13 has assumed that the rate-controlling step for the reaction be-
tween a secondary amine and an epoxide may be represented by eq. (2),
where H X is any hydrogen-bond donor molecule,

5 +
r2nh R,NH
J
. . > .
CH— CHR —- CH.,— CHR —_ CH.— CHR
\ Vv \ L !
0b- &
HX HX :
iU

and proposed the third-order kinetics which is consistent with reasonable
accuracy with the results of Shechter et al.D

In order to investigate the epoxide reaction with primary amines, the
third-order Kinetics by Smith must be extended to the case in which
epoxide reaction with primary amine as well as that with the resulting
secondary amine is to be considered.

A reaction scheme [egs. (3)-(6) ] will be set forth, assuming that the mole-
cule (HX)o initially present in the system and the reaction products having
hydroxyl group (HX)A act as true catalysts and are not consumed in any
side reactions:

ki
Ai + E + (HX)a e >A2+ (HX)a @)
Ai+ E + (HX)0-—->A0 + (HX)o 4)
A2+ E+ (HX)a - >A3+ (HX)a ()
K
A2+ E + (HX)o-————>A3+ (HX)o @)

Here E, Ai, A2 and A3represent epoxide, primary amine, secondary amine
produced by addition of an epoxide, and tertiary amine as a final product,
respectively.

Let e, ah and a2be the concentrations of E, Al and A2at time t, respec-
tively, e0 and a0 the initial concentrations of E and Ai, respectively, cO
concentration of (HX)O0, x the epoxide consumed after time t. As the con-
centration of (HX)a is equal to x, the rate of consumption of epoxide at
time tis given by

dx/dt — K\d\6x -f- k\  / -)- KiOMix -j- k / (7)
Assuming

ktZ/h = h'/ki = n (8)
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eq. (7) can be written
ilc.dl = (e0 — x)(kix + fci'cQ(ai + nad 9)

Since n becomes 0.5 when the reactivity of each hydrogen atom attached to
the nitrogen atom in Ai is equal to the reactivity of a hydrogen atom in A2
it is reasonable to assume the value of reclose to 0.5, and reis set as eq. (10).

re= 05+ Ae (20)

The relation between ai and a2at time t will be given stoichiometrically by
eq. (11).

@+ {<hl2) = a0 — (.r/2) (11)

Substitution of egs. (10) and (11) into eq. (9) andsubsequent transforma-
tion result in eq. (12).

{dx/dt)/[{e0 — x)(a0 — :r/2)] = (kix + /c/cO{l + 2a2Are/(2ai + al}
(12

The value of 2a2An/(2al + a2 in right-hand side of eq. (12) would be
neglected compared to unity, since it is zero at the onset of the reaction,
nearly equal to 1.2An at 60% conversion and closeto2An at the complete
conversion. A DSC curve of the reaction and its integration provide
dx/dt and x over the whole range of conversion, and the left-hand side of
eg. (12) can be plotted against x.

Typical change of the left-hand side of eq. (12) with x for the reaction of
phenyl glycidyl ether with various amounts of butylamine at 70°C are

Fig. 3. Reduced rate curves for the reaction of phenyl glycidyl ether with butylamine
(BA) at 70°C. Mole fractions of BA are (A) 0.19; (B) 0.32; (C) 0.50; (D) 0.64.
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shown in Figure 3. Straight lines were obtained at the first half of the
conversion. Deviation of intercepts of the curves from the origin suggests
the existence of traces of impurity accelerating the reaction in the system.
The reaction of phenyl glycidyl ether with equimolar amount of butylamine
was carried out at 50 and 60°C with DSC and similar reduced rate curves
were obtained.

Fig. 4. DSC curves for reaction of phenyl glycidyl ether with butylamine at 70°C in
the presence of various contents of n-butyl alcohol: (a) 50 mole-%; (b) 25 mole-%;
(c) 10mole-%; (d)5.0 mole-%; (e) 2.0 mole-%; (/) 0.

Fig. 5. Determination of ki for reaction of phenyl glycidyl ether with butylamine at
70°C by the addition of n-butyl alcohol.

From the slopes of the straight part of curves the values of K\were deter-
mined, An and hence /c2were evaluated from the slopes at 60% conversion.

In order to get values for rate constants W and kZ, the reaction of phenyl
glycidyl ether with an equivalent amount of butylamine was carried out at
70°C in the presence of n-butyl alcohol as an accelerator.

DSC curves of the reaction are shown in Figure 4. The peak in DSC
curves appears in earlier time with increasing concentration of n-butyl
alcohol in the system, which supports the suggestion that the pseudo-
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second-order kinetics may be observed in systems with a large excess of
hydrogen-bond donor.

The plot of the intercept fc/coof reduced rate curves according to eq. (12)
against the concentration of n-butyl alcohol cOis shown in Figure 5. A
linear relationship was attained between them, which gave the value of k/.
The value of k2 was determined with the use of a value of 0.61 for n.

Rate constants for the reaction of phenyl glycidyl ether with butylamine
are summarized in Table Il. The value of k2at 50°C is in good accord with
that reported by SmithI3for the reaction of phenyl glycidyl ether with di-
ethylamine (2.6 X ICC6l.2mole2sec).

TABLE 11
Rate Constants for the Reaction of Phenyl Glycidyl Ether with Butylamine

Reaction

tem- Al X 104 k2 X 104 kil X 10 W X 104
perature, l.2Zmole2 l.2mole2 l.2Zmole2 1.Zmole2

°C sec n sec sec sec

50 0.45 + 0.09 0.65 + 0.08 0.29 + 0.06 - -

60 0.85 + 0.1 0.64 £+ 0.09 0.54 + 0.06 - -

70 1.9 +0.3 0.61 £+ 0.03 1.2 *0.1 15+ 0.1 0.91 + 0.06

The Arrhenius plot of K\ and k2gave the activation energies of 13.9 and
13.4 kcal/mole for the autoaccelerated reactions of epoxide with primary
and secondary amines, respectively. Though overall apparent activation
energy for the curing reaction of epoxide with amines has been obtained by
measurements of gel time (14-16 kcal/mole),13B viscosity measurements
(12-13 kcal/mole),4 and resistivity techniques (14 kcal/mole),23 the acti-
vation energy for elementary reaction of epoxide with amine has not been
reported.

Fairly good agreement between activation energies for elementary rate
constants and overall apparent activation energy suggests that there may
be little differences between activation energies of four rate constants, and
that the curing reaction would proceed in the same mechanism as the model
reaction and is not controlled by diffusion in the early stage of conversion,
in spite of the high viscosity of the system.

Curing Reaction of Epoxy Resin with Aliphatic Diamines

The curing reaction of epoxy resin (DGEBA) with ethylenediamine, tri-
methylenediamine, and hexamethylenediamine was carried out at 50, 60,
and 70°C.

DSC curves for the isothermal cure of DGEBA with ethylenediamine are
shown in Figure 6. Autoacceleration in rate of cure was also observed in
these cases. After an isothermal cure in DSC had been completed, a
temperature scanning at 4°C/min was carried out on the same sample up to
200°C. As is shown in Figure 7, an exothermic peak due to the postcure of
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Fig. 6. DSC curves for isothermal cure of DGEBA with ethylenediamine. Reaction
temperatures are as indicated.

Temperature (°C)

Fig. 7. DSC curves for the postcure by temperature scanning of DGEBA with ethyl-
enediamine. Temperatures of preceding isothermal cure are as indicated.

unreacted functional groups began just at the temperature of isothermal
cure. DSC curves with similar tendencies were obtained for isothermal
cure and temperature scanning of DGEBA with trimethylenediamine and
hexamethylenediamine.

The existence of a peak in each rate curve of isothermal cure suggests the
catalytic effect of the reaction products having hydroxyl groups and the
third-order kinetics being predominant in the curing reaction of DGEBA
with aliphatic diamines.

The reduced rate curves according to eq. (12) for the cure of DGEBA
with almost equivalent amount of aliphatic diamines at 50 and 70°C are
illustrated in Figure 8, where all parameters representing concentration are
expressed in concentration of each functional group instead of molecule.
Similar reduced rate curves were obtained for the reactions at 60°C.
Straight lines were observed at the first half of conversion for all cases. A
sudden decrease in reduced rate at 55-75% conversion is caused by the
onset of rate control by the diffusion process of the reactants due to the in-
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Fig. 8. Reduced rate curves for isothermal cure of DGERA with ethylenediamine
(EDA), trimethylenediamine (TMDA) and hexamethylenediamine (HMDA) at 50

and 70°C. Diamines and reaction temperatures are as indicated.

creased viscosity of the system. The critical conversion for the formation
of infinite network is supposed to be 58% for the polycondensation of a
bifunctional unit with an equivalent amount of tetrafunctional unit.19
The curing reaction of DGEBA with ethylenediamine begins to be controlled
by diffusion at a conversion corresponding to the formation of infinite net-

TABLE
Curing Reaction of DGEBA with Ethylenediamine (EDA),

Trimethylenediamine (TMDA), and Hexamethylenediamine (HMDA)

Diamine

EDA

EDA

EDA

EDA

TMDA
TMDA
TMDA
TMDA
TMDA
HMDA
HMDA
HMDA
HMDA
HMDA

Mole
fraction

of

diamine

0.36
0.38
0.36
0.38
0.35
0.36
0.33
0.36
0.36
0.37
0.36
0.37
0.37
0.36

Tem-

°C

50
50
60
70
50
60
60
70
70
50
60
60
70
70

ki X 104,
perature, 1.2Zmole2 conversion,

sec

0.52
0.57
1.10
1.90
0.71
1.56
2.06
2.75
2.70
1.06
2.00
2.04
3.42
2.96

Isothermal cure

Final

67.3
74.5
77.2
82.8
78.7
83.5
86.6
89.2
90.7
90.9
95.1
89.2
100
94.5

Conversion
added by
temperature
scanning,

%
13.5

7.1
4.6
13.2
10.0

5.0

9.1
3.1

0

Total
conversion,

%

80.8
84.3
87.4
91.9
93.5

94.2

100
98.2

100
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work. For the cure of DGEBA with more flexible trimethylenediamine or
hexamethylenediamine, however, the onset of diffusion control is delayed
in comparison with the formation of infinite network.

The values of rate constant fci for the chemically controlled region of the
curing reaction were determined from the slope of straight lines in Figure 8
and listed in Table I1l1. The rate constant increases with the increase
in the reaction temperature and also in the number of methylene units in
diamines.

Activation energies for the reaction of epoxide group in DGEBA with
primary amino group in ethylenediamine, trimethylenediamine, and hexa-
methylenediamine were determined to be 13.2, 13.7, and 12.9 kcal/mole,
respectively. These values are considered to be equal to each other and to
the values of model reaction of phenyl glycidyl ether with butylamine by
taking account of the accuracy of the experiments. Then, the difference
in foi should be caused by the difference in the preexponential factor.

It is supposed that the steric hindrance by the DGEBA molecule attached
to one end of diamine may affect the reactivity of amino group at the an-
other end, and if this should be the case, the influence of the steric hindrance
would be greater for diamine with shorter methylene units. The fact that
values of fcxfor the cure of DGEBA with diamines are not smaller than those
for model reaction would also be explained by the frequent presence of hy-
droxyl groups belonging to DGEBA in the neighborhood of the reacting
amino group.

Final Conversion of Curing Reaction

The final conversion of the isothermal cure of DGEBA with aliphatic
diamines and the conversion added by the temperature scanning were cal-
culated from the area of exothermic peak in DSC curves divided by the heat
of epoxide reaction with amine, determined for the model reaction. The
results are summarized in Table 11l and plotted against temperature in
Figure 9. The final conversion of isothermal cure increases with the
temperature. The increase in the number of methylene units in diamines
also provides in increase in the final conversion.

The temperature scanning of isothermally cured samples of DGEBA with
ethylenediamine and trimethylenediamine did not force the reaction to
completion, although the scanned temperature was raised well beyond the
glass transition temperature of the crosslinked system. The isothermal
postcure of the samples at 100°C in 2 hr and successively at 160°C in 24
hr gave almost the same results (total conversion of 80-90%) as the post-
cure by temperature scanning. Hence, it was ascertained that the curing
reaction of DGEBA with ethylenediamine and trimethylenediamine does
not reach 100% conversion, even by the postcure at elevated temperatures
above the glass transition temperature of the system. This fact would be
due to the restriction of segmental mobility of main chains and the sup-
pression of segmental diffusion of functional groups by crosslinking. The
effect of flexibility of hexamethylene chains seems to have overcome the
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Fig. 9. Final conversion of isothermal cure (0,A,Q) and total conversion added by
temperature scanning for the cure of DGEBA with diamines against the tem-
perature of isothermal cure.

effect of the suppression of segmental diffusion by crosslinking in the curing
reaction of DGEBA with hexamethylenediamine, where 100% conversion
is attained by the temperature scanning of the isothermally cured sample.

The final conversion of isothermal polymerization is considered to be
closely related to the transition of the polymer-monomer system from a
viscous liquid to a glassy state. This has been confirmed quantitatively for
the diffusion-controlled polymerization of methyl methacrylate.6 In the
present paper it is extended to the crosslinked system.

The crosslinking density was evaluated from the concentration of tertiary
amino group in the system.

The mole fraction of reacted primary amino group in total amino group
(gi) is related to the mole fraction of reacted secondary amino group in
total amino group (g2 by eqg. (13) and hence eq. (14) according to Kakurai
and Noguchi.®

dgi/dqi = n(gi - g2/(1 — qi) (13)
=1+ 1- qi)n/( - n) - (1 - <&*(1- n) (24)

The extent of conversion of epoxide group (X) is expressed by
X = (aoe0)(<? + ?B (15)

where n, a0 and e0 have the same definitions as in egs. (7) and (8). On
setting X in eq. (15) equal to the total conversion in Table 111 and by using
egs. (14) and (15) with n = 0.61 and a?/e0 = 0.55, the value of g2and hence
the crosslinking density v of the postcured DGEBA were calculated and
shown in Table 1V.

The glass transition temperatures (Tjj) of the postcured DGEBA with
diamines were measured with DSC. Typical DSC thermograms are shown
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TABLE IV
Glass Transition of DGEBA-Diamine Systems
Related to the Final Conversion (Xf)

Tem- Posteured
perature system Isothermal cure
of iso-
thermal v Lo K. VP X t,  (-“/)obs.
Diamine cure, °C mmole/g °C g-°C/mmole mmole/g % %
EDA 50 1.62 74 1.22 71 68, 74
EDA 60 1.74 78 52.3 1.41 76 77
EDA 70 1.86 79 1.61 81 83
TMDA 50 2.02 82 1.39 76 79
TMDA 60 2.07 83 46.1 1.61 82 84, 87
TMDA 70 2.10 77 1.82 87 89, 91
HMDA 50 2.20 74 1.62 85 91
HMDA 60 2.15 71 39.5 1.87 91 89, 95
HMDA 70 2.20 72 2.13 98 95, 100

in Figure 10 and values of Tgare listed in Table 1V. KweiZ2l has reported
the little lower values of T, than ours for the cured DGEBA with ethylene-
diamine and hexamethylenediamine. By taking account of his curing
condition of samples, the difference in T, would be caused by the difference
in the crosslinking density in both samples. The glass transition tempera-
ture of unreacted DGEBA and that of linear copolymer of DGEBA with
butylamine prepared from their equimolar mixture were also determined by
DSC and found to be —32 and —14°C, respectively.

As the glass transition temperature of crosslinked polymer (Tg increases
with the increase in molecular weight and crosslinking density, it would be
reasonable to express Tgby eq. (16),

T,= T,+ (AT9M+ (ATO, (16)

where Tmis the TOof the unreacted monomer mixture, (ATg Mand (AT1),
are the increases in Tg resulting from an increase in molecular weight and

Fig. 10. DSC thermograms of posteured DGEBA with diamines, unreacted DGEBA,
and linear copolymer of DGEBA with butylamine (scan rate 8°C/min, range 4).
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crosslinking density, respectively. Equation (16) can be transformed to
eq. (17), since the linear relationship of (AT,)uwith v has been established
by Fox and Loshaek2 with the assumption that the volume shrinkage
accompanying the formation of each crosslink is constant.

Ta= T,0-f (ATeM+ Kv a7)

ShibayamaZ has proposed the logarithmic relationship between (ATOy
and v which is consistent with the linear relationship by Fox and Loshaek
for the range of low crosslinking density as appeared in Table IV. Em-
ploying the values of vand T, for the postcured DGEBA with diamines and
taking the sum of Tmand (ATgMas —14°C, the value of K was calculated
for each DGEBA-diamine system. The assumption that the change in
conversion of epoxide is related only to the change in crosslinking density
would be reasonable for the later stage of curing reaction where infinite
network has already been formed.

Fig. 11. Calculated relations between X tOand the reaction temperature of isothermal
cure (solid lines). The experimental results of final conversion (O, A,D) and Tg (=,*,m)
are also illustrated.

The critical crosslinking density at which the system shows a transition
from viscous liquid to glass (vTg) was then calculated from eq. (17) by setting
Tgin eq. (17) equal to the temperature of isothermal cure and by using the
above-indicated values for To + (ATgM, and K. On introducing the
values of vIginto egs. (14) and (15), the critical conversion corresponding
to the transition of the system from viscous liquid to glass (X Tg) was ob-
tained. The calculated values of X Tg agree well with the final conversion
values of isothermal cure (X f) observed from the DSC data, as is shown in
Table IV. These results are visualized in Figure 11, where filled symbols
are experimental values of T,, solid lines represent the change in XTg
against reaction temperature calculated from egs. (14), (15), and (17),
and open symbols are the experimental results of final conversion. Thus,
it would be possible to predict the final conversion for the isothermal cure
of epoxy resin with diamines at any reaction temperatures as long as the
infinite network is formed.
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It is concluded from the above results that the curing reaction of DGEBA
with aliphatic diamines proceeds through the third-order mechanism, which
is followed by the diffusion-controlled mechanism at the later stage of con-
version, and the reaction ceases at a conversion where any segmental
diffusion of functional groups is suppressed because of the glass transition
of the system. This final conversion will be predicted by calculation based
on the theory on the glass transition temperature of crosslinked polymer
systems.
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Representation of Terpolymer Kinetics on
Triangular Coordinates

D. R. CRUISE and R. G. LACOMBE, Naval Weapons Center, China Lake,
California 98555

Synopsis

The ideal steady-state kinetics of polymer formation from two or more monomeric
species can be derived from basic rate equations by using the theory of discrete param-
eter Markov chains. Advantages are: (1) steady-state assumptions are not required;
and (2) a particularly lucid graphical visualization is possible for the case where there
are three monomeric species.

INTRODUCTION

Early work leading to the derivation of the kinetics of polymerization
from two or more monomeric specieslis well known. This derivation usu-
ally begins with very sophisticated steady-state assumptions. Indeed,
understanding such a process depends more upon an intuitive grasp of these
assumptions than upon the derivation.

A derivation leading to the same classic results can be obtained from
basic rate equations by using the theory of discrete parameter Markov
chains.2 With the aid of this theory it can be shown that a three-com-
ponent (terpolymer) process can be represented on a triangular graph in a
way that promotes visualization of both the kinetics and the mathematical
theory. This representation is possible because of the unique properties of
triangular coordinates which have been a subject of recent interest.3-5

It will be assumed here that only the end group of a polymer will affect
the probability that another specified group will be added to the chain. It
will also be assumed that all possible polymerization reactions occur with a
finite rate. Otherwise, special considerations beyond the scope of this
work would have to be made.

THEORY

Let the monomeric building blocks be denoted Mi, M2 and M3 and let
the polymers be denoted -Mi, -M2 and -M3 where only the terminal unit
is identified. A link is added to a chain by one of nine possible reactions.6

*Mj + Mj-> -Mj (1)
1373
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The reaction rates of these equations are taken to be
in = A*[M([-M,] &)

where is the rate constant and brackets denote concentration.

The conditional probability that a polymer, -My, will add a monomer,
Mi, is equal to the rate at which -My reacts with My divided by the total
rate at which <My reacts with all monomers.

p(i\j) = ?yi/(En + 3) (©)]
Combining egs. (2) and (3) yields

p(17) = feyiMI-Myl(vylIMI[-My] + kfi [MJ[sWy] + A“[M,][-My]) (4)

This may be rewritten
p(i\j) = KkijtgiZ(kji(i + kr2G2 + Kig-i) 5)

where gtis the monomer mole fraction,

0= Myl £, W]

In certain important cases gu and therefore p(i\j), may be considered to
be constant. One such case is in the early stages of polymerization, where
there is only an insignificant depletion of the monomer feed; another case
is where the monomer influx is deliberately controlled; and a third case is
the aziotropic situation, where the monomers add to the polymers in pro-
portion to their concentrations. Because these cases include most situ-
ations of practical importance, p(i\j) will be regarded as a constant in the
development that follows.

If fiw is the mole fraction of chains ending in M 4after n steps (super-
scripts in parentheses are to be distinguished from exponents), then the
mole fractions after n + 1steps are

hinl) = p(IDiw + p(n2wn + p(13)/30) ®)
| 2<+d = p@\ + p12)w + pR]3),»> @
frmtd) = p3I1)iE@ + pBRI2LW + p(313)/3N) ®)

from a basic rule of conditional probabilities.7 These may be rewritten in
matrix notation

7 i (nly p(i 1) P(12) p(I 3)" /iay
T4 = p2)pR2pR3) /29
f/ nil> _P(31) p(32) p(33)_ _39)

or
FOe+I) = pp(n)

This is the basic equation for a discrete parameter Markov chain, and shows
the probable change in composition (F) after one chain-linking step.
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The columns of the P matrix may be considered the composition trends
for the polymer type given by that column. For instance, the first column

P(1 1)
Pi2 1)
P 1)

contains the proportions in which polymer type sMi tends to add Mi, M2
and M3to the chain. It is only a trend because it must compete with the
trends for M 2and -Ms, which are given by the other two columns of the P
matrix.

The columns of the P matrix each sum to one. This may be established
from eq. (5) by summing over the index, i. Therefore, each column may
be plotted as a single point on atriangular graph. For example, the columns
of the following P matrix are plotted at the vertices of the small shaded
triangle in Figure 1

0.70 0.60 0.50
P = 0.20 0.35 0.25
0.10 0.05 0.25

Similarly, any three-by-three matrix will plot as a triangle if its columns
sum to one.

Since they are mole fractions, the entries in the column matrix F(!) also
sum to one and may be plotted as a single point on triangular coordinates.

Fig. 1. Matrix P on triangular coordinates showing the composition trends due to poly-
mer types -Mi, -M», and -M3
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It will be shown that many of the properties of P and F can be graphically
depicted to provide an insight into a polymerization process.

The entire triangular grid on which P is plotted may be called 1 because
it is the representation of the identity matrix

100
0 1 0 =1 (11)
0 0 1
Note that the columns of this matrix are plotted at the vertices of the tri-
angular grid.

A composition point, F(H), can be expressed as the product of itself with
the identity matrix.

~1 0 0 7 izn)"
poo = 0 1 0 12(0
0 0 1 hw
In expanded form, this product is
1 0 o
Foo = 0 + hfn) 1 + /3m o (12)
0 o
which is more simply written
Fo> = [i"Vi + [ 2xnV2+ [XV 3 (13)
where Yt (for vertex) denotes the columns of I. Equation (13) may be
multiplied on both sides by P to obtain
0.70 0.60 “0.50
020 + /2> 035 + Jvn 0.25
_0.10 oo 0.25
or
F(+D = jfijwVvj' + [jWwV,"' + /.wv,’ (24)

where the Vv / are the columns of the matrix P. It is apparent—note the

similarity of egs. (13) and (14)—that the point F(li+) has the same re-

lationship to the vertices of the triangle P that the point F@) has to the

triangle I. Geometrically, F(n+1) occupies the same position within the

triangle P that F (2 occupies within the triangle I, as shown in Figure 2.
Equation (10) may be repeated for successive steps

Foti> = ppw
ipnf2) _ pi(tt+l)
Combining these

F(+2) _ p2p(K) (15)
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Proceeding further, eq. (15) may be generalized to

ph) _ p*FO ("9

where F(© denotes the mole fractions of active monomers which initiate
the chain building processes. (Here, the exponent of P denotes raising that
matrix to the power of n.)

The second and higher powers of a matrix also may be represented on tri-
angular coordinates. The matrix P2is simply the matrix P plotted on the
coordinate system of P. The matrix P3is the matrix P plotted on the

Fig. 2. Matrix relationship PF<"> = F<* + llshowing the probable change in composition
due to a single chain linking step.

coordinate system of P2 and so on. Figure 3 graphically illustrates that P2
is oriented within P as P is oriented within 1.

Except for some special cases which will be discussed later, Figure 3
shows how terpolymerization approaches a steady-state condition. It can
be seen that PBand the point F() within it converge to a single point;
this is the steady state, or equilibrium point, and is the point that will
describe the composition of a polymer after a large number of steps have
occurred. Obviously, the smaller P is with respect to I, the fewer the steps

required to approach steady state.
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Fig. 3. The powers of a matrix showing convergence toward a single composition point.

Because of the convergence of Pnand F(n), the value of F@® approaches
that of F(n+1) as n becomes large.
lim_ PF@ = lim_ F@ 17)
() (—o
or

pp(*°) _ pO) (18)

Equation (18) may be considered a basic equation for steady-state terpoly-
mer formation (its relation to better known forms of the terpolymer equa-
tion will be presented in the Discussion section).

Whenever the relation PF1'-1= \F(") holds, where Xis a scalar constant
(here equal to one), F(@) is called an eigenvector. Graphically, an eigen-
vector is a single point having the same coordinates in both P and 1 (Fig.
4).

The certain special cases of steady state terpolymer formation men-
tioned previously deserve brief discussion. Consider the situation where a
polymer, -Mi, will add only a like monomer, Mi. The P matrix in this
case will be

1 pl2 pd3)
0 p(22) p23)
0 pB2 p(33)J
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Fig. 4. The eigenvector property; the steady-state composition, F*, has the same geo-
metric relationship to both P and I.

Note that the first vertex of P corresponds to the first vertex of | (Fig. 5).
In this case, -Mi is an absorption state,2or “sink.” Once a chain acquires
an Mi link, it will always end in Mi. Except for negligibly few M2and M 3
links near the start, the polymer formed will consist entirely of Mi-

There also exists the possibility of two sinks (e.g., if -Mi adds only Mi,
and -M2addsonly M2. HerePis

10 p(13)
0 1 p(23
0 0 p{33)_

and two P vertices coincide with their corresponding | vertices (Fig. 6).
In this case, the P" triangle never approaches a single point because one
side never shrinks. Some polymers consisting almost entirely of Mi,
and some consisting almost entirely of M2will be formed. The amounts
of each type of polymer formed depend upon the number of active mono-
mers (/i(0),/20),/3Q) that form the first link of a chain. This is a departure
from the cases previously cited, where the steady state is completely in-
dependent of /i<Q, /20, and /30. When two or more sinks exist, eq. (18)
is not valid.
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Fig. 5. Relationship of I, P, and P2when a common vertex exists (-Mi adds only Mi)
showing convergence toward the vertex point, which represents a polymer of pure Mi.

Another special case is that for which the area of the triangle approaches
zero (Fig. 7). The steady-state result is still that of eq. (IS), but visualiza-
tion is difficult because the triangle has collapsed.

DISCUSSION

Monomer reactivity ratios are generally defined in terms of rate con-
stants :

72 = /A2
72 = kaskzi
. = ka/kii
Mm=m2="8=1
yis = kn/Zku
23 = kn/k3
132 = kzz/kzi

In terms of these ratios and the monomer mole fractions gt, the probability
equation (5) becomes

(ih/i'n) 1<i< 3
(ffiloi) + (/2 + {§sAH) 1< <3

(19
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Fig. 6. Relationship of I, P, and P2when two vertices are common to each triangle
(*Mi adds only Mi and -AR adds only AR). The steady-state composition cannot be
determined.

Equation (19) may be combined with eq. (18), the steady-state condition,
to obtain the usual forms of the copolymer and terpolymer equations.

Equation (18) is expanded
p(I1D/i + p(12)2+ p(13)/, =/i (20)
plI /i + p212),+ p2]3)/3=U (2D
P@IN/i + p@Bl2»+ VEI3)a = /a (22)

By using the relation p[I]/] + p[2lj] + p[3\] = 1, these equations may be
rewritten

[-p2]1D - oE1L + p(]2), + p(]3), =0 (23)
pIN/i + [—(12) - pBI2))/2+ p2]3)a =0 (24)
pEIN/i + pBl2), + [-p(113) - p(2j3))/a =0 (25)

In the copolymer case—where g3 is zero and therefore /3 p(3]I), and
p(3]2) are zero—eqs. (23) and (24) both reduce to

pIN/i = p(l12)/, (26)
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into which eq. (19) may be substituted
pol o+ gi) = tifi/(gi + 2%if2 (27)
Finally, the polymer mole fractions may be related to the monomer mole
fractions
fi _ ruth/gi) + .
h r2l(g2gi) + 1
This familiar form of the copolymer equation, with information from two or
more copolymer experiments, allows one to obtain numerical values for r12
and r4.8

Returning to the more general terpolymer case, egs. (20) and (21) can be
combined to eliminate/3

h = P12 B+ p23)pd2 + pEl2 pl3)

(28)

29
U p@Il) @+ p( 3R D+ pEINPRIY @9

A similar manipulation of egs. (23) and (25) to eliminatef2gives
fi = P(I12) p(113) + p(2[3) p(I[2) + y{3I2) p(l13) (30)

h p@IN pGBI2) + p(12) pGIN + p2]1) pRI2)
These are the terpolymer equations presented by Ham.9

This document has been approved for public release.
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Quinone Copolymerization. 1. Reactions of
p-Chloranil, p-Benzoquinone, and 2,5-Dimethyl-
/i-benzogninone with Vinyl Monomers under
Free-Radical Initiation

C. F. HAUSER* and NATHAN L. ZUTTY, Union Carbide Corporation,
Chemicals and Plastics, South Charleston, West Virginia 25303

Synopsis

The free-radical copolymerization reactions of p-chloranil, p-benzoquinone, and 2,5-di-
methyl-p-benzoquinone with vinyl monomers were studied. Reactions of p-chloranil with
styrene yielded copolymers of approximately 1:1 composition under avariety of reaction
conditions. A copolymer containing a block of 1:1 of styrene :p-chloranil and a block
of polystyrene was prepared. Several styrene-like monomers copolymerized with p-
chloranil to yield copolymers possessing considerable amounts of incorporated quinone.
p-Benzoquinone copolymerized with 1,3-butadiene and 2-vinyl-pyridine to yield co-
polymers of significant molecular weights. Reactions of 2,5-dimethyl-p-benzoquinone
with vinyl monomers did not yield any isolable polymeric products.

INTRODUCTION

Quinones have long been associated with polymer chemistry as retarders
or inhibitors to free radical vinyl polymerization. Consensus has been
that quifiones retard by addition to radicals, forming relatively stable semi-
quinones (1) which do not add to vinyl monomer [eq. (la)]. Some recent
publications on the inhibition of vinyl polymerization by quifiones, how-
ever, have demonstrated that semiquinones (1) once formed do not always
assume a passive role. Indeed, some of these species were active enough
to add to certain vinyl monomers and to a very limited extent, regenerate
polymer chains.1-4 Although the quinone/monomer ratios in the regener-
ated chains were minute, the quifiones were incorporated within the
chains and not present solely as endgroups.

Alore recently, Tudos5studied the inhibition to vinyl polymerization by
certain quifiones and observed the occasional incorporation of quinone into
the polymer products. As an explanation for the incorporation phenom-
enon, Tudos involked the hypothesis of “hot radicals” in solution. In this
hypothesis, a vibrationally-hot semiquinone [I, of eq. (la)], generated via

* To whom inquiries should be addressed.
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R R R R
H
I— CH~— C (1b)
' |
R

2hain regeneration)

No addition or *1°)
radical  Vvery slow addition
reaction of quinone with radical, may use its excess energy either for re-
action with vinyl monomer and generation of the polymer chain [eq.
(Ib)] or transfer that energy to the medium and yield an inactive (cold)
radical [eq. (Ic) ]

Whatever the exact nature of chain propagation, the above facts and
hypothesis implies that under the proper conditions considerably larger
concentrations of quinones could be incorporated into polymer backbones
than have been observed to date. Indeed, the proper combination of
quinones, vinyl monomers, and reaction conditions might bring about a high
degree of copolymerization and, as a primary goal, the direct formation of
aromatic-aliphatic polyethers, --0—C",—CHo—CH"hB We have re-

|
z

acted a number of quinones with selected vinyl monomers under free-

radical, vinyl polymerization conditions and are reporting some of our
observations in this paper.

EXPERIMENTAL

Materials

The quinones were purchased and purified by threefold recrystallization
from dry toluene or benzene, followed by two vacuum sublimations.
The vinyl monomers were purified by distillation through a spinning band
distillation column or by repeated recrystallization from dry solvents.
The solvents were dried over 4-A molecular sieves (product of Union
Carbide Corporation) and distilled through a spinning band column.

Polymerization Procedures

While under a nitrogen atmosphere, pressure tubes were charged with
reactants, solvent (if other than vinyl monomer), and catalyst. The tubes
were capped and placed in a rotating, constant temperature bath. Upon
completion of the desired reaction periods, the contents of each tube were
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mixed with enough benzene (dimethyl sulfoxide or N ,N-dimethyXorm-
amide if the polymer was insoluble in benzene) to give a pourable solution,
and insoluble quinone was removed by filtration. The benzene filtrate was
poured with stirring into a large excess of methanol, and the precipitated
product, if any, collected by filtration. Final purification was accom-
plished by solution and precipitation (3 times) from benzene (or DMF)/
methanol, whereupon the product was dried in vacuo at 40°C for 24 hr.
Reduced viscosities were measured in a Ubbelohde viscometer at 25°C.

RESULTS

Reactions of p-Chloranil with Styrene

Some years ago Breitenbach6 reported the bulk copolymerization of
p-chloranil with styrene to yield a copolymer of 21 000 number-average
molecular weight and a structure approximating a 1:1 alternating styrene:
p-chloranil (11). Breitenbach postulated that the quinone entered the
polymer via its carbonyl groups to afford the aromatic-aliphatic polyether

Il [eq. (2)].

We have attempted, by variation of reaction conditions, to prepare co-
polymers of the type Il of higher molecular weight than reported in the
above reference. In this attempt, we were unsuccessful. We did show,
however, that copolymers of approximate 1:1 structures could be prepared
from styrene and p-chloranil under a variety of reaction conditions. The
data for these experiments are recorded in Table I, wherein styrene was
utilized both as reactant and solvent by being present in 4:1 molar excess
to the quinone.

The effect of p-chloranil purity upon the copolymer yield and reduced
viscosity is demonstrated by experiments 1 and 2. With the exception of
the latter experiment, the p-chloranil utilized in this paper was purified by
threefold recrystallization from dry toluene, followed by two vacuum sub-
limations. The sublimations were necessary because the last traces of
2,3,5,6-tetrachlorohydroquinone could not be removed by recrystallization,
as evidenced by the presence of minute amounts of the fluffy material
always present in the recrystallized quinone.

Recrystallized and sublimed p-chloranil was utilized in experiment 1,
wherein after 18 hr at 70°C (benzoyl peroxide initiator) a copolymer of
reduced viscosity 0.19 (benzene) was obtained in 61% yield. Under similar
conditions threefold recrystallized, but unsublimed, p-chloranil provided a
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copolymer of reduced viscosity 0.08 in only 6% vyield. Apparently, the
small quantity of hydroquinone present in the second experiment was
sufficient to retard the copolymerization reaction and significantly reduce
the chain length of the resulting copolymer. On the basis of Tudos’
postulate,6 hydrogen atom transfer from the hydroquinone to “hot” semi-
quinone (I, R' = CI) could have reduced the number and length of growing
polymer chains.

The copolymer of reduced viscosity of 0.19 (expt. 1) was shown by os-
motic pressure (chlorobenzene solution) to possess a molecular weight of
15 900 or a DP of about 45 (based upon an alternating structure). Elemen-
tal analysis for chlorine corresponded to an incorporation of 1.22 equiv-
alents of styrene per equivalent of p-chloranil.

A comparison of experiment 1 with experiments 3 and 4 shows the in-
fluence of initiator concentration (benzoyl peroxide) upon the yields and
properties of the copolymers. In contrast to the 2.2 mole-% utilized in the
first experiment, a concentration of 1.3 mole-% (expt. 3) afforded a copoly-
mer of reduced viscosity 0.10 in 48% yield. Further reduction of initiator
concentration to 0.25 mole-% (expt. 4) provided a copolymer in only 3%
yield, but of similar reduced viscosity (R.V. = 0.10). Although the yields
diminished directly with decreasing initiator concentration, the copolymer
molecule weights fell to a minimum value corresponding to a reduced vis-
cosity of 0.10 and remained at that point. It is interesting to note that
throughout the range of initiator concentrations, the compositions of the
resulting copolymers remained nearly constant. Concentrations of 2.2,
13, and 0.25 mole-% afforded copolymers of 1.22, 1.23, and 1.29 equiv-
alents of styrene per equivalent of p-chloranil, respectively.

Experiments 5-9 show the reactions of styrene with p-chloranil under
initiation by free-radical generators other than benzoyl peroxide. In
experiments 5 and 6, azoisobutyronitrile (AIBN) was used at 50 and 60°C,
respectively, to afford copolymers of reduced viscosity 0.14 and of similar
composition. The oidy apparent difference in the two reaction products
was the 2-fold increase in yield accompanying the increase in reaction
temperature from 50°C to 60°C. Interestingly, chlorine analysis indicates
more nearly 1:1 copolymer structure than was obtained with benzoyl
peroxide as initiator.

Initiation by acetyl peroxide (expt. 7) and ;erf-butyl peroxide (expt. 8)
provided copolymer products in only 6% and 4% vyields, respectively.
The acetyl peroxide product (R.V. = 0.10) contained styrene and p-chlor-
anil in 1.24 mole ratio, whereas the product from /erf-butyl peroxide (RV
= 0.4) possessed a ratio of 1.59. The latter product contained a some-
what larger amount of incorporated styrene than was provided by prior
initiators. The low yield of relatively low molecular weight copolymer
may be indicative of a ceiling temperature in the vicinity of the reaction
temperature (110°C) which in the process of chain propagation and “un-
zipping” could have allowed the preferential build-up of styrene at the
expense of p-chloranil.
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Lupersol 11 (¢eW-butyl peroxypivalate) was used as initiator in experi-
ment 9 to afford a copolymer of reduced viscosity 0.19 in 41% vyield.
Elemental analysis for chlorine showed this copolymer to have a similar
composition to those prepared under initiation by benzoyl peroxide.
From a preparative viewpoint, therefore, Lupersol 11 at 40°C, A1BX at
60°C, and benzoyl peroxide at 70°C are suitable initiator types and re-
action temperatures for the bulk copolymerization of styrene with p-
chloranil.

The final experiment in Table | was carried out at 70°C in the presence
of benzoyl peroxide with a 16:1 molar excess of styrene:p-chloranil (ex-
periments 1-9 utilized a 4:1 molar excess). Unlike the previous experi-
ments, wherein some quinone remained undissolved even at 70°C, com-
plete solution was effected by this concentration of styrene at the reaction
temperature. During the 88-hr reaction period, the reaction material
underwent a change from a bright orange-colored, nonviscous solution to a
pale yellow-colored, viscous solution. The disappearance of the initial
orange color, the color of p-chloranil in solution, indicated that all the free
qguinone had been consumed. In experiments 1-9, the reaction products
still possessed bright orange colors. Workup of the reaction product from
Experiment 10 afforded a 99% yield (based on p-chloranil and 4.23 equiv-
alents of styrene per equivalent of p-chloranil) of polymer of reduced
viscosity 0.33. The high concentration of incorporated styrene probably
means that the product was a mixture of styrene/p-chloranil copolymer
plus polystyrene. Styrene and p-chloranil copolymerized in a ratio of 1.2
(1.3): 1.0, respectively, in a 4-fold molar excess of styrene, and a similar
copolymerization ratio would seem logical with a 16-fold excess. One
would assume, therefore, that the two monomers copolymerized in an
alternating fashion until most or all of the p-chloranil had been consumed,
whereupon styrene homopolymerization prevailed. In such a reaction
sequence, a block polymer would have been formed which contained
blocks of 1.2(1.3):1.0 of styrene:p-chloranil and blocks composed largely
of polystyrene. The dilution effect by styrene provided a somewhat less
brittle product than is characteristic of the alternating copolymer, but
considerably more brittle than polystyrene of similar reduced viscosity.
Indeed, the copolymer product was too brittle to be shaped into a plaque
and subjected to a stiffness-temperature determination.

It is of interest to note that all the polymer products of Table I possessed
a strong, broad absorption in the infrared from 9.4 to 10.4 n with an apex
at 10.1 /u7 This similarity indicates a uniformity in product structure.
The absorption was somewhat weaker for the product from experiment 10
(high styrene incorporation) than for the other copolymers, but neverthe-
less that product possessed a definite apex at 10.1 n. This absorption
arises most probably from the aliphatic-aromatic ether linkage but is
seen at a somewhat longer wavelength than expected. The influence of
four nuclear chlorine atoms of the p-chloranil residue may account for the
longer wavelength.7



QUINONE COPOLYMERIZATION. 1 1391

Reactions of p-Chloranil with Vinyl Monomers Other than Styrene

The copolymerization reactions of p-chloranil with a number of vinyl
monomers are recorded in Table Il. In experiments 1, 2, and 3, acrylo-
nitrile was reacted in 4:1 molar excess to quinone at 40, 70, and 110°C,
respectively, to yield products containing small amounts of incorporated
quinone. The intrinsic viscosities of these products diminished progres-
sively from 4.07 to 1.18 to 0.34 with increasing reaction temperatures.
Apparently the quinone became a better polymerization retarder at higher
temperature, due at least in part to its increased solubility in acrylonitrile.

The copolymer from the 70°C reaction, [r] = 1.18, was analyzed for
incorporated p-chloranil by use of the Mark-Houwink relationship8 (calcu-
lations based upon polyacrylonitrile). The analysis indicated a weight-
average molecular weight of 86,970, corresponding to a DP of about 1,640,
which in consideration of the chlorine analysis shows that nine p-chloranil
molecules had been incorporated into an average polymer chain. Al-
though nine molecules per chain represents only a 0.6 mole-% copoly-
merization, it does provide evidence that the p-chloranil actually was in-
corporated into the polymer backbone rather than functioning solely as an
inhibitor and being present only as end groups.

The weight-average molecular weights were also calculated for the
products from the 40°C and 110°C experiments. Molecular weights of
453,200 and 16,500 were obtained, respectively, which correspond to
degree of polymerizations of 8550 and 300. These data, together with the
elemental chlorine analyses, indicates that 21 molecules of p-chloranil were
incorporated per average chain at 40°C and 17 molecules per average chain
at 110°C.

p-Chloranil could have been incorporated into the acrylonitrile chain by
way of its carbonyl groups to form a polyether linkage. We surmise that
the acrylonitrile underwent homopolymerization until the growing chain
reacted with a p-chloranil molecule to interrupt the homopolymer sequence

and form the semiquinone I1l. This oxygen radical could have unzipped
to yield the growing chain of the homopolymer and p-chloranil, or it
cN a a
R— CH —CH + O o
a d4a
CN
m. + CH— cil— CN ill —CH— CH Polv mer 31

could have undergone a slow addition with acrylonitrile [eg. (3)]. The
latter route would have led again to a carbon radical and a relatively rapid
chain growth of the homopolymer.

A random incorporation of p-chloranil appears to have taken place over
the temperature range of 40-110°C. The lowest number of incorporated
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quifiones was 9 for the 70°C experiment and differed by a factor of 2.3
from the highest number (21) for the 40°C experiment. However, the
number of incorporated p-chloranils per acrylonitrile increased by some 22
times within the same temperature limits. The temperature increase
facilitated the ability of the quinone to react with a growing chain, but it
changed little the reactivity of the resulting radical toward monomer and
chain regeneration. Within the limits of experimental error, therefore, the
reactivity of radical 111 with acrylonitrile monomer appears to be tem-
perature-independent.

Six monomers, in addition to acrylonitrile, were reacted with p-chloranil
at 40°C, and the data for these reactions are tabulated in experiments 4-9
of Table Il. Ethyl acrylate, vinyl acetate, and 1,3-butadiene when re-
acted in bulk (4:1 molar excess of monomer:quinone), and maleic an-
hydride when reacted in DAIF solution, all failed to produce isolable poly-
mer products. Indeed, the reaction mixtures, once the initial mixing was
complete, did not appear to undergo any change in color or consistency
during the reaction period.

However, reactions at 40°C with 2-vinylpyridine (expt. 8) and with
TV-vinylcarbazole (expt. 9), both in the presence of tetrahydrofuran solvent,
afforded low yields of polymeric materials. The material derived from the
2-vinylpyridine experiment analyzed for 2.68 wt.-% nitrogen, an analysis
somewhat below that expected for 1:1 stoichiometry (3.99%), and pos-
sessed a reduced viscosity of 0.25 in DAIF. The infrared spectrum of the
jet-black product showed a strong, broad absorption with an apex at 3.0 ¢
and strong, sharp absorptions at 59 ~ and 9.0 - However, the material
was quite brittle and a stiffness-temperature relationship could not be
obtained. The product derived from A-vinylcarbazole was of low molecu-
lar weight (RV = 0.05) and composed largely of poly-N-vinylcarbazole, as
indicated by infrared data and elemental analysis for chlorine.

Sixteen monomers were reacted with p-chloranil at 70°C. Bulk reactions
(4:1 molar ratio of monomer:quinone) with ethyl acrylate, maleic an-
hydride, vinylidene chloride, 1,1-diphenylethylene, 2-chloroacrylonitrile,
vinyl isobutylether and bicycloheptene all failed to yield isolable polymer
products (expts. 10-16). A chlorobenzene solution reaction of vinyl-
triphenylsilane (expt. 17) also failed to provide an isolable product. None
of these reaction mixtures, once initial mixing was complete, appeared to
undergo any change in color or consistency during the reaction periods.

A number of styrene derivatives reacted with p-chloranil. p-Methoxy-
styrene (expt. 18), vinyltoluene (expt. 19), o-chlorostyrene (expt. 20), and
p-chlorostyrene (expt. 21) all reacted in bulk to yield polymeric products.
The p-methoxystyrene reaction provided a good yield of a material of
reduced viscosity 0.15, but which contained only 6 wt.-% of incorporated
p-chloranil as indicated by elemental chlorine analysis. An infrared
spectrum of the product was similar to that of polymethoxystyrene.

The reaction with vinyltoluene (composed largely of the para isomer)
resulted in a good yield of a copolymer of reduced viscosity 0.14. Ele-
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mental analysis for chlorine showed the presence of 1.3 equivalents of vinyl-
toluene per equivalent of quinone. A strong, broad absorbance was
observed in the infrared between 9.4 and 10.4 xwith an apex at 10.1 ix, but
no carbonyl absorbance was seen. The former absorptions were of similar
shape and position to absorptions noted for the styrene/p-chloranil co-
polymer, both probably resulting from the aliphatic-aromatic ether linkage.

Reactions with o- and p-chlorostyrenes resulted in good yields of poly-
meric products. However, infrared and elemental analyses showed these
products to be quite different. The product from p-chlorostyrene was a
copolymer of reduced viscosity 0.32 which, according to elemental chlorine
analysis, contained 1.75 equivalents of monomer per equivalent of p-chlor-
anil. An infrared spectrum showed considerable similarity to the styrene/
p-chloranil copolymer, particularly to the broad, strong absorbances
between 9.4 and 10.4 x The copolymer could be pressed into a plaque at
185°C but was so brittle that it fell apart during removal from the mold.
The product derived from o-chlorostyrene, however, was of considerably
lower molecular weight. That product possessed a reduced viscosity of
0.05 and elemental chlorine analysis showed a 7:1 molar relationship
between monomer and quinone. Infrared absorbances were seen at 9.65
and 10.15 g, but were of different shapes from those of the p-chlorostyrene/
p-chloranil copolymer.

The location of nuclear chlorine appeared to have a marked influence
upon the copolymerizabilities of o-chloro- and p-chlorostyrene with
p-chloranil. Chlorine in the ortho position considerably reduced the
styrene reactivity and was relatively effective in short-stopping the co-
polymer chain growth. A para chlorine, however, seemed to enhance the
styrene reactivity as determined by the reduced viscosities of p-chloranil
copolymers with p-chlorostyrene versus that with styrene (0.32 and 0.19,
respectively). One could surmise that steric factors were the major cause
of disparity between the o- and p-chlorostyrenes, but electronic factors
(charge-transfer complexing) probably were responsible for the disparity
between styrene and p-chlorostyrene.

I,I-Bis(p-Methoxyphenyl)ethylene reacted with p-chloranil in the
presence of chlorobenzene (expt. 22) to afford a low yield of polymeric
material of reduced viscosity 0.02. Elemental chlorine analysis showed the
presence of 2.5 equivalents of monomer per equivalence of quinone.

A-Vinylcarbazole in benzene (expt. 23) and methyl a-chloroacrylate in
bulk (expt. 24) polymerized in the presence of p-chloroanil to afford poly-
meric products possessing little incorporated quinone. Reaction with
A-vinylcarbazole gave a fair yield of a brown material of reduced viscosity
0.17, whose infrared spectrum and elemental chlorine analysis generally
agreed with those for poly(N-vinylcarbazole). Reaction with methyl
a-cliloroacrylate gave a fair yield of polymer of reduced viscosity 2.02.
However, infrared and elemental analysis showed the polymer consisted
largely of poly(methyl a-chloroacrylate).

2-Vinylpyridine reacted with p-chloranil at 70°C in bulk, as it did at
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40°C in THF, to provide an excellent yield of copolymer product (expt. 25)-
The copolymer was a jet-black material resembling carbon in appearance,
and possessed a 4.1:1 molar ratio of monomer:quinone as based upon
elemental chlorine analysis and the molecular weights of the reactants.
Series of broad, strong absorbances were observed in the infrared between
2.7-4.4 [i and 12.3-13.7 ji, together with sharp, strong absorbances at 6.15
6.3, and 6.98 ix The copolymer possessed a reduced viscosity of 0.29, and
could be drawn from a melt into short, but distinct fibers. At this time,
however, the structure of the polymer is unknown.

Reactions of p-Benzoquinone with Vinyl Monomers

p-Benzoquinone was reacted with a series of vinyl monomers and the
results of these reactions recorded in Table I1l1. Most of the experiments at
40°C and 70°C, and neither of the two experiments at 110°C, provided
evidence for any significant degree of copolymerization. In most cases the
reaction mixtures, once initial mixing was complete, did not vary in color
or consistency over the course of reaction periods of 2-3 days.

The reactions with styrene at 70 and 110°C (expts. 13 and 23, respec-
tively) provided low yields of quinhydrone, a 1:1 molecular complex of
quinone with hydroquinone. The degree of quinhydrone formation,
previously observed during the polymerization of styrene inhibited by
minute quantities of p-benzoquinone,9was temperature-dependent, with a
larger quantity being isolated from the 110°C experiment. Hydroquinone
could have arisen by hydrogen atom abstraction by quinone, possibly via a
charge-transfer complex, from very low molecular weight polystyrene or
quinone-styrene copolymers. The fate of the radicals resulting from such
hydrogen abstraction is unknown, although the removal of solvent from the
quinhydrone-free reaction mixtures resulted in isolation of tacky residues.
It would seem that if the system were capable of transferring hydrogen
atoms to quinone or semiquinone, the addition of these same species to
styrene monomer would also occur. However, no significant degree of
polymerization was observed under the utilized conditions.

One copolymer of significant molecular weight was isolated from the
40°C reaction series. 1,3-Butadiene reacted with p-benzoquinone (expt.
12) to provide a copolymer of reduced viscosity 0.10 in fair yield. Ele-
mental analysis for carbon established a 1.2:1 molar relationship between 1,3-
butadiene and quinone. A strong infrared absorption was observed at
5.9 n, implying that part or all of the quinone carbonyl groups were intact
in the copolymer and that the quinone copolymerized by some means other
than via its carbonyls. A mechanism which could give the above results
is shown in eqgs. (4). The butadiene is expected to have polymerized 1,4,
and the proposed mechanism would maintain intact part or all of the
carbonyls. The presence of carbonyl groups in the polymer chain might
enable use of this material as a redox polymer.10

1,3-Butadiene and 2-vinylpvridine were the only monomers in the 70°C
reaction series which reacted with p-benzoquinone to yield isolable polymer
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products. Reaction with 1,3-butadiene (expt. 21) afforded a 13% yield of
copolymer of reduced viscosity 0.03. The product possessed a 2:1 molar
relationship between diene and quinone, as established by elemental carbon
analysis, and exhibited a strong infrared absorption at 5.9 - Interestingly,
the increase in reaction temperature from 40°C to 70°C had a marked
effect upon the molecular weights of the butadiene copolymers, resulting in
decreased reduced viscosities from 0.10 to 0.03, respectively.

Reaction with 2-vinylpyridine (expt. 22) afforded a high molecular
weight copolymer in fair yield. The product possessed a reduced viscosity
of 1.16 and a strong, broad carbonyl absorbance in the infrared. However,
elemental analysis for both carbon and nitrogen were considerably lower
than expected for a 1:1 copolymer or for any other simple combination of
monomers. The infrared spectrum and carbon analysis for the reaction
product were quite different from those of poly-2-vinylpyridine, but the
presence of nitrogen established that at least part of the 2-vinylpyridine
residue was present in the product. At present, the structure of this
material is unknown.

R + CFL=CH— CH=CR —» R—CIlL— CH=CH— CH'

1 |

Further polymerization Further polymerization

Reactions of 2,5-Dimethyl-p-benzoquinone with Vinyl Monomers

2,5-Dimethyl-p-benzoquinone was reacted with a series of monomers and
the results of these experiments are tabulated in Table IV. No polymer
products could be isolated from any of the reactions. Indeed, 2,5-dimethyl-
p-benzoquinone acted as a very efficient inhibitor, in spite of the fact that
the utilized monomers encompassed a wide range of double bond reactivities.
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TABLE 1V
Reactions of 2,5-Dimethyl-p-benzoquinone with Vinyl Monomers8

Expt. Temp, Time, Yield,

no. Monomer °C hr Solventb Initiator” %
i Styrene 40 48 Monomer Lupersol 11 N.R
2 Acrylonitrile 40 48 Monomer Lupersol 11 N.R
3 Vinyl acetate 40 48 Monomer Lupersol 11 N.R
4 Ethyl acrylate 40 48 Monomer Lupersol 11 N.R
5 Isobutylene 40 48 Monomer Lupersol 11 N.R
6 1,3-Butadiene 40 48 Monomer Lupersol 11 N.R
7 A-Vinylcarbazole 40 48 THF Lupersol 11 N.R
8 p-Methoxystyrene 70 37 Monomer Bz0 2 N.R
9 Styrene 70 37 Monomer BzOj N.R
10 1,1-Diphenylethylene 70 28 Monomer Bz02 N.R
n Acrylonitrile 70 28 Monomer Bz02 N.R
12 Vinylidene chloride 70 28 Monomer Bz02 N.R
13 Vinyl acetate 70 28 Monomer BzO. N.R
14 A-Vinylcarbazole 70 28 Benzene Bz0 2 N.R
15 Bicycloheptene 70 28 Benzene Bz0 2 N.R

8Quinone purified by recrystallization three times from toluene and vacuum sublimed
twice.

b When monomer is referred to as solvent, 4 equivalent of monomer per equivalent of
quinone are employed. When a special solvent is used, the quinone and monomer are
used in 1:1 molar ratio and the solvent is present in 10 mis. per 0.012 mole of quinone.

c Initiators used in 1.3 mole-% based upon the quinone.

CONCLUSION

We have established that both p-chloranil and p-benzoquiuone, but not
2,.5-dimethyl-p-benzoquinone, can be made to undergo copolymerization
reactions with certain vinyl monomers under specific experimental con-
ditions. Charge-transfer complexes may have played definitive roles in
these reactions, or as more often the case, in the non-polymerization re-
actions. Indeed, highly colored mixtures were observed in almost all of
the experiments upon admixture of reactants. A general classification of
these reactions is shown in egs. (5).

Quinone incorporation
(significant)

Quinone
+ Quinone incorporation (5)
Vinvl monomer (slight)
Inhibition

[Charge-transfer complex]

With p-chloranil, a number of “significant” and “slight” quinone in-
corporation reactions was observed. With p-benzoquinone, two “signifi-
cant” incorporations were observed, whereas only inhibition was noted with
2,5-dimethyl-p-benzoquinone.
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The Reactive Intermediate in Acetylene
Polymerization: Results of Quantum Chemical
Calculations on Charge Delocalization and
Its Consequences
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Synopsis

The darge delocalization in the conjugated vinyl intenrediiates, which are assured
to ke the reactive intermrediates in acetylene polyrerization, is calculated, taking into
acoout aasswdl asr electras.  Delocalization is shoan to exdst, but it is of adifferent
kind for cations and aniars.  1n the anion, the a darge is localized at the reactive center
ad the wdhange is displaced into thesystem  1n the catiors, the a darge flons tonarcs
the reactive center and the wdnarge is nore or less ureffected  7r-overlgp darges be-
tween the cartoion atons are nuch less affected than in the case of the corespoding
aliyl type anion and cation  The calaulated charge delocalizations are conpared with
the little experimental evidence there is, ad possible inplicatiors of = ad « delocaliza
tiors on reactivity and spedificity of reection are discussed

INTRODUCTION

It is a long-established practice in the study of polymerization kinetics to
assume that the rate of propagation is independent of the length of the
propagating species. This assumption has generally led to consistent
results in the case of polymerization of vinyl monomers. In the relatively
few cases in which the polymerization of acetylenic monomers into linear
polymers has been studied, it has mostly been assumed, on the other hand,
that an interaction between the reactive center and the conjugated back-
bone exists, which may be dependent on the length of the conjugated chain.

In this paper we want to discuss why it is very difficult to understand this
interaction without the use of extended calculations taking into account
both a- and ir-electrons, what conclusions may be reached after having
done the calculations, and how these apply to the special phenomena
encountered in acetylene polymerization. The conclusions will be mainly
of a qualitative or semiquantitative nature; the more quantitative aspects,
which have much wider implications than the polymerization aspects alone,
will be discussed in subsequent publications.

1403
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The reactive intermediate in acetylene polymerization, initiated by
either a cation, an anion or a free radical, will have the form of a vinyl-
intermediate, which is either a cation, an anion or a free radical, and we
shall use the asterisk (*) to indicate a reactive center, being one of the
three cases mentioned. We do not consider the polymerization initiated
by metal complex catalysts, as not enough is known about the nature of the
reactive intermediate.

Using the initiator I* on acetylene we can sketch the intermediate
schematically as structure 1| :

H H H
1 1 |

The organic chemist, using the terminology of classical 7r-electron molecular
orbital theory, will look at such a structure as follows.

If we placethe conjugated system inthe plane of the paper,the lobes of
the #orbitals willbe at a right angle to this plane.At the reactive center,
in the case of the anion, the free electron pair will occupy a a orbital within
the plane of the paper; in the free radical this orbital will have one electron,
and in the case of the cation, it will be empty. The irelectron theory which
considers explicitly only orbitals of ir symmetry, will assume that the
charge at the reactive center is localized. Using resonance structures,
which are the terminology of valence-bond calculations, will lead to ap-
proximately the same conclusion. The only structures that can be drawn
are for carbene resonance (I1)

or excited structures like I11.

As both types of structures cannot be considered to contribute a great deal
to charge delocalization, the terminology of the valence bond method too
leads us to conclude that the charge is mainly localized.

In the discussion section of this paper we shall describe some chemical
evidence that suggests charge delocalization in the intermediate during
acetylene polymerization does occur. Therefore we decided to do some
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calculations taking into account explicitly both a and x electrons. The
molecular orbitals are then formed as linear combinations of Is hydrogen,
and 2s and 2p carbon orbitals. For this the iterative extended Hiickel
method has been used.

This method has been described elsewhere.1 It is optimized to be self-
consistent in the charge distribution, and all our conclusions will be based
on charge considerations and not those of energy. We want to stress a few
points here.

The assumed geometry is not entirely realistic; all carbon-carbon dis-
tances in the conjugated system are taken as 1.41 A, and all carbon-
hydrogen distances 1.06 A. All angles in the conjugated system, be they

C
mCor C' H, have been taken as 120°:

In reality, angles deviate a few degrees from 120°, and the carbon-carbon
distances alternate between 1.36 and 1.44 A.

In energy calculations such an unrealistic model would lead to erroneous
results, because the total energy is of the order of thousands of kilocalories
and small deviations in the assumed geometry may cause errors larger than
the effect we are looking for. If we look at charge distribution, however,
an error of a few per cent will give a quantitatively slightly distorted
picture, but for the qualitative aspects of charge delocalization we are
interested in, the method is adequate. We have verified this in several
cases by repeating the calculation with a variation in geometry. The
reason for taking an idealized geometry is the fact that the bond distances
in the reactive intermediate are not known anyway, and by standardizing
the distances in all models studied, it is easier to follow the consequences of
changes made by removal of protons or electrons. The principle will be
understood when the results given in the next section are studied. It has
to be stressed again however, that the numbers given are not to be taken as
guantitative calculated charge densities, but as an illustration of < and
r-electron flow in the molcule, and as such they are interesting enough.
We shall consider three calculated quantities: the atomic <and x charges;
the overlap charge density; and the net atomic charge.

The atomic x charges are the diagonal elements of the charge bond-order
matrix referring to x orbitals and the atomic a chai'ges are the sums of the
diagonal charge bond-order elements referring to a orbitals at the atom
under consideration.
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The overlap charge density gives the electron density in the overlap re-
gion between two atoms and can be considered as a measure of bonding
between two atoms; it, too, can be separated into a § and a mr component.

Net atomic charge is the deviation from neutrality at a certain atom, and
is obtained in the point-charge approximation by combining the diagonal
densities with the appropriate fraction of the overlap charge and the
effective core charge. As the calculation method can only be applied to a
closed-shell electronic structure, we calculated only cations and anions.
We hope to be able to publish results on free radicals at a later stage.
Counterions were not taken into account for practical reasons, and this
has to be taken into consideration when comparing the calculated values
with experiment.

RESULTS

To get an idea what we are looking for, we shall first consider the ionic
structure obtained by removing a proton and electrons from the propylene
molecule. Figure 1 gives the calculated charge densities and overlap
charge densities in propylene. When a or %is not indicated we are con-
cerned only with < densities. Large circles indicate a carbon atom and
small circles a hydrogen atom.

0.539 0.520

Fig. 1. Electron densities (values in small print), overlap charge densities (large
print), in the propylene molecule.

We see that the double bond between Gi and C2corresponds to a 7r-over-
lap charge density of 0.376. The double-bond character of the bond
between O\%>and C3is smaller almost by a factor of ten.

In Figure 2 are pictured the electronic charges that occur when we remove
H7 from propylene, by which we obtain a familiar structure, the allylic
cation or anion, depending on whether we remove H7with or without two
electrons.



ACETYLENE POLYMERIZATION 1407

As we would predict from the simple resonance structures,

H H
% c-H
- /| C=CN\
H N
H— c: H—C\
\ H

x-overlap charges between Ci and C2 and C2and C3are equal, and show an
appreciable double-bond character, while the u-overlap charge is much less
affected. Some features we could not foresee are the decrease of charge
density on the hydrogens in the cation, and its increase in the anion. How
this delocalization influences the net atomic charges we see in Figure 3.

We see that the delocalization causes a spreading out of charge, which
we know from chemical experience and can approach intuitively by con-

0.605 0.665

0.472 0.436

Fig. 2. Electron densities (small print) and overlap charge densities (large print) in
the allylic structures, obtained by removing EL (.4) or Hj and two electrons (B) from

propylene.
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-0.050 -0.084

0.074 0.095

Fig. 3. Atomic charges in the allylic structures obtained by removing H7 (A) or H7and
two electrons (B) from propylene.

sidering resonance structures. If, however, we remove H. instead of H-
from propylene, which gives a vinyl species as sketched in Figure 4, we see
that again charge delocalization occurs, but according to a different picture.
In the anion the a charge density at Ci has increased by more than one
unit; in other words, after removal of the proton the < eleojjrons stayed
where they were. The itcharge density at Ci, on the other hand, has de-
creased to half its value, and at C. increased by about the same amount.
The ~-overlap charge densities between the carbons are much less affected
than in the case of the allyl ion. We see here the first example of a phe-
nomenon we shall encounter in all the conjugated vinyl anions to be studied,
namely, increase in a charge at the site of proton removal and flowing out
of -r charge into the conjugated system. Part of the charge is again taken
up by the hydrogens.

In the cation, on the other hand, we do not find the expected localized
hole, caused by the removal of two electrons and a proton from Ci. The
whole molecule has given up some <charge to fill the hole, and we find here
an entirely new phenomenon, that of <« delocalization. The r charge



ACETYLENE POLYMERIZATION 1109

0.671 0.584

0.458 0.455

Fig. 4. Electron densities (small print) and overlap charge densities (large print) in
the vinylic structures, obtained by removing IL or It, and two electrons from propylene.

densities are not much affected; neither are the a and x charge overlap
densities between the carbon atoms. That such a a delocalization can
cause the same kind of charge distribution as x delocalization we see in
Figure 5, where the net atomic charges are given for the propylene vinyl
cation. We are now in a position to distinguish three kinds of charge delo-
calization: (1) in the allyl type (the kind of delocalization we are familiar
with, acharge is more or less unaffected; x charge is delocalized, affecting
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0.093 0.095

0.095

0.187

Fig. 5. Net atomic charges in the propylene vinyl cation.

7r-overlap charge densities in a manner predictable from resonance struc-
tures; () in the vinyl anion type, a charge is localized at the ionic site,
but :r charge is displaced into the conjugated system; (3) in the vinyl
cation type, :r charge is more or less unaffected, but a charge is displaced
from almost all atoms present to equalize the charge developed at the
ionic site.

We shall encounter types (2) and (3) in the longer conjugated systems;
we shall describe these now so as to understand them in somewhat more
detail.

In Figure (G charge distributions are shown for butadiene and hexatriene.
Figure 7 shows the respective anions.

We recognize the same phenomenon as indicated with the propylene vinyl
anions: localized u charge at the anionic site and displacement of ir charge
into the conjugated system. In the hexatriene anion the wcharge at C: is
lower than that at C. in the butadiene anion, and this suggests that the
larger the conjugated system, the more wcharge is drained from the anionic
site. The tcharge is concentrated on the uneven atoms and especially at
Ci. Moreover the -r overlap charge density between C. and C. and C. and
Cs in the hexatriene anion has increased, and between Ci and C2 C; and
C., and Co and Cs it has decreased. There seems, then, to be some con-
tribution from carbene resonance, if we want to use that language:

H H

H

All the hydrogen atoms have again taken up part of the charge. Figure s
shows the charge distribution for the cation case. Here, too, we see our
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0.529

0.530

Fig. 6. Electron densities (small print) and overlap charge densities (large print) in the
butadiene and hexatriene molecule.

previous observations confirmed, but we also see that the § delocalization
levels off with distance from the positive center; a charge at Ci is barely
affected in the hexatriene cation, x charge is displaced in the direction of
the positive center somewhat more in the hexatriene case than in the
butadiene case.

In summary, in the vinyl anions a charge is localized at the negative
center, x charge is displaced into the conjugated system and concentrates
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0.65D

0.575

Fig. 7. Electron densities (small print) and overlap charge densities (large print) in
the vinylic anions, obtained by removing llio from butadiene and Hh from hexatriene.

at the uneven atoms, especially at Ci, the itbond orders are affected in the
way we would expect from carbene resonance. The longer the molecule,
the more # displacement we find. In the vinyl cation the positive charge
is equalized by a displacement, but in the longer molecule the flow of ir
charge increases while a displacement works at shorter range. 1. both
cases the hydrogens take part in the charge delocalization, but in the cation
this effect levels off more with distance than in the anion.
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Fig. 8. Electron densities (small print) and overlap charge densities (large print) ill
the vinylic cations, obtained by removing Hi» and two electrons from butadiene and 1M
and two electrons from hexatriene.

How these electron displacements influence the atomic charges in the
molecule we illustrate in Figures 9 and 10, where the atomic charges for the
different species are given. From the different figures given here it is clear
that the vinyl intermediate in acetylene polymerization is strongly de-
localized, but that the delocalization works according to a different mech-
anism in cation and anion. Both mechanisms are again different from that
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-0.109

Fig. 9. Net atomic charges in the butadiene vinyl anion and cation.

found in an allyl species. We shall now have to find out how these calcu-
lated charge delocalizations agree with experimental evidence.

DISCUSSION

We have found a significant difference in delocalization mechanism for
cations and anions. A qualitative explanation of this phenomenon may
be, that in the cation a low-lying a orbital is vacant, and thus a reorgani-
zation of a charge is energetically favorable. In the anion, on the other
hand, usually there are no available a atomic orbitals in the energetically
favorable range which could participate in the reorganization of a charge.

As mentioned in the introduction, we were not able to calculate the
structures with unpaired electrons, and we shall have to speculate about
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-0.094

0036

Fig. 10. Net atomic charges in the hexatriene vinyl anion and cation.

what kind of delocalization will occur in the conjugated vinyl radical.
As in a free radical, a low-lying u orbital would be half filled, without excess
charge being present, a reorganization of a charge is still plausible, while
:r delocalization, which in the anion seems to be caused by the excess
charge at the reactive center, is less liable to occur.

Some features in acetylene polymerization that have been explained by a
growing chain that is gradually inactivated by delocalization, are: (1) low
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molecular weight in comparison with the corresponding vinyl monomer
under identical polymerization conditions...s (-) a yield of polymer
linearly proportional to the initiator concentration..s: (3) a molecular
weight independent of the monomer:initiator ratio...s. (4) for radiation
initiation, a linear dependence of polymerization rate on the radiation dose
rate, which was taken by the authors as a sign of monomolecular termi-
nations and (s ) polymerization rate independent of the presence of oxygen:s
(s ) for anionic polymerization: the anionic polymerization of acrylonitrile
can be terminated by chain transfer., the anionic polymerization of the
much more acidic cyanoacetylene seems not to be terminated by chain
transfer and is not sensitive to the presence of methanol .

Features (1)-(4) have generally been explained by the assumption that
the propagating reactive species in acetylene polymerization gets more and
more deactivation as it grows by electron delocalization into the conju-
gated chain.. in such a way that in the end it ceases to react, which causes
monomolecular chain termination. We have shown that this delocali-
zation could not be expected a priori to occur on the basis of classical
;r-electron theory. By taking into account < as well as it electrons, we
have seen that in conjugated anions delocalization occurs by 7r-electron flow,
and in conjugated cations by ¢-electron flow. Both types of delocalization
can be distinguished from the allyl type delocalization we are familiar with.
We know from chemical experience that allyl-type delocalization influences
reactivity as well as the reaction site in an intermediate: the allyl inter-
mediate Ci=C.—Cs* is known to be less reactive than the corresponding
propyl intermediate C—C—C* and is known to react at Ci as well as cs,
which is in accordance with the symmetrical electron distribution found in
the calculations.

About the place of attack in the conjugated vinyl intermediate we know
nothing, but about the reactivity of the anion some experimental material
has been published. By polymerizing acetylene in dimethyl sulfoxide
solution with anionic initiators, it is possible to produce living anions of
different degrees of polymerization, depending on the reaction conditions.
These anions are capable of initiating the polymerization of styrene or
acrylonitrile. It could be shown, however, that the longer the conjugated
chain, the less active the anion is to serve as initiator. This is good evidence
that the -r delocalization in conjugated anions described here decreases its
activity towards addition to a double bond. Much of the evidence given
in features (1)—4) has been collected on free-radical polymerization of
acetylenes, not much is known about cationic polymerization, so we are not
yet in a position to check whether the - delocalization found here influences
reactivity, although the low molecular weights found during cationic
polymerization of acetyleness suggest it does.

Features (5) and (:) suggest that conjugated vinyl free radicals are un-
reactive towards oxygen and conjugated vinyl anions unreactive towards
protons, while they are able to attack the triple bond and sustain the
polymerization. We mention this, because it suggests an interesting
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phenomenon, namely, that of the influence of charge delocalization on the
specificity of the reaction.

The authors are indebted to the Weizmann Institute of Science, Roswell Park Me-
morial Institute and the State University of New York at Buffalo for granting mutual
visits that made this work possible.
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Reduction of Pendent Ester Groups in Polycarbonates
by Use of Diborane

R. E. WHITE and Z. G. GARDLUND, General J\fotors Research
Laboratories, Warren, Michigan 48090

Synopsis

A series of polycarbonates with pendent ester groups have been synthesized. These
ester groups have been converted to hydroxyl functionalities by reduction with diborane
in tetrahydrofuran. The number of methylene groups in the pendent chain has a large
effect on the reducibility of the ester.

INTRODUCTION

Interest in the synthesis of hydroxylated polycarbonates, i.e., polycar-
bonates containing one pendent hydroxyl group in every monomeric unit,
led to the exploration of reductive hydroboration. The only previous study
of reductive hydroboration in polymer systems was reported by Hecht and
(Marvel,1 who successfully reduced carboxylic acid end groups in poly-
siloxanes without attacking the Si—0 linkages.

The polycarbonates in the work reported here were prepared from a series
of esters (1) with varying methylene chain lengths. Copolymers of Ic with
bisphenol A were also

la, =0

Ib, e=1

IC, e= 2
prepared and studied. Under the proper conditions, the pendent ester
group in the polycarbonates prepared from Ic are readily reduced to the
alcohol by diborane in tetrahydrofuran. Molecular weight degradation is
moderate, and excellent yields of the desired product are obtained.

DISCUSSION

Diborane in tetrahydrofuran is a very effective reducing agent for the
ester groups in these polymers. This is clearly shown in Figure 1. The in-

1419
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Fig. 2. Disappearance of ester as a function of reaction time.

frared spectrum of the polycarbonate from ethyl 4,4-bis(p-hydroxyphenyl)-
pentanoate (Ic) exhibits characteristic maxima at 1765 and 1725 cm-1 due
to the carbonate linkage and ester group, respectively. After reaction with
diborane, the ester group is reduced, while a new infrared maximum ap-
pears at 3350 cm-1 due to the hydroxyl group. Quantitative infrared and
elemental analyses show that the ester group is 80% reduced.

A plot of absorption at 1725 cm-1 (corrected for baseline and using the
aromatic maximum at 1500 cnrlas a standard) versus time in Figure 2
shows that reaction beyond 16 hr does not increase ester reduction signifi-
cantly. Reduction of the model compound ethyl 4,4-bis(p-dimethoxy-
phenyl)pentanoate under identical conditions yields a similar plot. Again,
the disappearance of the ester absorbance (corrected) is plotted against re-
action time. The reduction is 32% complete after 2 hr, 54% after 5 hr.
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and 90% complete after 28 hr. An additional reaction time of 20 hr re-
sults in an increase to 92% reduction.

Whereas lithium aluminum hydride under the same conditions not only
reduces the ester but also severely degrades the polycarbonate, the di-
borane-tetrahydrofuran system does not attack the carbonate linkages
significantly. This is illustrated in Table | where the results of diborane
reductions of a series of polycarbonates are summarized. An <S0% reduc-
tion in ester functionality would result in an approximately 10% reduction
of molecular weight.  For the polycarbonate of Ic, for example, if only ester
reduction took place, the recovered polymer should have a number-average
molecular weight of about 11700 + 1100, not the 6500 = 650 observed.
This indicates that some polymer degradation does take place. Acetyla-
tion of the reduced polycarbonate with acetyl chloride in pyridine yielded a
polymer with a very strong maximum at 1725 cm-1 and no absorbance at
3350 cm-1. The number-average molecular weight increased to 7000 +
700. This increase in molecular weight is further proof that 80% of the
ester moieties had been reduced to hydroxyl groups.

With the polymers from la and Ib, which have essentially identical ele-
mental analyses before and after reduction and almost unchanged infrared
spectra, little or no ester reduction is taking place. For Ib, the slight de-
crease in ester absorption shows that about 10% of the ester is reduced,
while in la there is no decrease in the maximum at 1725 cm-1 after reaction.
Thus, the changes in molecular weight for these two polymers are due to
polymer degradation.

The question arises, why is the ester group in the polycarbonate from Ic
reduced so readily, while in Ib it undergoes only a small amount of reduc-
tion and is unaffected in la? This may be answered in terms of steric
hindrance. In the polycarbonate prepared from ethyl 2,2-bis(/)-hydroxy-
phenyl) propionate (la), the ester group is attached directly to the back-
bone of the polymer. The bulkiness of the phenyl rings inhibits attack by
the complex,

\.

The steric quality of the carbonate linkages has not been changed. These
are still attacked by the reducing agent with resulting polymer degradation.

EXPERIMENTAL

Materials

All solvents were purified by stirring with the appropriate drying agent
followed by distillation. Tetrahydrofuran was distilled from lithium alu-
minum hydride, pyridine from barium oxide and diglyme from calcium
hydride. Diborane was purchased from Alfa Inorganics as a 1M solution
in tetrahydrofuran. Diborane was also generated in the laboratory using
the method of Zweifel and Brown.2
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Synthesis of Bisphenol Esters

Published procedures were used in the preparation of ethyl 4,4-bis(p-
hydroxyphenyl)pentanoate3 (Ic) and ethyl 3,3-bis(p-hydroxyphenyl-
butanoate4 (Ib). In a similar manner, the previously unreported ethyl
2,2-bis(p-hydroxyphenyl)propionate was synthesized by condensing ethyl
pyruvate with excess phenol in the presence of anhydrous calcium chloride
and concentrated hydrochloric acid. The ester (mp 61 -03°C uncorr.) was
obtained in 17.5% vyield.

Anal. Calcd for & ,H,0i: C, 71.4%; H, 6.3%. Found: C, 71.2%; H, 6.2%.

Preparation of Polycarbonates

The polycarbonates were prepared by dissolving the recrystallized esters
(0.1 mole) in anhydrous pyridine (250 ml) under a nitrogen atmosphere and
bubbling phosgene (10% molar excess) through the rapidly stirred solution.
The polymers were precipitated into water, washed with hot water and
vacuum dried. Reprecipitation from chloroform into methanol afforded
the desired polycarbonates in 95 wt-% vyields (Table 1). The polycar-
bonate of bisphenol A, as well as several copolymers of ethyl 4,4-bis(p-
hydroxyphenyl)pentanoate and bisphenol A, were synthesized in a similar
manner. Number-average molecular weights were determined by mem-
brane osmometry at 45.0°C in sym-tetrachloroethane. Inherent viscosities
were determined in sz/m-tetrachloroethane at 29.5°C.

Reductive Hydroborations of Polycarbonates

All reductions were carried out in a manner similar to that described be-
low for the polycarbonate of ethyl 4,4-bis(p-hydroxyphenyl)pentanoate
(Ic). A solution of polycarbonate (3.0 g) in dry tetrahydrofuran (250 ml)
under a nitrogen atmosphere was cooled to 0°C and treated dropwise with a
diborane solution (55 ml, 0.055 mole) during 1 hr. After the required re-
action time at 0-5°C, the unreacted diborane was destroyed with a 50:50
methanol-tetrahydrofuran solution (100 ml). The total volume was re-
duced to 100 ml, and the polymer was precipitated into 5% aqueous hy-
drochloric acid. Reprecipitation from pyridine into water and drying
gave 2.6 g (86 wt-%) of polymer.

Acetylation of Reduced Polymer

The hydroxyl groups of reduced polymers were acetylated as follows.
The reduced polycarbonate of Ic (2.0 g) was dissolved in dry pyridine (60
ml). Acetyl chloride (3.3 ml, tenfold molar excess) was added dropwise,
and after 2 hr stirring, the solution was precipitated into cold water (800
ml). The polymer was washed three times with hot water, dried and repre-
cipitated from tetrahydrofuran into methanol. The yield of dry tan poly-
mer was 1.9 g.

Anal. Calcd for CAZH2,05: C, 70.50%; H, 5.92%. Found: C, 69.61%; H,
5.92%.



1126 WHITE AND GARDEUND

Synthesis of Ethyl 4,4-Bis(p-methoxyphenyl)pentanoate

Dimethyl sulfate (13.5 g, 0.107 mole) was added dropwise to a solution
of ethyl 4,4-bis(p-hydroxyphenyl)pentanoate (Ic) (20 g, 0.067 mole, mp
128-129°C) in aqueous sodium hydroxide (8 g in 150 ml of water) while
the temperature remained about 40°C. A total of 83 g of dimethyl sulfate
and 26 g. of sodium I~droxide in 450 ml of water was added while the pH
was maintained at 9-10. An off-white oil formed which after 2 hr of vig-
orous stirring was dissolved in ethyl ether. The basic aqueous layer was
extracted twice with ether. The ether solutions were combined, dried and
reduced to a cloudy white oil. Distillation yielded 15 ml of clear, colorless,
viscous oil (65% yield, bp 205-210°C/0.005 mm, no infrared absorption at
3500 cm -1).

Anal. Caled. for Cnil.iiO,: C, 73.66%; El, 7.66%; molecular weight, 342.42.
Found: C, 73.30%; H, 7.30%; molecular weight, 316.
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Polymerization by Oxidation Coupling. 1. A Study
of the Oxidation of 2,6-Diphenylphenol to Poly(2,6-

DWAIN M. WHITE and HOWARD J. KLOPFER, (leneral Electric
Research and Development Center, Schenectady, New York 12301

Synopsis

The synthesis of poly(2,6-diphenyl-1,4-phenylene ether), by the oxidative coupling of
2,6-diphenylphenol has been studied. Procedures were found which demonstrated
that, polymers of very high molecular weight (M,, > 200 000; [j)]chci3> 1.1 dl/g) could
be made with a copper-amine catalyst system. A low nitrogen-to-eopper ratio (1 N
atom/Cu atom) was necessary to obtain the very high molecular weights under the con-
ditions of these reactions. A variety of amines formed active catalysts; the effectiveness
of mono- and bis- primary, secondary, and tertiary amines were compared. Effects of
the type of copper halide, reaction temperature, desiccants, addition rates of 2,6-di-
phenylphenol, and solvents were also examined. Samples of polymer were isolated at
different times during the polymerization. Measurements of viscosity, osmotic pres-
sure, light scattering, gel permeation, phenolic hydroxyl groups, and nitrogen content
were made on various samples over a range of intrinsic viscosities of 0.05-0.59 dl/g.
A very narrow molecular weight distribution was found for all samples. Hydroxyl
endgroup analyses indicated that the concentration of phenolic endgroups per mole of
polymer does not change during the polymerization. The presence of some side reac-
tions is indicated by nitrogen analyses. The relationships between the intrinsic viscosity
in chloroform at 25°C and M,, and Mware: log [7] = —3.97 + 0.727log M,, and log [77]
= —3.56 + 0.624log Mw

The oxidative coupling of 2,6-diphenylphenol (I) with a copper halide-
amine catalyst and oxygen was reported by Hay1-3 to produce a high yield
of poly(2,6-diphenyl-l1,4-phenylene ether) (I1) and small amounts of
3,3',5,5'-tetraphenyl-4,4'-diphenoquinone (l11). The general characteris-

(1)

tics of the oxidative coupling of 2,6-diphenylphenol were found to be similar

to coupling reactions of 2,6-dimethylphenol and other 2,6-disubstituted

phenols which form analogous poly(phenylene ethers) and diphenoqui-

nones.1-4 One major difference, however, in the case of 2,6-diphenylphenol
1427
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oxidation was that the intrinsic viscosities of the polymers were never very
high under the conditions for the oxidation of other 2,6-disubstituted
phenols to high polymers. A second difference was that the high tempera-
tures which were required to produce polymers of moderately high intrinsic
viscosity did not produce large quantities of the diphenoquinone. This
report describes reaction conditions for the synthesis of 11 whereby polymers
with high intrinsic viscosities (over 1.1 dl/g; Mn> 200 000) can be made.
The characterization of polymers between the molecular weight range of
Mn~ 5000 to 135 000 is reported.

EXPERIMENTAL

The 2,6-diphenylphenol, mp 104°C, was recrystallized three times from a
mixture of isopropanol and toluene. The solvents, monoamines,
N,N,N*,N'-tetr&methyl-1,3-butanediamine, and N,N,N‘/N'-tetramethyl-
ethylenediamine were either reagent-grade or redistilled. The other
alkanediamines were used directly as obtained from the Ames Laboratory,
Inc. (Milford, Conn.). The cuprous chloride was reprecipitated from con-
centrated hydrochloric acid solution with methanol. All desiccants were
taken from newly opened bottles.

TABLE |
Reaction [CuBr] : [nitrogen] : [DPP] Polymer | Yield of
no ratio” M ,dl/gb Yield, % HI, %
1 2:1:40 0.78' 94 3.9
2 1:1:40 0.80d 92 4.6
3 1:1:20 0.72 96 2.7
4 1:1.5:40 0.64 94 4.2
5 1:2:40 0.47e 90 3.6
6 1:3:40 0.39 92 3.2
\% 1:10:40 0.14 87 5.0
8* 1:1:40 0.86 92 3.7
9 1:1:80 0.76 92 5.8
10 1:1:160 <0.05h h 6.5>'
1 1:2:160 0.32' 91

aCatalyst ratios for a CuBr-TMBD catalyst with 6.43 g MgS04in 125 ml benzene
and a 5-hr reaction time at 60° and 12.3 g 2,6-diplienylphenol (DPP) added over an
18-min period, unless noted otherwise.

b Intrinsic viscosity in CHC13at 25°C.

' After 24-hr reaction: [] =0.80 dl/g.

d After 23-hr reaction: [rjj =0.90 dl/g.

e After areaction time of 4 hr.

1All of the DPP was added at the start of the reaction; the reaction time was 3 hr.

*The DPP concentration was 20%.

hAfter 24 hr, DPP was still present and only traces of polymer precipitated when the
solution was added to methanol. At 25 hr, the catalyst ratio was changed to 1:0.5:80.
After 55 hr, [3] 0.87 dl/g. The yield of 111 was measured after 31 hr.

* After areaction time of 19 hr.
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Viscosities were measured in chloroform at 25°C unless noted otherwise.
A description of the techniques for the light-scattering and osmotic mea-
surements has appeared elsewhere.6

General Method for Polymerization (Reaction 2, Table I)

A 250-ml wide-mouth Erlenmeyer flask was fitted with a Vibromixer, a
thermometer, a dropping funnel, and an oxygen inlet tube and was par-
tially immersed in a large stirred oil bath at 60°C. To the flask materials
were added in the order listed: benzene (100 ml), VAAANV'-tetramethyl-
1,3-butanediamine (0.11 ml, 0.00063 mole), cuprous bromide (0.179 g,
0.00125 mole), and anhydrous magnesium sulfate (6.3 g). Oxygen was
passed through the solution at 0.15 ft3hr and 2,6-diphenylphenol (12.3 g,
0.050 mole) in benzene (25 ml) at 60°C was added dropwise over an 18-min
period. The viscosity of the reaction mixture was measured by the flow
time through a calibrated 4-ml pipet. Flow times during the course of the
reaction were: 5.0 sec (at O min reaction time), 8.4 sec (60 min), 23.2 sec

TABLE 11
Effect of Amine8

Yield of
Amine Cu:N M, dl/g Yield, % HI, %
Monoamines
ra-Butylamine 1:1 0.37 87% 7.3
n-Butylamine 1:2 0.31 87 4.3
Di-n-butylamine 1:1 0.36, 88 5.0
0.39
Di-n-butylamine 1:2 0.19 90 4.6
Dimethylstearylamine 1:1 0.26 92 5,2
Ditertiary amines
MeN—CH2-NMe2 1:1 0.06 44 <0.01
Me2N— (CH22NMe2 11 0.86 90 3.7
MeN— (CH2N Me2 1:1b 0.86 88 7.5
TMBD 1:1” 0.80 92 4.6
MejN— (CHs)4—NMe2 1:1 0.06 63 0.1
MeN— (CH2»—NMe2 11 0.06 82 0.3
Other diamines
NH2— (CH1)j—nh 2 11 - 0 0
EtNH— (CH2S—NHEt 1:1 — 0 8.6
MeNH(CHi)ANHMe 11 1.13 90
MeNH(CH23NHMe 1:1d 0.05 91
MeNH(CH2sNHMe 1:1» 0.90 91
MeNH(CH2NHMe 1:2 0.04 42

s In all runs monomer was added over a period of ca. 18 min. The components and
conditions were: MgSOi (6.3B, 2,6-diphenylphenol (12.6 g), CuBr, benzene, at 60°C
for 22 hr unless specifically noted.

b CuCl instead of CuBr.

c Reaction time: 5 hr.

d Reaction temperature: 50°C.

eReaction temperature: 70°C.
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Fig. 1. Polymerization rates for reactions in Table | with Cu: N: monomer ratios of (O)
1:1:40; (=) 2:1:40; (X) 1:1:30; (O) 1:2:40.

(208 mill), 51.2 sec (186 min), and 59 sec (232 min). At 257 min, a 1.00-ml
sample was removed for determination of Ill (see below for analytical
method). At 300 min, concentrated hydrochloric acid (2.0 ml) was added
to the reaction mixture. The reaction mixture was filtered and the filtrate
was added dropwise to methanol (1000 ml) which was being stirred vig-
orously with a Polytron homogenizer. The precipitate was collected on a
filter and washed thoroughly three times by stirring with hot acetone (1000
ml). After drying overnight at 45°C/12 mm, the white solid polymer 11
weighed 11.2 g (92%). The intrinsic viscosity in CHC13at 25°C was 0.80
dl/g. The yield of 111 was 4.6%.

The polymerization reactions described in Tables | and Il were carried
out under similar conditions. In some cases, small samples were with-
drawn at the 5-hr point and the reaction was continued for longer periods.
Viscosity measurements during polymerization (for rate data in Fig. 1)
were made by measuring the flow time of the reaction mixture from a 4-ml
pipet. The pipet had been calibrated with solutions of the polymer of
known viscosity. Although additional solvent was added before measur-
ing the flow time to replace solvent lost by evaporation, some variations in
concentration resulted, and these values are approximate.

Preparation of Polymers with Varying Molecular Weights

First Large-Scale Reaction (Table I11). The polymerization was
carried out at 60°C. Oxygen (4.4 ft3hr) was bubbed through a mixture
of cuprous bromide (5.24 g, 0.0364 mole), N,N,N',N'-tetramethy1-1,3-
butanediamine (3.20 ml, 0.0182 mole), and anhydrous magnesium sulfate
(180 g) in benzene (2880 ml). 2,6-Diphenylphenol (360 g, 1.46 mole) in
benzene (720 ml) was added over a period of 6 min, and the change in vis-
cosity of the reaction mixture was determined by the flow time from a
calibrated 4-ml pipet. After 139 min, a 350-ml sample was removed,
acidified with concentrated hydrochloric acid (6 ml), and precipitated by
rapid dropwise addition to methanol which was being stirred vigorously
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TABLE IV
Description of Products from the Second Large-Scale Polymerization

Osmotic pressure and

P.olyrper- . o light-scattering data
ization Weight, Intrinsic

time, min go viscosity, dl/g Mn Mw MwM,,
38 1,9b 0.05
56 3.1 0.05
159 9.7 0.24 39 000 50 500 1.30
174 9.8 0.32 59 200“ 89 000 1.50
178 10.0 0.37 80 500 99 000 1.23
181 9.6 0.41
198 9.8 0.50 110 000 185 000 1.68
220 59.6 0.59 134 000 220 000 1.64

aExcept for the last sample, the calculated yields are 10 + 0.5 g.

h A gas chromatograph of the filtrate after precipitation showed considerable monomer
and some dimer present.

¢ The sample displayed abnormal behavior; the osmotic pressure increased with time.

with a Polytron homogenizer. Additional samples were removed at in-
tervals of 5-15 min. The precipitated polymers were dissolved in benzene,
decolorized by dropwise addition of hydrazine, reprecipitated into metha-
nol, washed with methanol, and dried at 80°C overnight in a vacuum oven.

Fig. 2. Effect of the ratio of nitrogen atoms to copper atoms on the intrinsic viscosity
of polymer I1 for polymerizations with aTMBD-CuBr catalyst at 60°C for 5 hr.

Second Large-Scale Reaction (Table 1V). The polymerization was
carried out in a similar manner to the first reaction, except it was on a
smaller scale (140 g, 2,6-diphenylphenol in 1400 ml benzene) and the hydra-
zine treatment was omitted. The oxygen flow rate was 1.75 ft3min.
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Determination of 111

Benzene was added to the polymerization reaction mixture to replace
that removed by entrainment and bring the volume to 150 ml (for a poly-
merization with 0.05 mole 2,6-diphenylphenol). A 1.00-ml aliquot of reac-
tion mixture was diluted with benzene to 500 ml in a volumetric flask, and
the absorbance was measured at 490 ni/lu. The quantity of 11l was cal-
culated from the expression:

488 X 500 X 150
Il = (absorbance) X

53 000
where 488 = molecular weight of 111, 500 is a dilution factor, 150 is the
volume of the reaction mixture, and 53 000 = Em>of 111 in benzene.

RESULTS AND DISCUSSION

Polymerization

Copper-Nitrogen Ratios. Two principal reasons for the lower reactivity
of 2,6-diphenylphenol compared to 2,6-dimethyJphenol in oxidative cou-
pling reactions appear to be the increased steric hindrance of the phenyl
groups adjacent to the hydroxyl group and the higher oxidation potential
when there are no electron-donating o-methyl groups. To attain a more
active polymerization system, the oxidation was run at temperatures
which are higher than used for 2,6-dimethylphenol oxidation. At the
higher temperatures, two side reactions could predominate. One side reac-
tion is the oxidation of the amine in the catalyst. The other is the amine-
catalyzed oxidation of 2,6-diphenylphenol (1) to 3,3',5,5'-tetraphenyl-4,4'-
dihydroxybiphenyl (1V) by the diphenoquinone (I1) :*

Oxygen and the copper-amine catalyst can convert IV to Ill, and then
further oxidation of | to IV by reaction (2) can occur. To minimize side
reactions due to the free amine, polymerizations were carried out under
conditions where all of the amine should be strongly chelated to the copper.
To attain this, the amine-to-copper ratios were low, and tertiary diamines

* By analogy with the reaction between 2,6-dimethylphenol and 3,3',5,5'-tetramethyl-
4,4'-diphenoquinone.6
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which were capable of forming five- or six-membered ring chelates with
copper were used.

Several examples of combinations of AfAr,./V,,Af,-tetramethyl-1,3-butane-
diamine (TMBD) and cuprous bromide and a description of the products
are presented in Table I. The rate of viscosity increase is presented in
Figure 1for several reaction conditions. These data indicate that the ratio
of nitrogen atoms to copper atoms in the catalyst has a pronounced effect
on the rate of polymerization and on the intrinsic viscosity of the polymeric
product. In Figure 2, the maximum intrinsic viscosity attained is plotted
against the ratio of copper atoms to nitrogen atoms in the catalyst. Under
the conditions of these experiments, a ratio of 1:1 produced the highest in-
trinsic viscosity. Lower ratios also yielded high polymers, but the reaction
rates were proportionately slower (Fig. 1).

The requirement of one nitrogen atom per copper atom for optimum re-
sults, appears unusual, since normal coordination of copper would be ex-
pected to involve two nitrogen atoms. Yet, the possibility that only half
the copper is being used and the remainder is not in solution seems un-
likely, since the reaction with a 1:1 Cu:N ratio proceeded at a faster rate
than the reaction with a 1:2 Cu:N ratio. If half of the copper in the 1:1
reaction were in a 1:2 Cu:N ratio and the remainder was uncomplexed, the
reaction with the 1:1 ratio should have proceeded instead at less than half
the rate of the 1:2 reaction. With the 2:1 ratio the reaction proceeded at
the same rate as with the 1:1 ratio, which indicates that in this case only
half of the copper is being utilized, again, in a 1:1 ratio. Possibly, a more
active catalyst species is present at the 1:1 ratio than in the 1:2 ratio and is
either deactivated by additional amine or converted to a less active species
when additional amine is present. If amine is present in a nonchelated
form, i.e., when the N:Cu ratio is greater than two, the side reactions
described above could occur. Lower molecular weight polymers were
formed with the higher N : Cu ratios.

A decrease in catalyst concentration causes a proportionately slower rate
of polymerization, but the polymer eventually builds up to the same high
molecular weight as with higher concentrations (reaction 9, Table 1). When
the catalyst concentration is as low as Cu:l equals 1:160, no polymeriza-
tion is detected; addition of an equal quantity of catalyst to the reaction
mixture which changes the ratio to 1:80 produces polymer with a high vis-
cosity (h] = 0.87 dl/g; Table I, reaction 11). Thus, there appears to be a
minimum catalyst requirement under these conditions.

The yields of the C-C coupled product Il are presented in Table I. No
appreciable change in the ratio of C-C to C-0 coupling occurs as the Cu:N
ratio is decreased. Thus, amine catalysis of reaction (2) is not an impor-
tant side reaction under these conditions. The overall catalyst concentra-
tion does affect the C-C to C-0 ratio slightly, since the quantity of 111
increases from 3% to 6% as the ratio of monomer to copper is increased
from 20 to 80.

In one case (Table I, reaction 8) the catalyst and monomer concentra-
tions were increased (20% monomer instead of 10%) although the ratio of
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Cu:TMBD :monomer was 1:1:40. As in reaction 2, the intrinsic viscosity
of the product after 5 hr (0.86 dl/g) was greater than for the 10% reaction
after 5 hr, but less than the value for the 10% reaction after 24 hr. The
higher concentration enhanced the rate slightly. The yield of Ill de-
creased with the higher catalyst concentrations, which again indicates the
formation of 111 is concentration-dependent.

Effect of Amine Structure. The highly effective 1:1 Cu:N ratio (see
preceding section) was used in an examination of a variety of mono- and
bis- primary, secondary, and tertiary amines. In several instances a 1:2
ratio was also employed in order to determine whether the 1:1 ratio was
specific only for the bis-tertiary amines. The results are summarized in
Table I1.

Monoamines, whether primary, secondary, or tertiary, polymerized 2,6-
diphenylphenol to polymers with moderately high molecular weights.
With the Cu:N ratio of 1:1 for butylamine and dibutylamine, intrinsic vis-
cosities were higher than with the 1:2 ratio (~0.4 dl/g compared to ~0.3
and 0.2 dl/g). Yields of 111 were also higher for the 1:1 ratio (particularly
in the case of butylamine, in which there was a 7% conversion of monomer
to I11).

Bis-tertiary amines did not produce high polymer unless the two nitro-
gen atoms were separated by either two or three carbon atoms. In the
cases where the number of carbon atoms linking the nitrogen atoms was
only one or was either four or more, very low polymers resulted. The in-
trinsic viscosities of these products were 0.06 dl/g, which was even well be-
low the value of 0.26 dl/g from the mono-tertiary amine. The quantities
of 111 were also low for the less active amines, indicating that C-C coupling
was also retarded. A possible explanation for the behavior of the bis-ter-
tiary amines is that, amines that cannot form stable five- or six-membered
cyclic chelates with the copper tend to form polymeric complexes which are
much less soluble than the cyclic species and that the complexes precipitate
from solution.

Examples of the effectiveness of other bis-amines are presented at the
bottom of Table Il. Ethylenediamine and its A/A'-diethyl derivative,
were completely unreactive for polymerization. This was not the case for
C-C coupling with the latter amine, however, since it produced the largest
quantity of 11l of all the amines which were examined. A bis-secondary
amine, A/iV'-dimethyl-1,3-propanediamine (DMPD), formed a very active
catalyst. This catalyst was very sensitive to the Cu:N ratio (>7 = 0.04
dl/g at 1:2 ratio, 7] = 1.13 dl/g at 1:1 ratio) and temperature (hi = 0.05
dl/g at 50°C, i1 1.13dl/g at 60°C, and [v] = 0.90dl/g at 70°C).

TABLE V
Reaction Catalyst M, dl/g
A CuBr-vi TMBD 0.90
B CuBr-Vi TMED 0.86
c CuCI-Vi TMBD 0.78
D CuCMI/iTME1L) 0.86
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Copper Halide. Both cuprous bromide and cuprous chloride produce
high polymer when used with active amines. This is illustrated in Table V
for four reactions run at 60°C with identical concentrations and with a
5-hr reaction time for reaction B and 22 hr for the others.

The rates of polymerization for the first 3 hr of reaction were in the order
K\ > /db> kc > &d-

Drying Agents. A variety of desiccants were used to determine the
importance of water removal during polymerizaton. Polymerization
does occur if a desiccant is not present, although the rate is less than when
magnesium sulfate is present. Calcium chloride interfered with the reac-
tion and gave both a very low polymer yield (8%) and a low intrinsic
viscosity (0.1 dl/g). With 4 A molecular sieves the rate of polymerization
was as fast as with MgSO-i, but the viscosity leveled off at a lower value
(0.65dl/g).

Polymer Characterization

Molecular Weight. A series of polymers with intrinsic viscosities
varying from 0.05 to 0.59 dl/g were obtained by periodically removing
samples from two polymerization reactions. In both reactions, the very
effective copper to nitrogen ratio of 1:1 wasused. Values for the molecular
weights and hydroxyl absorptions of phenolic endgroups of the purified
samples are listed in Table 111 and Table IV.

The molecular weights were determined by several methods. Dynamic
osmotic pressure measurements in benzene at 34°C provided number-
average molecular weights M n. Light-scattering measurements in chloro-
form gave normal Zimm plots from which weight-average molecular weights
Mwwere calculated. From gel-permeation chromatographic curves of the
samples in chloroform at 25°C, M n and Mwvalues were calculated by a
computer integration method.7

The values of Mn and Mwfrom osmotic and light-scattering measure-
ments show a linear relationship in log-log jdots against intrinsic viscosity
(Fig. 3). A similar set of curves is obtained from the gel-permeation data.
However, the curves from gel permeation data were not superimposable
with the curves from osmotic and light scattering. Apparently, the char-
acteristics of the gel-permeation column which were calibrated for poly-
styrene and corrected by a size per Angstrom correction factor,7which has
been done satisfactorily with other polyphenylene ethers, do not permit
translation directly to polymer Il without additional correction. One fea-
ture, however, for both sets of data is the narrow molecular weight disper-
sion. In all cases, the Mw/Mnratio is well below a value of 2; the average
value from the light scattering-osmotic pressure data is 1.5.

A comparison of the MnJrj] relationships of polymer Il and po!y(2,6-
dimethyl-l,4-phenylene ether) (PPO, General Electric Company) is also
shown in Figure 3. The curve for PPO polymer is based on static and dy-
namic measurements on a series of forty samples covering the range of
intrinsic viscosities from 0.02 to 2.3 dl/g. The difference in intrinsic vis-
cosity of Il compared to PPO polymer for a given molecular weight is too
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Fig. 3. Intrinsic viscosity (chloroform, 25°C) vs. molecular weight relationship for
polymer 11: (O) Mn; (O)#«,; (--) Mnfor PPO.

large to be attributed only to the larger weight of the monomeric unit of |
(244 versus 120 in PPO polymer). Other factors, e.g., chain stiffness,
appear to be important.*

The relationships between intrinsic viscosity at 25° and molecular weight
in chloroform are log fo] = —3.97 + 0.727log Mnand log [ij] = —3.56
+ 0.624log Mw

Hydroxyl Analysis. The hydroxyl absorption in the infrared spectrum
of 2,6-diphenylphenol occurs at 3543 cm*®1and the molar extinction co-
efficient in carbon disulfide at 25°C is 220 when the concentration is 2 X
10“3M. The value increases to ca. 223 at infinite dilution. For 11, the
hydroxyl absorption in carbon disulfide occurs at 3550 cm-1. The absor-
bances for a 2.5% solution with a 1-cm path length are tabulated in Table
I1l1.  The baseline was determined by completely acetylating the polymer
by heating in acetic anhydride and pyridine until no further change was
detected at 3550 cm-1. The intensities are inversely proportional to the
molecular weights. This is demonstrated in Figure 4, in which the ab-
sorbance of a 2.5% solution is plotted against the reciprocal of the mo-
lecular weight. Values for M nwere taken from the viscosity-M nrelation-
ship in Figure 3. From this plot, it appears that the number of hydroxyl
groups per molecule does not change over a molecular weight range of ca.
10000 to 100 000. If one assumes that there is one hydroxyl group per
polymer molecule, the extinction coefficient for the hydroxyl absorption
can be calculated to be 320. This value is 45% greater than that for di-
phenylphenol and is in marked contrast to the case for PPO polymer in
which the extinction coefficients of the monomer and low oligomers are very
similar to those of the corresponding polymers.9

The constancy of the hydroxyl absorption per molecule indicates that
side reactions or termination reactions which involve the phenolic end of the
polymer chain and tend to decrease the hydroxyl absorption are not oc-
curring.

Nitrogen Analyses. The total nitrogen contents of some of the polymers
have been measured by a Kjeldahl procedure. The values (listed in

* The dilute solution properties have been described by Akers et al.8and Schultz.5
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Fig. 4. Hydroxyl absorbance at 3550 cm 1for polymer samples described in Table I11.

Table 111) in general, increase as the molecular weight increases. For
the sample in Table 111 of highest molecular weight (Mn = 83 000), the
nitrogen content is equal to approximately one nitrogen atom per polymer
molecule. This quantity is similar to the amounts of nitrogen found in
PPO polymer when tertiary amine catalysts are used in the polymeriza-
tions.9

The gradual incorporation of nitrogen into the polymer indicates at least
one type of side reaction is occurring during the synthesis.

The use of hydrazine during the workup of the polymer does not result in
nitrogen incorporation. This was demonstrated in the analysis of samples
for which the hydrazine step was omitted.

The authors would like to thank Drs. A. S. Hay and A. R. Shultz for helpful discussions
and Mrs. D. V. Temple, Mrs. S. Woodyatt, Mrs. C. L. Symes, and Mr. W. Ruminski for
analytical determinations.
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Influence of Microstructure on the Tensile Behavior
of Acrylic Copolymers

JOHN N. MAJERUS and ANTHONY R. PITOCHELLI, Redstone
Research Laboratories, Rohm and Haas Company, Huntsville, Alabama 35807

Synopsis

Uniaxial tensile properties were determined for two series of copolymers: ethyl
acrylate-acrylic acid and butyl acrylate-acrylic acid. The comonomer ratio was varied
from 85/15 to 95/5 and various molar ratios of a difunctional carboxylate epoxy cross-
linker were used. The master modulus curves indicated that increasing the amount of
crosslinker and/or increasing the number of crosslink sites per chain caused both the
equilibrium modulus and the transition temperature to increase while increasing the
bulk of the side groups decreased both the modidus and transition temperature. All
the master ultimate strain curves exhibited a maximum value corresponding to some
value of reduced time . and exhibited a shape analogous to a lognoimal distribution
function with nonzero asymptotes. The maximum ultimate strains were found to be a
nonlinear function of the crosslink density and to occur at higher values of temperature
and/or lower values of strain rate when either the amount of crosslinker or the relative
frequency of the crosslink sites increased. Replacing the pendant ethyl group with a
butyl group caused the maximum ultimate strains to occur at temperatures about 60°F
lower than the corresponding ethyl acrylate copolymer. This replacement also de-
creased the magnitudes of the maximum ultimate strains associated with the same cross-
link density. It was concluded that the chemical efficiency of the crosslink sites de-
creases with decreasing relative frequency of the crosslink sites along the prepolymer.
Furthermore, the crosslink efficiency decreased as the length and flexibility of the non-
reactive side groups increased. The dependency of the actual crosslink density was
found to be critically influenced by the chemical crosslink efficiency. A molecular
model involving both chain entanglements and chemical crosslinks i=>postulated which
explains qualitatively the observed behavior of the master ultimate strain data.

INTRODUCTION

Although it is well known that polymeric mechanical properties such as
stiffness and ultimate strain (or stress) depend in some fashion upon the
microstructure of the polymeric network,1-4 a knowledge of all the govern-
ing factors and their interrelationship is far from complete. This investi-
gation was an attempt to further elucidate the microstructural influences
and their interrelationships by means of a parametric study employing
various crosslinkable acrylic copolymers. The actual chemical composi-
tions and the mechanical testing procedure are outlined in the next section.

1439
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EXPERIMENTAL

The two copolymers employed in this investigation were random co-
polymers of ethyl acrylate (EA) and acrylic acid (AA) and of butyl acryl-
ate (BA) and acrylic acid. The acrylate/acrylic acid copolymers were pre-
pared by combining the appropriate mole percentages of acrylic ester (X)
and acrylic acid (Y) in dried ethyl acetate, adding benzyl peroxide initiator,
and heating to reflux for 20 hr. This resulted in a random copolymer (M,
~ 40,000) in a 50-60% polymer solution in ethyl acetate and has the aver-
age backbone composition I.

Prepolymer:

X mole-% Y mole-%

The crosslinker used in this investigation was Union Carbide’s Unox 221,
which is a short and stiff carboxylate diepoxide molecule.

Difunctional crosslinker:

Union Carbide’s Unox 221

Since this is a difunctional molecule, one molecule reacts with two carboxy
hydrogens, and the stoichiometric molar ratio of Unox 221 is equal to
Y/2. The crosslinker was blended with the ethyl acetate-copolymer solu-
tion, cast into a number of shallow trays, and the filled trays were placed
in an air-flush box overnight to remove most of the ethyl acetate by evap-
oration. The resulting viscous fluid was then precured for 24 hr at 158°F
to remove ethyl acetate. The trays were then placed in a 212°F oven and
kept there for a period of days until the curing reaction was complete as
discussed below.

In order to be sure that the mechanical properties were measured for a
fully cured binder system, the surface hardness of the cast sheets was
monitored as a function of time at the curing temperature. Typical results
are shown in Figure 1 for three EA/AA copolymer ratios with stoichio-
metric levels of crosslinker. When the surface hardness reached an equili-
brium value, the binder was defined to be fully cured. The acrylic acid
content appeared to be the controlling factor in the rate of cure, and the
copolymers took at least 12 days to cure. Each batch of copolymer was
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CURE TIME IN DAYS

Fig. 1. Typical time dependence of surface hardness of EA/AA copolymers (with Unox
221).

monitored separately and, when the durometer readings leveled off, the
sheets were removed from the oven, and tensile test specimens were diecut
from the sheets. At least eight different temperatures were employed in
testing each specific formulation (except the 90/10/2.5 BA/AA copolymer),
and three crosshead displacement rates, e.g., 0.1, 1, and 10 in./min, were
used at each temperature. The gauge length LO was experimentally
determined for each specific formulation by means of fiducial marks and a
micrometer caliper. Five specimens were tested at each combination of
temperature and crosshead displacement rate D.

The initial tangent moduli and ultimate strains [(Lbreak — LOQ/L0] were
obtained from the experimental data and were plotted versus the logarithm
of the reciprocal strain rate e (t s D/L0. The resulting data were then
shifted horizontally by an amount aT to obtain two “master” curves for
each copolymer formulation. The reference temperature for all formula-
tions was chosen to be 7S°F, and typical master ultimate strain and initial
tangent modulus curves are shown for the 95/5/2.5 material in Figures 2
and 3, respectively. The test temperatures are listed in Figure 2, and the
dashed curves refer to the upper and lower scatter bands which encompass
almost all of the experimental data. The solid curve refers to the average
behavior and the deviation between the average and the upper and lower
scatter bands was on the order of +15-30% for the ultimate strain data
and £20-40% for the initial tangent modulus for all the copolymer for-
mulations. For comparison purposes, only the average curves will be shown
for the remainder of the experimental data. Figures 4-7 show the resultant
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PERCENT ULTIMATE STRAIN AL/LO'< 100

LOGARITHM OF REDUCED TIME LOG fl/¢;aT] MIN.

Fig. 2. Typical scatter associated with ultimate strain data.
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Fig. 3. Typical scatter associated with initial tangent modulus.
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average master tangent modulus curves for the EA/AA/Unox 221 copoly-
mers, while Figures 8 and 9 contain the average curves for the BA/AA/
Unox 221 copolymers. The master ultimate strain curves for the EA/AA/
Unox 221 copolymers are shown in Figures 10-13, while the average curves
for the BA/AA/Unox 221 copolymers are shown and compared with the
corresponding EA/AA/Unox 221 curves in Figures 14 and 15. The tem-
peratures shown in each figure refer to the test temperatures employed to
obtain the experimental data.

DISCUSSION

All the master modulus curves exhibit the usual viscoelastic type of be-
haviorl-4 involving a plateau glassy region at small values of reduced time,
followed by a rapidly changing transition region which leads to another
plateau known as the rubbery or equilibrium region. Although all the
copolymers appear to have approximately the same “glassy” modulus (2-4
X 106 psi), increasing the amount of reactive hardener (Figs. 4-6, 8, 9)
and/or increasing the AA content (Fig. 7) increases the equilibrium modulus
(see Table I) and shifts the transition region to higher values of reduced
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LOGARITHM OF REDUCED TIME LOG [1/ta ] MIN.

Fig. 5. Master modulus curves for 90/10 EA/AA copolymers.

time (corresponding to higher temperature). Increasing the AA content
of the copolymer increases the amount of crosslinking sites. For an ideal
chemical system, every crosslink site becomes a crosslink junction for
stoichiometric levels of reactive hardener. The number of theoretical
crosslink junctions per unit volume is the theoretical crosslink density.
Thus, the theoretical crosslink density is inversely proportional to the
average number of acrylate ester monomer units between the theoretical
crosslink junctions; e.g., an average number of 18 corresponds to one-half
the theoretical crosslink density associated with an average number of 9.
However, the relative value of the equilibrium modulus E rdepends directly
upon the actual crosslink density, r;1-4 i.e., doubling the value of vdoubles
the value of Er. Therefore, the equilibrium modulus is a relative indication
of the actual crosslink density. The first 3 EA/AA copolymer formulations
shown in Table I (cases 1-3) have essentially the same theoretical crosslink
density. Yet, there is a large difference in equilibrium moduli. When the
theoretical crosslink density is doubled compared with the previous cases
(cases 4 and 5), there is still a large difference in equilibrium modulus be-
tween copolymers with the same theoretical crosslink density. The physi-
cal difference in the backbone composition between these copolymers with
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Fig. 6. Master modulus curves for 95/5 EA/AA copolymers.

the same theoretical crosslink density is the average spacing of the reactive
side groups, i.e., 1 out of 20 monomers (case 1), 1 out of every 10 (cases 2
and 4), and 1 out of every 6.67 (cases 3 and 5). Hence, these moduli data
indicate that as the average relative frequency of crosslink sites is de-
creased (decreasing the AA content) the apparent chemical efficiency (de-
fined to be 1 when, for stoichiometric levels of crosslinker, every crosslink
site becomes a crosslink junction) of the crosslink site-epoxy combination
decreases. This conclusion is further substantiated by the modulus data
for compositions employing twice the stoichiometric level of crosslinker.
The equilibrium modulus was 520 psi for the 90/10 EA/AA copolymer with
a stoichiometric level of reactive hardener (case 4). Therefore, if the
chemical efficiency of the crosslink sites were 1, the crosslink level is at its
maximum and additional reactive hardener should only impair the value of
the modulus (due to plasticizer effect). However, doubling the level of
reactive hardener (case 7) raised the equilibrium modulus to a value of 640
psi (23% change). This implies that not all the reactive sites had formed
crosslink junctions for the stoichiometric level of reactive hardener, i.e., a
chemical efficiency less than 1. Furthermore, in the case of the 95/5 EA/
AA copolymer (cases 1 and 8), a level of crosslinker equal to twice the
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Fig. 7 Comparison of modulus behavior for EA/AA copolymers with stoichiometric
levels of crosslinker.

stoichiometric amount increased the equilibrium modulus 100% over the
E rvalue associated with a stoichiometric level of Unox 221.

In the case of BA/AA copolymers, the formulations with the same theo-
retical crosslink density (cases 9 and 10; 11 and 12) exhibited the same be-
havior as described for the EA/AA copolymers except that the percentage
difference between the moduli was not as large. Also, the equilibrium
moduli for the BA/AA copolymers are less than the corresponding values
for the EA/AA copolymers. This difference in the magnitude of Ercould
be due to either a lower actual crosslink density and/or a more flexible
chain backbone. Birshtein and Ptitsvn5have concluded that the torsional
stiffness associated with a saturated chain backbone is mainly dependent
upon the rigidity, size and polarity of the directly attached side groups.
Hence, replacing the ethyl with the bulkier butyl group should have caused
an increase in the torsional stiffness. Hence, the lower moduli cannot be
due to a lower backbone flexibility. Therefore, the lower modulus may be
due to a lower actual crosslink density v.

The percentage increase in the equilibrium moduli of the 85/15/5 versus
the 85/15/2.5 formulation was the same for both the BA/AA and the EA/
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AA copolymers (doubling the theoretical crosslink density produced a 75%
increase in the modulus). However, a further increase (50%) in the
theoretical crosslink density caused no change inthe E rvalue of the EA/AA
copolymer (case 5 versus case 6) while increasing the BA/AA equilibrium
modulus by 50%. Both the 90/10 and 85/15 BA/AA moduli appear to be
approaching the corresponding EA/AA values. Therefore, the data imply
that the chemical efficiency of the carboxyl groups on a backbone with
butyl pendant groups is less than those associated with ethyl pendant
groups. This is substantiated by the fact that increasing the amount of

LOGARITHM OF REDUCED TIME LOG [I/£aT] MIN

Fig. 8. Master modulus curves for 85/15 BA/AA copolymers.

Unox 221 to twice the stoichiometric level for the 90/10 compositions pro-
duced a 70% increase in the corresponding magnitude of Erfor the BA/AA
copolymer (case 11 versus case 14) compared to only a 23% change for the
EA/AA copolymer. The physical reasons for this decrease in crosslink
efficiency can be readily seen from a Fisher-Hirschfelder molecular model.
The bulk and torsional mobility of the pendant butyl groups acts as a
shield to the reactive carboxyl and hence has a lower probability of reacting
with an epoxide group. The probability of a reaction depends upon the
number of reactive molecules available, and increases with an increasing-
amount of crosslinker.
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Fig. 9. Master modulus curves for 90/10 BA/AA copolymers.

Fig. 10. Master strain curves for 85/15 EA/AA copolymers.
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LOGARITHM OF REDUCED TIME LOG [I/ta T] MIN.

Fig. 11. Master strain curves for 90/10 EA/AA copolymers.

LOGARITHM OF REDUCED TIME LOG [I/fa ] MIN.

Fig. 12. Master strain curves for 91/5 EA/AA copolymers.
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Fig. 13. Comparison of ultimate strain behavior for EA/AA copolymers with stoichio-
metric levels of crosslinker.

The master ultimate strain curve exhibited the same general shape for
all formulations and for both the EA/AA and BA/AA copolymers (Figs.
10-15). The data for any given composition exhibits a maximum ultimate
strain and, except for the asymptotes which appear to be non-zero, has a
shape similar to a log normal or Pearson Type 1V distribution6whose variate
is replaced by the reduced time variable r. It appears that the master
ultimate strain behavior could be described by a generalized curve such as
Figure 16 which is characterized by six parameters; a maximum strain
capability euitmwhich occurs at some value of reduced time . (which can
be associated with some particular temperature Tcfor a nominal 1in./in./
min. strain rate), a rubbery strain capability er* (associated with high
temperatures and/or very slow strain rates), a glassy strain capability
eg* (associated with low temperatures and/or extremely fast strain rates),
and the breadth and skewness of the curve denoted by the glassy width
Atj and the rubbery width A+«t. The generalized curve was arbitrarily
shown as skewed to the right with t* > t*. For a lognormal distribution
function whose median or mode corresponds to rc, the glassy and rubbery
widths are identical. The characteristic parameters associated with the
experimental ultimate strain data are listed in Table | for all the investi-
gated copolymers. The test temperatures were not low enough to de-
termine the glassy strain capability (..-) although in the cases of the
85/15/7.5 and 90/10/10 BA/AA copolymers (see Figs. 14 and 15) the data
appear to be approaching the same limiting value as the rubbery strain
capability.

The master ultimate strain curves shown in Figures 10-15 illustrate that
the location of tuitmshifted to higher values of temperature and/or lower
values of strain rate when either the amount of crosslinker or the relative
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frequenc}' of the reactive sites were increased. Furthermore, even when the
theoretical crosslink density was held essentially constant (see Table I,
cases 1, 2, 3, 8; 4,5, 7; 11, 12, 14) the magnitude of euitmdecreased when
either the relative frequency of the reactive sites or the level of crosslinker
was increased. The modulus data indicated that the magnitude of the

GSRPOT™I A,

LOGARITHM OF REDUCED TIME LOG [1/€a ] MIN

Fig. 14. Comparison of ultimate strain behavior for 85/15 EA/AA and BA/A A copoly-
mers.
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Fig. 15. Comparison of ultimate strain behavior for 90/10 EA/AA and BA/AA copoly-
mers.

actual crosslink density was increasing for these cases, and hence, there is
an interrelation between the maximum ultimate strain and the crosslink
density. This is illustrated in Figure 17 where the logarithm of the maxi-
mum extension ratio (1 -f euitrm is plotted versus the logarithm of the equi-
librium modulus. The Kinetic network theory,27-8essentially states that the
maximum extension ratio is proportional to the square root of the number
of monomers in a subchain between the crosslink junctions and, hence, in-
versely proportional to the square root of the equilibrium modulus (dash-
dot line in Fig. 17). However, the experimental data seem to follow a non-
linear relationship (see the two solid curves in Figure 17) while the best-fit
linear relationship involves a negative slope o f'/».
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CROSSLINKED ENTANGLED

TORSIONAL
mTRANSITIONS

DECOMPOSITION

FUNCTION OF TEMPERATURE AND STRAIN RATE

Fig. 18. Theoretical master ultimate strain curves associated with a pair of crosslink
or entangled polymer chains. Point A represents the point of entanglement between
the two chains.

According to the conformational theory of polymer chains49the extensi-
bility of a subchain located between crosslink junctions is proportional to
the square root of the number of monomers within the subchain. The
proportionality constant depends upon the temperature and the backbone
bond length |, backbone bond angle a, and the torsional stiffness of
the monomers within the subchain. The predominant influence of in-
creased temperature is to increase the transitional probability to other con-
formational angles and, hence, the subchain length approaches the fully
extended chain length, iW[2(l-cos a)]llj. Whether or not a torsional
transition can occur depends upon the time allowed for the transition.
Hence, decreasing the continuum strain rate e allows more time for a sub-
chain torsional transition, while such transitions are less probable for more
rapid strain rates. Therefore, the master ultimate strain curve for a com-
pletely crosslinked network of polymeric subchains would have the general
form shown in Figure IS. Such a curve exhibits a glassy strain es* region
followed by a transition region to a rubbery strain er* region, where er* >
€,*. It should be noted that such a curve does not exhibit a maximum such
as was observed in the experimental data.

In the case of a linear, noncrystalline polymer, the chain molecules
mainly interact by means of physical entanglements due to their spatial
conformations. While a chain molecule within the solid possesses some set
of torsional angles which gives its conformation the lowest energy state,
fluctuations about these values occur due to the thermal energy of the
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Fig. 19. “Zipper” analog of two entangled chains.

chain. Therefore, certain fluctuations in the conformations of the two
entangled chains will permit the hindered side groups to glide past one an-
other at the point of entanglement. At low temperatures (temperatures
less than the glassy temperature), the entangled chains undergo small
thermal fluctuations and, hence, act as if they were chemically crosslinked.
Increasing the temperature increases the number of possible conformations
and hence increases the possibility of an entanglement transition. As the
chains undergo entanglement transitions their center-of-mass tends to
move further apart with a subsequent isotropic increase in the volume. At
high temperatures the conformational fluctuations cause the chains to be-
come so flexible that the solid becomes a viscous fluid.

Due to these entanglement fluctuations there is a certain period of time
during which the side groups at the point of an entanglement are not
hindered. If the chains are then acted upon by some external field at that
instant in time, e.g., a deformation, an entanglement transition will occur
in the direction of the external field. This transition will increase the
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entangiement chain distance by some amount which equals the spacing be-
tween successive entanglement points. The end-to-end chain distance
(distance BC in Fig. 18) at which the two chains disassociate depends upon
both the disentanglement rate and the external strain rate. The rupture
process of these two entangled chains can be heuristicly viewed by means of
a zipper analog shown in Figure 19. The zipper tab located at point A
corresponds to the point of entanglement in Figure 18. If the point of en-
tanglement moves at the same rate as the applied strain, the two chains
will not be separated until the two ends have pulled past one another (Fig.
19). However, if the disentanglement rate is faster than the strain rate,
the two chains will separate prior to their “extended” length (Fig. 19).
Conversely, if the disentanglement rate is less than the strain rate, back-
bone deformations will be induced which causes the chain to rupture prior
to being untangled (Fig. 19). Therefore the ultimate strain behavior of
entangled chains would exhibit a maximum such as shown in Figure IS.
Now, if the polymer contains both crosslinked and entangled chains, the
master ultimate strain behavior will be a combination of the two curves

Fig. 20. A simple entanglement-crosslink model. Numbers 1-6 indicate crosslink
junctions; encircled letters A-G indicate crosslink sites; A, B represent chain entangle-
ments.



TENSILE BEHAVIOR OF ACRYLIC COPOLYMERS 1159

shown in Figure 18 and hence have the shape exhibited by the experimental
data. Therefore, the master ultimate strain curves for the investigated
acrylic copolymers depends upon both chain entanglements and the relative
frequency of the actual crosslink junctions. Furthermore, by using a simple
entanglement-crosslink model such as shown in Figure 20, the various
characteristics of the master ultimate strain curves can be readily related
to the molecular parameters associated with entanglements and chemical
crosslinks.

By definition, the glassy strain capability refers to the ultimate strain
when the polymer chains possess very little thermal motion so that tor-
sional fluctuations are essentially zero. The required temperature, e.g.,
50°C below the Tg, will depend upon the chemical composition. At these
low temperatures the entanglements act like a chemical crosslink and the
spatial network of polymer chains is rigidly interconnected (see Fig. 20).
Therefore c,* depends upon the subchain lengths and the deformational
stiffness of the chain backbone. The subchain lengths can be increased by
increasing the number of monomers between the crosslink sites (distance |
in Fig. 21) and by decreasing the number of physical entanglements.

LOGARITHM OF EQUILIBRIUM MODULUS LOG Er psi

Fig. 21. Interrelationship between equilibrium modulus and normalized rubbery strain
capability.
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Since the experimental values of t* were not obtained for the investigated
acrylic copolymers no specific inferences can be made at this time.

In the case of high temperatures (but less than the chemical decomposi-
tion temperature) and/or very slow strain rates, any freely entangled
chains can readily glide past one another and contribute very little to the
network stiffness. The subchains located between the crosslink junctions
(points 1-6 in Fig. 20) are fairly flexible due to their torsional fluctuations.
The extensibility of these chains depends upon the number of monomers
located between the crosslink junctions and the spatial freedom of the
chain entanglements, e.g., disentanglements allow crosslink junctions
3-6 to undergo considerable displacement. Obviously if the ends of the
entangled chains are located at crosslink junctions, e.g., adjoining crosslink
sites B and C, D and E, and F and G in Figure 20 are joined together, the
rubbery strain capability is highly restricted. In Figure 21 the loga-
rithm of the rubbery strain capability (normalized with respect to 1%) ex-
hibited by the various EA/AA and BA/AA copolymers is plotted versus the
logarithm of the equilibrium modulus. If the e * depends only upon the
chain extensibility between crosslink junctions, i.e., directly related to
A 1/, then the slope of In er*versus In Ershould be —'/2  While the curves
exhibit nonlinearity, a slope of —V* fits the data fairly well (see dash-dot
lines in Fig. 21). Furthermore, for the same value of equilibrium modulus,
the eT values for the BA/AA copolymers were less than the corresponding
EA/AA values. This agrees with the extensibility concept since, as pre-
viously discussed, the BA/AA backbone is stiffer than the EA/AA back-
bone.

It is postulated that the nonlinearity of the curves in Figure 21 is due to
chains which were prevented from untangling by crosslink interconnections.
When all crosslink sites have formed crosslink junctions, the number of
entanglements which occur between crosslink junctions depends mainly on
the relative frequency of the crosslink sites on the prepolymer chains. In-
creasing the relative frequency of the crosslink sites increases the prob-
ability of crosslinked entanglements for a given crosslink density. Such
entanglements between the crosslink junctions reduce the subchain extensi-
bility. Therefore, an increase in the crosslink density for chains with a
high frequency of crosslink sites, e.g, the 85/15 copolymers, should have a
less drastic effect upon the rubbery strain capability than occurs for chains
with a relatively low frequency of crosslink sites, e.g., the 95/5 copolymers.
This is exemplified by the EA/AA and BA/AA data shown in Figure 21,
where the slope of the 95/5 data is greater than that of the 90/10 data
which in turn is greater than the slope of the 85/15 data. It is these differ-
ent behaviors that contribute to the nonlinearity of the curve in Figure 21.

The concept of an entangled crosslink network can also aid in under-
standing the microstructural influences on the observed maximum ultimate
strain evitmbehavior. As previously discussed, the euitm behavior depends
upon the kinetic uncoiling of the chain entanglements. In the case of the
95/5 ethyl acrylate copolymers, the frequency of the crosslink sites is
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relatively low and their chemical efficiency is considerably less than 1
Hence the possibility of noncrosslinked entanglements is quite high, and the
subchain entanglement lengths are relatively long. This length and free-
dom of the entanglements allow entanglement transitions to occur at a
relatively low value of thermal energy and to exhibit a large degree of ex-
tensibility prior to inter-chain dissociation. This is experimentally mani-
fested by an €uitmvalue of 212% which occurs at a nominal temperature
(with respect to a strain rate of 1 in./in./min.) of 28°F. Increasing the
crosslink density (case 8 in Table 1) caused the euitmvalue to decrease by
29% and slightly increased its associated nominal temperature to 33°F.
Since the modulus and rubbery strain capability indicated a nearly 100%
increase in the crosslink density, the smaller change in the euitmbehavior
further indicates that the 95/5 copolymer network has numerous entangle-
ments which are not hindered by chemical crosslinks. The increase in the
nominal temperature is due to the fact that more thermal energy is re-
quired for the entanglement transitions to occur since the entanglement
motion is hindered by the increase in intermolecular interactions; i.e., the
increase in crosslink density.

Analogously, increasing the relative frequency and the chemical effi-
ciency of the crosslink sites will increase the probability of having entangled
crosslinks and, hence, higher thermal energy will be necessary before the
intermolecular interactions can be overcome. This behavior is illustrated
by the experimental data shown in Figure 22 where the nominal tempera-
tures Tcassociated with the critical reduced time . . are plotted as a function
of the logarithm of the equilibrium modulus. For the same level of cross-
linker (the solid lines), increasing the AA content (increasing the relative
frequency of the crosslink sites) increased both the modulus and the
temperature Tc. This increase is attributed to an increase in the crosslink
chemical efficiency as the relative frequency of the crosslink sites increases.
While initially, the modulus increases considerably faster than the Tc
temperature, the modulus appears to be approaching a limiting value for
each specific level of crosslinker which indicates a decreasing effect of
increasing AA content; i.e., the relative increase in the crosslink chemical
efficiency decreases with increasing frequency of the crosslink sites.

Similarly, if the backbone structure (EA/AA or BA/'AA ratio) is held
constant (dashed curves in Fig. 22), increasing the amount of crosslinker
increases the magnitude of both Tc and the modulus. Each backbone
structure exhibits its own type of Tcversus log Erbehavior and increasing
the relative frequency of the crosslink sites (AA content) appears to shift
the behavior to higher Tcvalues and a higher limiting modulus. Compar-
ing the curvature of the solid and dashed curves in Figure 22, one observes
that a limiting modulus is approached faster with increasing reactive
hardener level than with increasing frequency of crosslink sites. However,
increasing the relative frequency of the crosslink sites for the EA/AA co-
polymer causes a larger increase in the modulus than a corresponding in-
crease in the amount of reactive hardener. These EA/AA data clearly in-
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dicate that the thermal energy necessary for entanglement transitions de-
pends upon both crosslink density and backbone composition.

The compositional dependency is further demonstrated by comparing the
BA/AA and EA/AA data (Figs. 17, 21, 22). The temperature data shown
in Figure 22 illustrate that the BA/AA copolymers require less thermal
energy than the corresponding EA/AA copolymers to undergo entangle-
ment transitions. The data in Table | indicate that this temperature
difference ranges from 49 to 65°F with an average value of 58°F'. Since
the pendant butyl groups increase the backbone torsional stiffness of the
polymer chains, this lower thermal requirement is not due to increased
backbone torsional mobility. However, increasing the length of the side
group increases its torsional mobility, and torsional fluctuations can be in-
duced at a lower temperature.l0 Furthermore, the bulk of the pendant
butyl groups greatly increases the overall bulk of the chains and acts like
an internal plasticizer.4 Hence, it appears that the greater side-chain tor-
sional mobility of the butyl copolymers decreases the intermolecular inter-
actions which results in a lower thermal energy requirement for an en-
tanglement transition.

The increase in backbone stiffness and the subsequent decrease in chain
extensibility is exhibited by the data in Figures 17 and 21 where the
euitmand er* of the BA/AA copolymer is less than the corresponding EA/AA
values for the same crosslink density. Furthermore, the lower eUpmstrain
capability must be due to a shorter average “free” subchain length past the
entanglement points (see Figs. 19 and 20). It is believed that this shorter
free entanglement length is due to the fact that, for a given molecular
weight, the number of reactive sites per BA/AA polymer chain is only
about 75% of that corresponding to the EA/AA copolymer. Hence, for
the same crosslink density, the BA/AA copolymer will involve more inter-
connected chains and hence a lower probability of long unhindered entangle-
ments.

The last two characteristics associated with the master ultimate strain
curve are the glassy Argand rubbery ArTwidths. As previously mentioned,
these two widths are approximately the same (see Table 1) with the average
total width (Atg+ At.) being 7.0 for the EA/AA copolymers and 8.1 for the
BA/AA copolymers. The wider width for the BA/AA copolymers could
be due to either broader distribution of entanglement lengths and/or a
lower entanglement transition rate.

CONCLUSIONS

The magnitude of the equilibrium modulus Er was found to increase
with increasing the actual crosslink density which, in turn, depends upon
the amount of crosslinker and the chemical efficiency of the crosslink sites.
The chemical efficiency of the investigated acrylic copolymers was found to
increase as the relative frequency of the crosslink sites per chain (AA con-
tent) increased and as the bulk of the pendant side groups was decreased.
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Furthermore, the equilibrium moduli appeared to be approaching a limiting
value for each specific level of reactive hardener which indicates a decreas-
ing effect of increasing AA content, i.e., the relative increase in the crosslink
chemical efficiency decreases with increasing frequency of the crosslink
sites.

The data also indicated that either the relative frequency of the cross-
link sites or the level of crosslinker can have the greatest influence on the
equilibrium modulus. It appears that when the chemical efficiency is quite
low due to shielded reactive groups (the BA/AA copolymers), the modulus
is more strongly dependent upon the reactive hardener content than on the
AA content. When the chemical crosslink efficiency is higher (EA/AA co-
polymers), the crosslink density appears to depend more upon the relative
frequency of the crosslink sites than on the level of crosslinker (for the range
from one-half to twice the stoichiometric amount).

The temperature dependency of the modulus, i.e., its transitional be-
havior between the glassy and rubbery regions, was found to depend upon
both the polymer chain composition and the actual crosslink density. In-
creasing either the torsional stiffness of the pendant side groups or the
actual crosslink density increases the transition temperature. In general,
increasing the crosslink density also increases the breadth of the transition
region.

The ultimate strain behavior was found to be a nonlinear function of the
logarithm of the reduced time (1/eax) and, as a first approximation, can be
considered to be represented by a lognormal distribution function (whose
variate is l/ecrr) with a maximum euitmoccurring at some value of reduced
time .. and whose asymptotes approach some nonzero value .- (or .-,
This behavior was interpreted in terms of a crosslinked entanglement model
which attributes the maximum ultimate strain to a cooperative process in-
volving the external rate of deformation, e, and the chain disentanglement
rate due to Kinetic torsional energy.

The nominal critical temperature Tc associated with the maximum ulti-
mate strain (for a strain rate of 1in./in./min.) was found to be a nonlinear
function of the actual crosslink density, and replacing the pendant ethyl
side group with a butyl group decreased the magnitude of Tcby a value of
about 58°F for any given crosslink density.

Both the rubbery strain capability, e,*, and the maximum ultimate strain
capability, euitm, were found to be nonlinear functions of the crosslink
density. As a first approximation, the rubbery strain capability can be
represented by a linear function involving ETIA (the kinetic theory pre-
diction), whereas the maximum ultimate extension ratio, (1 + euitm), can
be represented by a linear relationship involving Er~IA The propor-
tionality constants depend upon the polymer microstructure and for both
erand (1 + euitn) and BA/AA copolymer exhibited lower proportionality
constants than did the EA/AA copolymer.

Hence, it appears that by changing the relative frequency of the cross-
link sites per molecule, modifying the bulk and torsional freedom of the
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pendant side groups and altering the amount of reactive hardener, one can
widely vary both the elastic moduli and the ultimate strain capability of a
polymeric solid.

This work was carried out under the sponsorship of the U.S. Army Missile Command,
Redstone Arsenal, Alabama, under Contract DAAH01-69-C-0772.
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Copolymerization of Optically Active N-
Bornylmaleimide with Vinyl Monomers

HIDEMASA \AMAGUCHI and YUJI MINOURA, Department of
Chemistry, Faculty of Engineering, Osaka City University,
Sumiyoshi-ku, Osaka, .Japan

Synopsis

Optically active xV-bomylmaleimide (NBM 1) was copolymerized with styrene, methyl
methacrylate, and vinylidene chloride with a free-radical catalyst to obtain optically
active copolymers. The monomer reactivity ratios for the radical copolymerization
of NBMI (M2 with styrene, methyl methacrylate, and vinylidene chloride were:
St-NBMI, n = 0.13, Ti = 0.05; MMA-NBMI, r, = 202, r, = 0.16; VCh-NBMI,
n = 1.15,r2= 0.47. The Q-e values for NBMI were Qo = 0.48 ande2= +1.47. The
specific rotation and optical rotatory dispersion of these copolymers were measured.
The correlation between the specific rotation and composition of these copolymers was
not linear. The value of A, for each copolymer was independent of the copolymer com-
position and the comonomer, being 260 mMfor the St-NBM1 system, 262 m/x for
the MMA-system, and 260 mm for the VCI.-NBMI system. The effects
of solvents and temperature on the specific rotation of these copolymers were investi-
gated.

INTRODUCTION

A number of studies of the preparation of optically active polymers by
addition polymerization have been reported. Polymerizations of p-sec-
butyl vinyl benzoate,10-vinyl benzyl-sec-butyl sulfide,2 1,3-dimethylbutyl
methacrylate,3 and 1-methylbenzyl methacrylate4 were carried out with
the use of a radical initiator, and optically active polymers were obtained.
However, after the cleavage of the asymmetric groups of side chain from
the polymer, the polymers were not optically active.

After these reports, Frish et alJ suggested that optically active vinyl
polymers would theoretically not be prepared by these methods, i.e., as the
polymers of CH2CHX, CHy- ('XV. and CHX=CHY have pseudo-
asymmetric carbon atoms, optically active polymer could not be obtained.
The random copolymerization of ClI12CH X and CH2=CHY also did not
give optically active copolymer. In the case of alternating copolymeri-

zation of CH,=CH X with c¢fs-CHY—CHX, C=C—X, andC=C—C=C,
X

an asymmetric structure is introduced into the polymer main chain, since
1467
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the substituted carbon atoms are converted to real asymmetric carbon
atoms to give optically active copolymers. According to the above
method,. Schuerch4’7 copolymerized (—)a-methyl benzyl methacrylate
and (—)a-methylbenzyl vinyl ether with maleic anhydride to obtain
optically active copolymers. After the cleavage of optically active side
groups, the polymer remained optically active.

Recently, Pino et al.8 reported that stereoregular copolymers of (S)
4-methyl-1-hexene and 4-methyl-1-pentene obtained in the presence of
stereospecific catalyst had marked optical rotation with molecular asym-
metry.

In this work, A-bornylmaleimide (NMBI) was prepared from jV-bornyl-
maleic acid according to Searle’s method9 modified as described in the
previous paper.0 The copolymerization of NBMI (M2 with styrene
(St), methyl methacrylate (MMA), and vinylidene chloride (VC12 was
carried out with the use of benzoyl peroxide (BPO) as initiator in tetrahydro-
furan (THF) at 50°C, and optically active copolymers were obtained.
The monomer reactivity ratios were determined, and the Qr-e2values of
NBM I were also calculated.

The specific rotation and optical rotatory dispersion of these copolymers
were measured. The effects of solvents and temperature on the specific
rotation for these were also investigated. From the results of optical ac-
tivity for the copolymer, the presence of the induction of asymmetric
carbon atoms in polymer chain was discussed.

EXPERIMENTAL

Materials

As described in our previous paper, optically active NBM1 was pre-
pared by a modification of the method of Searle.9 The needlelike crystals
had mp 5S.5-60.5°C; [aJo —9.6 (c = 1.0, | = 1.0, in ethanol).

Anal. Calcd for CMHI®D N: C,72.1%; 11,8.2%; N, 6.0%. Found: C, 71.2%:
H, 8.1%; N, 5.5%.

St, MMA, and VC12 were commercial products purified by the usual
methods and distilled over calcium hydride at a reduced pressure before use.
BPO was used after two recrystallizations from chloroform. THF used
was purified by the usual method.

Copolymerization Procedure

The radical copolymerizations were carried out with BPO as initiator
in THF in sealed tubes at 50°C. The required amounts of NBA!l and
comonomers, initiator, and solvent were placed in a tube which was de-
gassed completely and sealed off. The tube was placed in a thermostat
controlled within £0.1°C. After the polymerization period, the polymer
solution was precipitated in a large amount of methanol, filtered, and dried
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to constant weight under vacuum. The composition of the obtained co-
polymers was determined by elemental analysis.

Measurements

The D-line optical rotations were measured with a Shimazu Liebig-type
polarimeter with filtered sodium light. The D-line optical rotations at
various temperatures were measured with a Yanagimoto model ORD-3
polarimeter. Optical rotatory dispersion data were obtained with a
Shimazu model QV-50 polarimeter equipped with xenon source.

The intrinsic viscosity of the copolymers was measured in THF at 30°C
with an Ubbelohde viscometer.

The infrared spectra of KBr pellets were measured with a Perkin-Elmer
337 photospectrometer.

The x-ray powder diffractogram were obtained with the use of Cu-Ka
as a source on a Toshiba x-ray diffractometer.

RESULTS AND DISCUSSION

Copolymerization of A-Bornylmaleimide (NBMI)
with Vinyl Monomers

Optically active NBMI was copolymerized with St;, MMA, and VCI2
with BPO as initiator at 50°C in THF by the sealed tube method. That
copolymers were obtained was confirmed from the infrared spectra (Fig.
1). The infrared spectrum for St-NBM 1 copolymer had absorption bands
at 1700 cm-1 due to the imide group and at 3030, 1600, and 1500 cm-1 due
to the phenyl group (Fig. 15); that for MMA-NBMI copolymer had
absorption bands at 1700 cm '1due to the imide group and 1735 cm-1 due
to the ester group (Fig. Ic), and that for VC12N BM | showed absorption at
1700 cm "1due to the imide group and at 700 cm '1due to the C—CI bond
(Fig. 1d).

The compositions of the copolymers were determined by elemental
analysis (C, H, and N). The polymerization conditions, the compositions
and the intrinsic viscosity of the copolymers are shown in Tables I—I1I.

The x-ray powder diffractograms for copolymers with 1:1 composition
(i.e., runs 14, 24, and 34) are shown in Figure 2. It was apparent that the
interplanar distance for the copolymers were 6.10 and 122 A for St-
NBMI copolymer, 6.10 and 13.6 A for MMA-NBMI copolymer, and
5.75A for VC12NBM 1 copolymer. The values of interplanar distance for
St-MBNI and MMA-NBM I were similar to those (6.0-6.1 A, 11.4-13.6 A)
for poly-NBMI1.0 These values are similar also to those for copolymers
of N-substituted maleimide and vinyl monomers reported by Cubbon.ll

The relationships between m2 and M2 for each copolymerization are
shown in Figure 3. The m2values are the initial molar fractions of NBMI
in the mixture of monomers, whereas the M 2values are the molar fractions
of NBMI in the copolymers. The monomer reactivity ratios (ri, r2 were



1470 YAMAGUCHI AND MINOURA

BRRERE

QG ~ tHIOLE
OHNN ©

+ + 4+ + + +

o OUY

©o0 O0 0o

Oop

2P0 8o, ut o8

0o c 0 ©o

O

o

O

O 885

R s
Oo

© 3%
I 000

(e}

K

us n e
N3

0P8 PR

coo MO

@d™ ®o

P @8F 1 ooo

|p00°d°©0

A S
>0

6B O OONMo
OB ®©

Oo

VN IOONGO

£
OIROOH P o

o ?
*.

_ PV
koK AY a5
o O H 04 04 ‘S@
g W

H oi « Tf io @ % g?-glg

R8%

o 33
HA©i OON Qg



OPTICALLY ACTIVE iY-BORiIYYLMALEIMIDE 1471

04 04 04 04

* £ 1 o CO CO CO CO iO
1 04 04 04 04 04 04
'16 04 €O 1" B+ cO Tin
o o O 0 0 04 00
+

S 1%%58&@%0

a
0
S 5 £ o 8%&)«?51@}!84
o
Eﬂgg 0000(QoO
‘g
z HrLBEE
B 0000000
0
3
9
-0 ) o(BEﬁCDEO%
£ & 0 o 10 DO
(9]
\ AN
B HH B
A =0 0 0 o 0-0°0
35> Os kE 0 ©0 00 00O
<J§ U— |
H 0
i 06§ MoMOOBo ® B
. BT RRREPOOD S
>
i
2 2 Pod
0 B
& @
N >
g S s o
3 o)
0
O((
OO0
t%"P
00 CO CcOo ?-Sg
h iIMN
« J.
n bD
M w io cD |l0i3
w BY



YAMAGUCHI AND M1INOURA

1472

068
098
108
088
08
168

05 CO —i 00 I> CO
— M TH C 00 CO

0O 0O 0 O o

o

B8 SIFCo~ S

oB8
sz
“B
403
(03
%r¢

N n ~ ioio

‘ueanyoipAyel1sl ul painsesin p

85
<O
‘Ao Em
8o o 8 2
Vo o o o
800 o 23
Oo o . 8
oOo o r 8 &
[SRelele) m OF
200 o = L 88
AF E _.Amq\.a k=] wn
[O2= SRS ° To)
= cowm Nl e) < ©
2w Y0¥ BEY A o D
I omv

>
+

ti 'O

T
Bs 8 88
88 o
9 8

8 I«
Dl o @
5

§8
©:

@ I> @Io

o

s
9
8
8
3
0

Jeo B

n

o



OPTICALLY ACTIVE A'-BORVYLMALEIMIDE 1473

Fig. 1. Infrared spectra of (a) poly-iV-boruylmaleimide; (6) St-Ar-bornylmaleimide
(run 14); (¢) MMA-fV-bornylmaleimide (run 24); (d) VCls-iV-bornylmaleimide
copolymer (run 34).

20

Fig. 2. X-Ray diffractometer scans of iV-bornylmaleimide copolymers: (--—---) St-
NBMI (run 14), (-----) MMA-NBMI (run 24); (- ) VCL-NBMI copolymer (run
34).
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determined according to the Fineman-lloss method and the curve-fitting
method.

The n and r2values obtained were: rx = 0.13 (St), r2 = 0.05 (NBA1l)
for the St-NBMI system; n = 2.02 (MMA), r* = 0.16 (NBMI) for the
MMA-NBMI system; and n = 115 (VC12, r2 = 0.47 (NBMI) for the
VC12NBM I system. The polymerization curves obtained from these ru
r2values are shown as solid lines in Figure 3. The values of Q and e of
NBMI were calculated by using the Alfrey-Price equation with the values
of 7i and r2and by assuming the values St (Qi = 1.0 ei = —0.S0), MMA
(Qi = 0.74 ei = 0.40) and VC12(Qi = 0.22 ex = 0.36). The Q2e2values
obtained were 0.48 and +1.47, respectively.

In the calculation of the average Q2 e2values, the Q2 and e2values of
NBMI from the copolymerization with St were not taken into account.
These average Q2e2values were similar to those for V-substituted malei-
mide obtained by other authors,12~% as shown in Table IV. The Q2
values of these iV-substituted maleimides tend to become large because of
resonance effects of phenyl groups. In the case that the TV-substituted
group is electron-withdrawing, the e2value becomes large. The Qi values
for the St-V-substituted maleimide systems were higher than those with

TABLE IV
Monomer Reactivity and Q4 e2of NBMI (M2
average
M, M2 n 72 (2 2 Qz 2 reference
St NB.MI 0.13 0.05 1.09 1.44
MMA NBMI 2.02 0.16 0.58 1.46 \0.48 + 1.47 This
VC12 NBMI 1.15 0.47 0.48 1.47 / paper
St Maleimide 0.1 0.1 1.8 1.34
MMA Maleimide 2.50 0.17 0.43 1-33 L
VC12 Maleimide 0.71 0.48 0.39 1.33 )°-41 d- A3 12
Isobutyl NPMF 0 0.32 0.33 141 i
vinyl
ester J-057 + 1.57 13
MMA NPMI 1.38 0.20 0.83 1.76 [
Vinyl NPMI 0.03 0.66 0.56 1.53 j
acetate
St iV-n-Butyl- 1.33 0.12 3.08 1.75 14
maleimide
St p-Chloro- 0.01 0.05 11.6 1.89
phenyl-
MMA maleimide 1.08 0.17 1.15 1.70 15
Vinyl 0.02 0.60 0.73 1.80
acetate
St tV-(Carboxy 0.02 0.1 6.3 1.19
MMA /J-phenyl) 1.18 0.11 111 1.83 15
maleimide
Vinyl ethyl ester 0.02 0.18 0.67 2.07
acetate

JV-Phenylmaleimide.
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Fig. 3. Composition curves of (O) St-NBMI; () MMA-NBMI; (3) VCL-NBMI
copolymer.

other monomers (MMA, VC12 and iV-substituted maleimides (Table 1V).
The abnormal Q2values for the St-NBM1 system could be explained by
the formation of molecular complexes in the transition state between St
and NBMI as shown by Paesschen et al.2 This structure formed by the
transfer of an electron of the St double bond to the NBM1 radical

H  H cI
\ — C® 4 e,

Itibornyl

gave rise to the pronounced alternation in this copolymerization in the same
way as was assumed for maleic anhydride.

Optical Rotation

The specific rotations of the copolymers are shown in Figure 4. The
value of specific rotation for poly-NBM|1 was estimated in a previous paperD
to be +11.7 by extrapolation to eliminate the influence of polymer end
group on specific rotation. The correlation between the specific rotation
for the copolymers and the copolymer composition was not linear. The
specific rotation for the St-NBMI copolymer increased with increasing
NBMI molar fraction (from 0.0 to 0.55). On the other hand, the specific
rotation for the MM A-NBM I copolymer increased gradually with increasing
NBMI molar fraction from 0.0 to 0.40 and then started to increase rapidly.

The nonlinear correlation between the specific rotation and the copoly-
mer composition seems to suggest the formation of asymmetric carbon
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Fig. 4. Correlation between the specific rotation in THF at 25°C and NBMI1 molar
ratio in copolymers: (O) St-NBMI; () MMA-NBMI; (3) VCIj-NBMI.

300 500 ng.
Wavelength

Fig. 5. Optical rotatory dispersions in THF at 25°C: (---—-- ) St-NBMI, (run 14); (—)
MMA-NBIMI (run 24); (---- ) VCIj-NBMI (run 34).

atoms or a helical conformation of the copolymers. As shown in Figure 5,
the optically rotatory dispersion curves had positive Cotton effects. All of
them were found to (it simple Drude equations over the range 270-400 mg
for St-NBMI, 266-300 mg for MMA-NBMI, and 300-400 mg for VC1,-
NBMI copolymer (Fig. 6). In each copolymer, the Ac values were inde-
pendent of the composition of copolymer. The \Ovalues for the copolymers
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Fig. 6. Simple Drude dispersions: (O) St-NBM| (run 14); (*) MMA-NBMI (run 24);
(9) VCL-NBMI (run 34).

of St, MMA, and VCL were 260, 262, 260 m/r, respectively. The Acvalues
suggested that the chromophore causing optical activity was the carbonyl
group of NBMI. The values of [a]nax for each copolymer decreased in the
following order: St-NBMI > MMA-NBMI > VCL-NBMI. It was
thought that the difference in the values of [a]max were caused by the newly
induced asymmetric carbon atoms and chromophores.

Effect of Solvent and Temperature on the Specific Rotation

In addition, the temperature dependences and solvent effects on the
specific rotation for the copolymers were investigated. As shown in Figure
7, atemperature dependence on the specific rotation for the copolymers was
observed over the range 20-40°C. The values of the temperature coeffi-
cient (A[a]/AT) for St-NBMI, MMA-NBMI, and VCL-NBM| copolymer
were —0.017, —0.043, and —0.006, respectively. The values of A[a]/AT
for NBM1 and poly-NBM1 were +0.042 and —0.098, respectively, as re-
ported in the previous paper. From the result of temperature effect on
the specific rotation of the copolymer, and in view of the results of Pino et
al.’6 and Goodman et ah, I7 a helical conformation of the copolymers was
considered not to be present.

As shown in Figure 8, the solvent dependence on the specific rotation for
the copolymers was obtained. The specific rotation for the St-NBM1 and
VCL-NBMI copolymer decreased with increasing the amount of ethanol
(poor solvent), reached a minimum, and then increased with further increas-
ing amounts of ethanol. On the other hand, the specific rotation for the
MMA -NBMI copolymer increased with increasing amounts of ethanol,
reached a maximum, and then decreased on further increasing the amounts
of ethanol.

In the copolymerization of (—)a-methylbenzyl methacrylate and (—)<*
methylbenzyl vinyl ether with maleic anhydride, Schuerch4” 7reported that
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Fig. 7. Temperature dependence on the specific rotation of (O) St-NBMI (run 14); (=)
MMA-NBMI (run 24); (3) VCU-NBMI (run 34).

Fig. (& Effect of solvents on the specific rotation at 25°C of (O) St-NBMI (run 14);
(=) MMA-NBMI (run 24); (3) VCh-NBMI (run 34).

the copolymers remained optically active after the cleavage of optically
active side groups from the copolymers, and the conversion of substituted
carbon atoms to real asymmetric carbon atoms to give optically active co-
polymers because an asymmetric structure was induced into the polymer
main chain.

The above results, in view of Schuerch’s experimental results,4-7 were
considered to show that asymmetric carbon atoms were introduced in the
polymer main chain under the influence of an optically active bornvl group.
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Compared as the MM A-NBM | copolymer, the St-NBM | copolymer has
a larger increasing effect for the specific rotation. It was thought that the
probability of asymmetric induction for St-NBM 1 copolymer, which was an
alternating copolymer, was largest, and therefore the largest increase
seemed to be observed. The MMA-NBM 1 was not strictly an alternating
copolymer, and the increasing effect for the copolymer was not so large as for
St-NBM I copolymer.

Anal. Calcd for CiEAN: C, 72.1%; H, 8.2%; N, 6.0%. Found: C, 71.2%;
H, 8.1%; N, 5.5%.
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Natural and Synthetic Polymers as Reagents.
I. Diazonium Salt Derivatives of Polycarboxylic
Resins (Insoluble Diazonium Salt Chromogens)

GIANNI LINOLI, ENZO MANNUCCI, and CARLO BERGONZI,
Miles Itahana S.p.A., Laboratono di Ricerca, 22050 Garlate (CO), Italy

Synopsis

A method is described for the preparation of insoluble polymeric diazonium-salt
chromogens which have a precise composition and well-defined specific reactivity and
which are capable of undergoing coupling reactions to produce highly colored azo deriva-
tives. The technique involves reaction of the acid chloride of an acrylic or methacrylic
acid polymer crosslinked with divinylbenzene with an aromatic diamine, followed by
diazotization of the free amino groups of the resultant aminoarylamido resin to give an
insoluble diazonium salt. The aminoarylamido derivatives, the corresponding dia-
zonium salts, and colors of the azo derivatives obtained in coupling reactions are tabu-
lated.

INTRODUCTION

Diazonium salt chromogens which are insoluble under all conditions of
use and which have a well-defined composition and reactivity in coupling
reactions are of value in analytical and other type reactions.1 Polymers
having diazonium salt groups have been prepared from polystyrene con-
taining aminic groups,2from cellulose and its derivatives,3‘ 6and from maleic
anhydride-styrene copolymers,6 but such polymers are soluble in certain
solvents or reagents. Further, those methods of preparation may lead
to diazonium salts with nonprecise structures, as in the reduction of ran-
domly substituted nitro polymers followed by diazotization.2'6

It was, therefore, considered important to prepare an improved insoluble
diazonium-salt chromogen with the desired characteristics.

Acrylic and methacrylic acid polymers crosslinked with about 8% di-
vinylbenzene are insoluble under all possible use conditions. They are also
macroreticular, a property which enhances reactivity with dissolved re-
actants. It appeared promising, therefore, to prepare diazonium salt
derivatives of these copolymers for use as insoluble chromogens capable of
undergoing coupling reactions to produce highly colored azo derivatives.

RESULTS AND DISCUSSION

Initial studies involved a general evaluation of different methods of pre-
1481
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paring insoluble diazonium salt chromogens from acrylic or methacrylic
acid-divinylbenzene co])olymers (resin-COOH) and aromatic diamines, as
shown in eq. (1). This reaction was carried out with either N,N'-dicyclo-
hexylcarbodiimide (DCC) or V-ethyl-iV'-(3-dimethylaminopropyl)carbo-
diimide (EDC) or by azeotropic distillation, but all three methods gave;
very low yields, as shown in Table I.

Resin—COOH + H>N—Ar—NH, Resin—CO—Nil—Ar—NH2 (1)
| 1 11
TABLE |
Conversion of Crosslinked Methacrylic Acid Resin to Aminoarylamido Derivative

Total Conversion

nitrogen, of I to I,
1 Condensation by mmole/g (Z:
Benzidine Azeotropic distillation 0.018 0.18
o-Tolidine Azeotropic distillation 0.010 0.10
o-Dianisidine DCC 0.037 0.37
3,5 Diaminobenzene DCC 0.012 0.12

sulfonic acid

Benzidine EDC 0.015 0.15

Similarly, the reaction of an aromatic diamine with the crosslinked polv-
carboxylic polymer in the form of a mixed anhydride with acetic acid gave
disappointing yields of the desired product IlIl. However, preliminary
experiments demonstrated that high conversion values could be obtained if
the aromatic diamine was reacted with the acid chloride of the crosslinked
polycarboxylic acid resin. This latter method was adopted for further
study.

Preparation of Crosslinked Polycarboxylic Resin Acid Chlorides

Acid chloride formation in the polymer can be effected with thionyl
chloride7 or other agents such as phosphorus pentachloride.8 Use of the
former has the advantage that it has a low boiling temperature and it is
converted entirely into gaseous products (HC1 + S032, thereby simplifying
the purification of the resulting resin acid chloride.

Under the conditions described in the Experimental Section, conversion
of the crosslinked polycarboxylic resins to the acid chlorides proceeded ac-
cording to eq. (2) with the results shown in Figure 1

Resin— COOIl + SOCI2-* Resin—COC1 + IIC1 + S02 2)
| v

The products 1V, with a pre-established CI content, were obtained by
adopting a suitable reaction time. However, in spite of the continuous
removal of the gaseous product formed (HC1 and S02 from the resin sus-
pension during acid chloride formation, and in spite of the large excess of
thionyl chloride used, conversion of the carboxylic acid groups remains
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Fig. 1. Acid chloride formation from divinylbenzene-ciosslinked resins: (=) acrylic and
(A) methacrylic acid resins.

incomplete. In fact, although both resins have 10 meq COOH/g, their
maximum conversion to the acid chloride produced only 2.4 meq Cl/g in
the product. The concurrent formation of anhydride between adjacent
carboxylic groups, thereby producing a six-membered ring, might explain
the incomplete conversion. Hence, the polycarboxylic resins act in a
manner similar to some monomeric polycarboxylic acids.

Reaction between Polycarboxylic Resin Acid Chlorides
and Aromatic Diamines

Two possible reaction schemes may be considered, as shown in egs. (3)
and (4).

— A— NH, — Resin— C( ®)
v 1" 1l
cocl .CO —NH
, '\v N \
Resin + Ar —> Resin Ar 4)
\ / \ /
cocl NH, co- -NH
v ] Vv
The first reaction, eq. (3), produces the polymeric compound IIl, an

aminoarylamido derivative having amido groups and free amino groups.
The amino groups can be diazotized to form diazonium salt-type structures
which are insoluble and are chromogens.

Diamides V with no free amino groups covdd be formed by the second re-
action, eq. (4). Therefore, a 50% excess of diamine was used in a stoi-
chiometric quantity, calculated on the basis of chlorine, in order to avoid,
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Fig. 2. Crosslinked methacrylic resin acid chloride (1.0 meq chlorine/g), amidation
by: (0): o-dianisidine; (+) 3,6-diaminobenzensulfonic acid; (=) 2-chloro-1,4-phenyl-
enediamine.

if possible, that reaction. If Il represents an o-aromatic diamine, the
amido groups will be ortho with reference to the amino group in Ill, and,
by diazotization of 111, 1-substituted benzotriazoles (VI) will be pro-
duced.9

Amidation can be carried out either in water (method A) according to
the traditional Schotten-Baumann technique, or in solvents working in
anhydrous conditions, either with (method B) or without (method C) an
acceptor for the liberated hydrochloric acid. These methods are described
in the Experimental Section and the results are reported in Table Il for a
reaction time of 3 hr.

The results shown in Table Il indicate that the conversion of IV to 111
is higher for phenylenediamines than for diphenylenediamines. The ratio
of total nitrogen to amino nitrogen in Ill gives evidence that only 1,4-
phenylenediamine, of the diamines examined, underwent reaction (4) to a
significant extent. Therefore, in this case, the use of 50% excess of 11
based on the stoichiometric quantity of 1V, is insufficient to prevent such a
reaction.

The amidation curves in Figure 2 show that, under the conditions
adopted, a 3-hr reaction time is sufficient to reach the maximum conversion
value. Consequently, the limited conversion which has been obtained for
diphenylene-diamines does not appear to depend on an insufficient reaction
time, but rather on another variable, such as the structure and the size of
the diphenyl ring.

Another method for preparing insoluble diazonium salt chromogens in-
volved reaction of an aromatic amine having in the aromatic nucleus a
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substituent nitro group with an acid chloride resin according to eq. (3).
The nitroarylamido resin was then reduced to an aminoarylamido resin by
sodium dithionite, according to method D in the Experimental Section.
Compounds 11If and Illg are representative examples obtained by these
steps.

Diazotization of Aminoarylamido Resins

In the preparation of soluble monomeric diazonium salts, an excess of
nitrous acid exerts a very unfavorable influence on the stability of diazo-
nium solutions.0 Therefore, it is important to take the precautions of
adding a stoichiometric quantity of nitrous acid based on the amino com-
pound to be diazotized or of destroying the excess by urea or by sulfamic
acid. These precautions are not required in the diazotization of the amino-
arylamido resins of reaction (5).

. hno3 @ d<)
Resin—QO0—N H — Ar—N H 2 - »RESI—QO0—NH—Ar—n =N ®

1 Vil

In fact, nitrous acid can be added in excess until the reaction is completed.
As shown in Figure 3, additional reaction time does not influence formation
of the diazonium salt.

The excess of nitrous acid is easily removed from the insoluble diazonium
salt chromogen by filtration and washing. Table 111 lists the insoluble
diazonium salt chromogens (VI1) formed by diazotization of I11.

Coupling Reactions of Insoluble Diazonium Salt Chromogens (VII)

Table 111 describes the colors of the azo compounds obtained in coupling-
reactions carried out with the insoluble diazonium-salt chromogens (V1)
and selected reactants. The latter are only representative of awide variety
of known compounds which couple with diazonium salts to give colored
azo products. As expected, no color was obtained if a compound produced
abenzotriazole upon diazotization (I11p and Illg —VIp and Viq).

The chemical structure of the insoluble diazonium salt chromogen pre-
pared according to the method described reflects that of the aromatic di-
amine used in the amidation reaction. Such a structure is accompanied
also by a well-defined specific reactivity.

No solvent or reagent appeared to affect the insolubility of the prepared
diazonium-salt chromogens, nor was there any color bleeding observed
from the azo derivatives obtained.

EXPERIMENTAL
Materials

Amberlite IRC-50, a methacrylic acid-divinylbenzene copolymer, and
Amberlite IRC-84, an acrylic acid-divinylbenzene copolymer (Rohm &
Haas Co., Philadelphia, Pa., 19105 U.S.A.) were used as starting materials.
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Aromatic diamines (Purum Degree) were supplied by Fluka A.G. (CH-
9470, Buchs, Switzerland).

Resin Purification

The Amberlite resins were purified from traces of residual stabilizers
and from contamination products by repeated base-acid exchange with
2N HC1 and IN NaOH according to the traditional chromatographic tech-
niques. Five exchange operations were generally required for purification.

Preparation of Acid Chlorides of the Resin (1V)

A 250-ml three-necked round-bottomed flask suspended in an oil bath
thermoregulated at 80°C was used. The flask was fitted with a well-
sealed stirrer, a thermometer, and a water-cooled condenser with CaCl2
trap. Reaction was carried out by refluxing dry resin (20.0 g) with a solu-
tion formed of benzene (80 ml) and thionyl chloride (80 ml) under stirring.
After a pre-established time, the reaction mixture was filtered with vacuum
and the resin was washed with dry benzene (three times with 25.0 ml each
time). 1V was maintained in high vacuum by a mechanical pump fitted
with a trap until the low-boiling products were removed.

Reaction of Polycarboxylic Resin Acid Chlorides (1V)
with Aromatic Diamines (Il)

Compounds IV (10.0 g) corresponding to A’ meq chlorine were reacted
with X + X/2 mmoles of compounds Il, by three different methods, as
follows.
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Method A (in Water). The reaction was carried out at 0-5°C by slowly
adding 1V to the solution of the hydrochloride of Il in water (100 ml).
Under stirring and cooling, 5N NaOH was added dropwise during 30 min
until the solution was alkaline (pH 10-11). Stirring and cooling were con-
tinued overnight; then the aminoarylamido resin obtained (I11) was fil-
tered off and purified from unreacted Il by acid-base exchange and water-
washing until disappearance of Il from the eluate. Compound III, in
the acid form, was dried in vacuum.

Method B (in Anhydrous Solvent with Triethylamine). The same ap-
paratus described in the preparation of the resin acid chloride was used.
The solutions formed by compounds Il in anhydrous toluene (100 ml), and
triethylamine (11.0 g sufficient to saturate resin carboxylic groups and
hydrochloric acid liberated by the reaction) were heated at 80°C and, under
stirring, compounds IV were added. The reaction was continued for a
pre-established time at constant temperature and under stirring. Com-
pounds I11 were filtered off and washed according to the procedure described
for method A. For the compounds llia, b, I1If, g, Ilr, Ills, lilt,
and Illu, DMF was used instead of toluene.

Method C (in anhydrous solvent, without alkaline compounds). The
procedure was the same as in Method B, except that the reaction was
carried out without triethylamine.

Conversion of Nitroarylamido Resins to Aminoarylamido Resins
(Method D)

Nitroarylamido resins (compounds IlIf and Illg) were prepared from
nitroarylamines according to method B. Reduction of nitro groups to
amino groups was carried out in a 250-ml three-necked round-bottomed
flask with a well-sealed stirrer, a dropping funnel and a water-cooled con-
denser. The flask was suspended in an oil bath. A suspension formed of
nitroarylamido resin (20.0 g) in ethyl alcohol (180 ml) was heated at reflux,
and a solution formed from sodium dithionite (5.0 g) and water (20 ml)
was added dropwise. The suspension was stirred and refluxed for 1 hr.
The deep yellow color of the nitro resin changed to light yellow. The re-
duced polymer was collected by filtration, washed with water, and purified
by base-acid exchanges according to the general procedure for compounds
1.

Diazotization

Compound 111 (5.0 g) was suspended in water (25 ml) containing 37%
HC1 (3.5 ml). The suspension was chilled to 0-5°C and 2N NaNO02 (3.5
ml) was added dropwise. Stirring and cooling were continued for 30 min.
The formed compound VII was collected by filtration and washed with
O-OIN HC1 until HNO2 disappeared from the filtrate. Compound VI
was dried in vacuum and stored in light-proof containers.
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Analytical Methods

Chlorine Determination in Resin Acid Chlorides. About 1 g, carefully
weighed, of the resin acid chloride (1V) was poured into 15 ml 2.5N NaOH;
the .suspension was heated on a boiling water bath for 30 min and the resin
filtered off and washed. The filtrate and the washing, quantitatively
collected, were titrated with AgNO03 according to the Mohr method, for
Cl determination. For calculating the conversion of carboxyl to acid
chloride groups, the following formula was used:

% Conversion = 1000 Z/(1000 - 18.45X)
where X denotes milliequivalents CI- per gram.

Total Nitrogen Determination in Aminoarylamido Resins (I11) and Cal-
culation of Conversion of Resin Acid Chloride (1V). The Dumas semi-
micro combustion method was used to determine total nitrogen.

Calculation of conversion of compounds 1V to the hydrochlorides of 111
was made according to the formula:

Conversion = V109[X(1,000 — NM)]

where N = mmoles N2g in Il1l, X = milliequivalents Cl/g in IV, and M =
molecular weight of the diamine used.

Determination of Coupling Power (CP) for Compounds VII. The
method is based on the reaction between insoluble diazonium salt chromo-
gens and /3-naphthol and the determination of unreacted naphthol.

The standard solution was a solution of 2% /3-naphthol in ethyl alcohol.
A solution of tris(hydroxymethyl)aminomethane of pH 8.5 was obtained
by dissolving 10 g Tris in 50 ml of water and addition of 5N HC1 to give the
desired pH and enough water to make the volume to 100 ml.

The test solution consisted of /3-naphthol solution in Tris containing
about 50% excess naphthol based on the quantity to be coupled by the
resin diazonium salt.

In an amber glass beaker, 100 mg VIl were added to 5 ml of the test
solution. The suspension obtained was stirred for 20 min, diluted to 10 ml
with 20% acetic acid, filtered, and the suspension washed with 40 ml of
20% acetic acid. The filtrate and the washings were collected and diluted
to obtain a naphthol concentration of approximately 20 tig/val. X stan-
dard solution diluted in the same way was used. The absorption of the
solutions was measured by a spectrophotometer at 274 ni/lu.  The coupling
power CP was calculated from the formula:

CP = [A — (AD'/D)] X 10

where A is the weight (mg) of naphthol used for 100 mg insoluble diazonium
salt chromogen, D' is the optical density of the solution under measurement,
and D is the optical density of the standard solution.

The CP is expressed as milligrams of naphthol coupled per gram of VII.
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Amino Nitrogen in Compounds I1l. The coupling power determined for
the corresponding compounds V11 was used to calculate amino nitrogen in
compounds 111 by the ratio, CP/144.16.

The data were checked further by a method based on the measurement
of the nitrogen liberated by decomposition of insoluble diazonium salt
chromogens. This method will be the subject of a separate paper.

CONCLUSIONS

A new class of reagents, insoluble diazonium-salt chromogens which give
colored azo compounds in coupling reactions, has been prepared from cross-
linked polycarboxylic acid resins by formation of the acid chloride, amino-
aryl-amidation with aromatic diamines, and diazotization of the free amino
groups. These insoluble diazonium salt chromogens have a precise com-
position and specific reactivity.
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Role of Dimethyl Sulfoxide as a Solvent for Vinyl
Polymerization

SATYENDRA NATH GUPTA and LIMA SANKAR NANDI,
Department of Macromolecules, Indian Association for the Cultivation of
Science, Calcutta 32, India

Synopsis

Dimethyl sulfoxide has been used as a solvent in the polymerization of methyl meth-
acrylate and styrene. The chain-transfer coefficients of the solvent and the values of &
[i.e., (2 k,)IC/kp] in solvent-monomer mixtures of various compositions were determined.
dwas observed to be dependent on the solvent concentration in the case of methyl meth-
acrylate but remained constant in case of styrene. The lowering of the values of 5
with increasing solvent concentration in case of methyl methacrylate has been attributed
to an interaction between the solvent and poly(methyl methacrylate) radical resulting
in lower termination rate.

The use of dimethyl sulfoxide (DMSO) as a solvent for vinyl polymeri-
zation is of comparatively recent development. Wide solubility range,
high dielectric constant, and low transfer value has opened up the possi-
bility of diverse applicability of this solvent in polymerization studies.

As DMSO adds to the limited number of solvents for polyacrylonitrile,
polymerization of acrylonitrile has been followed to a great extent in this
solvent. White and Ziselllobserved a higher rate of polymerization and
molecular weight and a low solvent transfer constant in DAISO compared
to dimethylformamide (DMF). Poly(methyl methacrylate) obtained by
electroinitiation has also been reported2to have a high molecular weight
and enhanced rate of polymerization in DMSO. These observations
rightly demand thorough and systematic study with this solvent.

We have reported here results on the polymerization of methyl methac-
rylate and styrene in this solvent initiated by 2,2'-azobisisobutyronitrile
(AIBN).

EXPERIMENTAL

Materials

Most of the water which might be present in the BDH quality DAISO
used was removed by azeotropic distillation with benzene. The product
was then dried over calcium hydride and fractionally distilled under re-
duced pressure. The middle fraction was used for polymerization studies.

1493
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Fig. 1. Variation of Rpwith monomer concentration in thermal polymerization of MMA
in DMSO at GO°C.

Benzene was purified in the conventional way and dried over sodium and
fractionally distilled.3

AIBN was crystallized three times from ethyl alcohol and dried under
vacuum. Methyl methacrylate4 and styrene6 were purified in the usual
way.

Polymerization studies were carried out dilatometrically at (00C. The
dilatometer with the contents was frozen, degassed, and flushed with nitro-
gen. This operation was repeated a number of times and finally the
dilatometer was sealed under vacuum. It was then placed in a thermostat,
the contraction measured by a cathetometer, and Rv calculated thereby.
The number-average degree of polymerization P was determined from vis-
cometric measurements with the help of the equation P = K\i}]Ja where [1j]
is the intrinsic viscosity and K and a are constants, the values being
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[ dmso/ styrened

Fig. 2. Determination of the CS of DMSO: (A) styrene; (B) methyl methacrylate.

2.205 X 103and 1.32, and 1.77 X 103 and 1.40 for pc>ly(methyl meth-
acrylate)6and polystyrene,7respectively.

RESULTS

Determination of Chain Transfer to the Solvent

Methyl methacrylate and styrene were thermally polymerized at differ-
ent monomer concentrations in DMSO at 60°C. The monomer concentra-
tion was varied by varying the concentration of DMSO. Rpwas observed
to increase with increasing concentration of DMSO, i.e., decreasing mono-
mer concentration, and after passing through a maximum the rate de-
creases (Fig. 1). No such initial rise was observed in the case of styrene.

To determine the solvent-transfer coefficient, the inverse of the degree of
polymerization (1/P) was plotted against the ratio of the concentration of
the solvent to the concentration of the monomers, [S]/[M], From the
slope of the plots (Fig. 2) the values of Cs i.e., the chain-transfer coefficient
to solvent were found to be 0.71 X 10~6for methyl methacrylate and 4.8 X
1076for styrene.
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[\]'2 x io2
8 16 24

Fig. 3. Dependence of Rp on AIBN concentration at fixed monomer concentration:
(A) [MMA] = 4.65 mole/l.; (B) MMA = 7.44 mole/l.; (C) [styrene] = 4.34 mole/l.

Effect of Initiator Concentration
on the Rate of Polymerization and Evaluation of &

The rate of polymerization was found to be directly proportional to the
square root of the initiator concentrations at different concentrations of the

monomers (Fig. 3).
The general equation for the reciprocal degree of polymerization (1/P)
can be easily deduced and is

1/P = Cm+ Cs[S]/[M] + Ci[I]J/[M] + (RE¥[M]? 1)

where Cm, Cs and Ci are chain transfer constants for monomer (M), solvent
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R> X105

Fig. 4. Evaluation of 5 for AIBN-initiated polymerization of MMA and styrene and
DMSO: (A) [MMA] = 4.65 mole/L; (B) [MMA] = 7.44 mole/l.; (C) [styrene] =
4.31mole/l.; (D) [styrene] = 6.89 mole/1.

(S), and initiator (I) respectively. Rp represents the rate of polymeriza-
tion. For initiators whose C\values are almost zero and at constant mono-
mer concentration, eq. (1) can be written as

I/P = Constant + RpS”Z[M]2

The values of 8 [i.e., (2kt) 4k Il] at different ratios of solvent to monomer
were evaluated from the slopes of the plots of I/P against Rp (Fig. 4).4
The values decreased with increasing of DMSO concentration in the case of
methyl methacrylate but remained virtually constant in case of styrene
(Table 1).

Dependence of the Rate of Polymerization
on Monomer Concentration

The dependence of the rate of polymerization on the concentration of
monomer has been studied with both the monomers in DMSO at a fixed
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TABLE 1
Value of 5 at Different Monomer Concentrations

Concentration

of monomer, 5 molel2
Monomer mole/1. sec'/lyi.12 Reference
Methyl Bulk 7.6 4
methacrylate
7.44 0.65 Present authors
4.65 4.65 v
Styrene Bulk 28.62 8
6.94 29.4 Present authors
4.34 28.1 *

concentration of AIBN. With methyl methacrylate it was observed that
Rp increased linearly with monomer concentration up to 60% monomer
concentration, after which the rate virtually remained unaltered with
further increase in the concentration of methyl methacrylate (Fig. 5).
Styrene, on the other hand, followed a linear relationship between log Rp
and log [df] with a monomer exponent of 1.2 which is well within the
values in the literature.9-11

From what we have observed (Figs. 1 and 5) it seems that DMSO en-
hances the rate of polymerization of methyl methacrylate. To find out the
dependency of the rate of polymerization on the DMSO concentration,
polymerization was carried out in the presence of a cosolvent (benzene) in
which a first-order dependence of the Rp on monomer concentration has
been observed,2 the chain-transfer coefficientl3 with poly (methyl meth-
acrylate) radical is close to that with DMSO. In the systems studied both
the initiator (AIBN) and monomer concentrations were kept constant and
the ratio of benzene to DMSO varied. In the case of methyl methacrylate
R, was observed to increase with increasing concentration of DMSO but
styrene showed more or less constant rate of polymerization independent of
the DMSO concentration (Fig. 6). Further the molecular weight of the
resulting polymer increased with increasing DMSO concentration in the
case of methyl methacrylate.

DISCUSSION

Our values of chain transfer constants for poly(methyl methacrylate)
and polystyrene radicals are quite comparable with similar low transfer
coefficients of this solvent observed for acrylonitrile.

The general tendency of the solvent to increase the rate of polymerization
and degree of polymerization of methyl methacrylate as observed by us and
also for acrylonitrile observed by many workers mentioned earlier is difficult
to explain.

The possibility that DMSO produces free radicals is ruled out on the
basis of its inability to initiate polymerization of other monomers which
are not polymerizable thermally (e.g., acrylonitrile or vinyl acetate), and
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Fig. 5. Dependence of Rp on monomer concentration in DMSO at fixed AIBN con-
centration: (A) MMA, [AIBN] = 2.104 X 10”3mole/l.; (B) MMA, [AIBN] = 0.598
X 10-3 mole/1.; (C)styrene, [AIBN] = 9.58 X 10_3molel.

log DMSO
1.6 o 0.2 0.6

log DMSO

Fig. 6. Variation of Rp with DMSO concentration at fixed monomer and AIBN con-
centration: (A) MMA; (B) = styrene.
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Fig. 7. Dependence of Rpon MM A concentration corrected for DMSO at fixed AIBN
concentration.

also the increase of the degree of polymerization with the increase of rate of
polymerization. DMSO has a higher viscosity (1.804 cP) at 30°C as com-
pared to methyl methacrylate (0.526 cP). So it might be argued that in
the presence of DMSO the termination becomes diffusion-controlled and
hence the rate of polymerization as well as the degree of polymerization
would increase with the increase of viscosity due to the increase in DMSO
concentration. It is difficult, however, to account for the significant
changes in Rvand molecular weight at low DMSO concentration where the
increment in the viscosity isvery small. Again DM SO was observed not to
affect the Rv and molecular weight similarly if methyl methacrylate is re-
placed by styrene. A definite decrease in S is observed with increasing
concentration of DMSO for methyl methacrylate but no such change was
noticeable with styrene. The possibility of increased radical production due
to participation of solvent in the initiation step as has been observed with
halogenated benzenesl1415does not seem applicable in the present case. In
such cases, the molecular weight decreases with increasing Rp. On con-
sidering all these, it seems that the effect is not due to diffusion control of
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the termination; rather, the hindrance is probably the result of some inter-
action of DM SO with the poly (methyl methacrylate) radical. Due to the
relatively active lone pair of electrons of the oxygen atom, DMSO can form
a protective solvent sphere around a radical having a deficiency of negative
charge due to the inductive effect of the electronegative substituents in the
«-position. This apparent negativity is more pronounced with methyl
methacrylate and acrylonitrile than with styrene. As the radicals are thus
protected from termination due to encounter with a second radical, the 5
value tends to be lower with increasing DM SO concentration.

If it is assumed that 8 and consequently Rv is a function of DMSO
(/»[S]) concentration in the polymerization of methylmethacrylate, the rate
equation may be expressed as

Rp = kv[M](2fcd/[i])12/®[S]

At constant initiator and monomer concentrations the equation can be
written as

R, = constant/, [S]

A plot of log R,, against log [S] (Fig. 6) yielded a straight line of 0.23 slope.

If this treatment is valid in the polymerization of methyl methacrylate
in DMSO, the correct monomer exponent could be evaluated by plotting
(log Rp — log/n[S]) against log [M], A typical plot is shown in Figure 7
which is found to be linear throughout the range of monomer concentration
employed. The monomer exponent is 0.95, which is very close to the
theoretical value of unity.
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Comparison between Theoretical and Experimental
Values of the Volume Changes Accompanying
Rubber Extension

R. G. CHRISTENSEN and C. A. J. HOEYE, Institute for Materials
Research, National Bureau of Standards, Washington, D. C. 20234

Synopsis

The molecular theory of rubber elasticity assumes the free energy to consist of two
parts: a liquidlike free energy that is governed by intermolecular interactions and is
independent of strain at constant volume and an intramolecular interaction free energy
equal to the sum of the free energies of the chains making up the network. The volume
increases of rubber samples as a function of their length were found to be considerably
larger than predicted by the molecular theory. Therefore, contrary to common belief,
the values of (dE/i>L)v,T might not be related solely to changes in intramolecular inter-
actions with extension. Also, the usual procedure to obtain values of (dE/OL)VJT from
measurements of (¢ f/d 7)piL with the aid of the molecular theory is not correct.

INTRODUCTION

For all its simplicity, the molecular theory of rubber elasticity has been
remarkably successful in correlating the molecular properties of polymer
chains with the stress-strain measurements on a rubberlike material.12
Also, the theoretically calculated values of the sti'ess-birefringence coeffi-
cient3and the degree of swelling by a solvent4are in agreement with experi-
mental results, at least semiquantitatively. Nevertheless, important
differences5-12 exist between experiment and molecular theory that invite
reexamination of the underlying principles of the latter. A rather bold
assumption of the theory is that the free energy of the strained rubber AF
isgiven by 134

AF = AFd - AFaq [0))

where AFuq is the free energy of interaction between chains which, as in
liquids, is taken to be dependent on volume and temperature and indepen-
dent of deformation at constant volume. AFei is the sum of the elastic
free energies of the chains of the network, without taking account of inter-
actions between them. We have for Gaussian chains13 ¥4

AFei = (*)VKT(ra/(r\) ©
1503

© 1970 by John Wiley & Sons, Inc.



1504 CHRISTENSEN AND HOEVE

where v is the number of chains, k and T are respectively Boltzmann’s con-
stant and the absolute temperature, frd is the mean-square end-to-end
distance of the polymer chains in the network, and frd) is the mean-square
end-to-end distance of the corresponding free chains, unperturbed by ex-
cluded volume effects.

Based on egs. (1) and (2) the following equation has been derived for the
force as afunction of extension13-14

| = {vkT/U){y/V™"\a - a") 3)

where/is the retractive force in simple extension, a = L/Lu L and Lt are,
respectively the length in the deformed and the undeformed (isotropic)
state, F is the volume of the sample, FOis the volume at which fr/} =
f/-D), where fr/} is the mean-square end-to-end distance of the chains in the
isotropic network at the volume F. Although deviations from eq. (3) have
been observed experimentally,5' Rit is at least a first approximation.

Independent of any molecular theories, on general thermodynamic
grounds, the volume change on extension of an isotropic solid for small ex-
tensions is given byh

AF = xfL/3 4)
where the compressibility x is given by
* = -V -1(dv/dp)T (5)

From thermodynamics the following expression may be derived for finite
deformations

V I(dV/dL)MT = —xL(df/dV)L,T (6)

where
xL = —V(dV/dp)L'T (6)

In order to proceed to finite deformations, a molecular theory must be used.
Assuming xL to be independent of a, we obtain from egs. (3) and (6)136

AF = xLvkT(V/FQUI(l - a-) (8)
From egs. (3) and (8) we have
AF = xiJL(1+ a+ ad"1 9)

For values of a close to unity, eq. (9) reduces to eq. (4), as it should. If we
determine the stress-strain relationship and take xL = x, experimental and
calculated values of AF may be compared. Unfortunately, the volume
changes to be expected are of the order of a hundredth of a per cent and are,
therefore, not easily measurable. As a consequence, the error limits in the
reported valuesIrBof AF have been rather large. It is the object of this
paper to report on more accurately determined volume changes and to dis-
cuss the deviation from the molecular theory.
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EXPERIMENTAL

The elastomers used were pale crepe natural (Hevea) rubber and Shell
6305-X11 synthetic polyisoprene. The latter is a stereospecifically poly-
merized polyisoprene with approximately 90% cis configuration. Rubber
samples were compounded with approximately 3% dicumyl peroxide and
cured at 140°C for 10, 15, and 40 min, in the form of sheets 15 X 15 X 0.2
cm. No antioxidants were used. Rings, approximately 3.4 cm OD and 3.0
cm ID, were cut from the sheets and stored at —30°C until used. The
rings weighed 0.390-0.400 g. Additional samples of the synthetic polyiso-
prene were prepared by incorporating 1% by volume of small glass beads
into the rubber and then curing sheets and cutting rings in the usual way.
The glass beads used were approximately 40 ~m in diameter.

A drawing of the dilatometer is shown in Figure 1. The rings, usually
two, were supported between a hook fixed to the top of the chamber and
another one attached to a movable iron core. The rings were extended by
moving the dilatometer while the iron core was held stationary by a large
permanent magnet. A white background with a reference mark was
affixed to the capillary near the meniscus. The positions of the rubber rings
were measured with a cathetometer, to the nearest 0.01 cm. The length
of a rubber ring was taken to be the distance between the inside edge at one
end and the outside edge at the other. To achieve the desired sensitivity, a
capillary tube of 0.0206 cm bore was used. Ordinary borosilicate glass
tubing of approximately 0.1 cm wall thickness was unsuitable for the body
of the dilatometer, since it was subject to sufficient deformation during
manipulation of the dilatometer to cause appreciable errors. Accordingly,
borosilicate boiler-gage tubing of approximatly 0.2 cm wall thickness was
adopted. A test with the rubber rings replaced by a coil spring showed
that no significant deformation of the dilatometer occurred. The dilatom-
eter was made ready by assembling the rings and iron core within the body,
sealing off the bottom, and filling by alternately applying suction and allow-
ing distilled water to flow in through the capillary. Residual air bubbles
were expelled by warming the dilatometer. Since a dilatometer of this
construction is very sensitive to temperature changes the apparatus was
immersed in a water bath near 30°C. Monitoring the temperature with a
thermistor bridge showed temperature variations to be less than 0.001°C
during the course of an experiment.

Stress-strain curves for the samples were measured by suspending
weights from the rings and measuring the lengths with a cathetometer.
No difference was noted between rings cut from the same sheet. In some
cases, the rings were suspended from calibrated springs in the dilatometer,
and the tension was measured during the course of the experiment.

Compressibilities of some of the samples were measured by applying
pressures up to three atmospheres to the top of the capillary and noting the
resulting change in level. Pressures were measured with a mercury man-
ometer. Owing to the deformation of the body of the dilatometer, this
method will give only differences in compressibility. It was suitable to
determine possible changes in compressibility with extension of both the
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Fig. 1. Construction of dilatometer: (1) capillary 0.0206 cm bore; (2) supporting
hook; (3) bands; (4) iron core with TFE bushings.

filled and unfilled rings as well as compressibilities of mixtures of xylene and
rubber.

Measurements of the volume change on elongation were also made with
the dilatometer under a pressure of up to 20 atm. The pressure was ap-
plied to the dilatometer by admitting nitrogen from a cylinder to a ballast
tank (another cylinder) which was connected to the dilatometer by a spiral
of copper tubing. This allowed free movement of the dilatometer while
under pressure. The copper tubing was connected to the capillary with a
Swagelok fitting, the ferrules bearing against the glass being of nylon.
The meniscus was adjusted by raising the pressure nearly to the desired
value and removing the excess liquid from the top to the capillary with a
magnetically actuated wick.
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Results and Discussion

The observed volume changes are plotted in Figures 2-5. The force-
length data for one ring of each type are given in Table I. The dotted lines

TABLE |
Force-Length Measurements
10 min cure 15 min cure, swollen 40 min cure
Length, Force, Length, Force, Length, Force,
cm N X 10-8 cm N X 10"8 cm N X 10-8
4.90 0 6.30 0 4.90 0
5.37 51 6.80 26 5.12 51
5.85 100 7.43 48 5.50 100
6.44 149 8.08 79 5.88 149
7.14 198 8.85 107 6.32 198
8.07 247 9.59 132 7.37 296
9.29 296 10.40 151 8.79 394
10.25 345 11.17 174 10.50 492
11.95 187 12.42 590
12.81 205

are calculated with the aid of eq. (9), the data of Table | and the valueld
x = k1 = 515 X 10~6cm2N. The value of x for the rubber swollen with
xylene (Fig. 4) was determined to be 6.9 X 10"6cm2N. This is close to the
weighted average of the compressibilities of the components, taking the
compressibility of xylene to be 8.7 X 10~6cm2N. We observe that within
experimental error the initial calculated and experimental slopes are equal

Fig. 2. Dilation of polyisoprene bands cured 10 min compared to calculated dilation
as a function of a. The dotted line is calculated according to eq. (9) by using data of

Table I.
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Fig. 3. Dilation of natural rubber bands cured 40 min compared to calculated dila-
tion as afunction of a. The dotted line is calculated according to eq. (9) by using data of
Table I.

Fig. 4. Dilation as a function of a for natural rubber bands cured 15 min and swollen
with xylene to 212% of the original volume. The dotted line is calculated according to
eg. (9) and Table I.

for all cases, except for the experiments corresponding to the open circles
shown in Figure 5, which will be discussed below. It is apparent, however,
that in all cases sizeable differences between experimental and theoretical
results occur for higher extension. A critical examination of possible sys-
tematic experimental error is therefore in order.

The first possibility is that on extension vacuoles are formed; the appar-
ent volume changes would then be too high. Indeed, in rubber filled with
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Fig. 5. Dilation as a function of a for filled polyisoprene and unfilled natural rubber
bands both cured for 10 min. The dotted line is calculated according to eq. (9) and
Table I.

particles this effect is known to occur.® The curve with the open circles in
Figure 5 for the sample filled with glass beads shows that already the initial
slope deviates from the calculated value. This result confirms that on ex-
tension vacuoles are formed around the glass beads. Under the pressure of
20 atm, however, these vacuoles apparently disappear, since the same re-
sults are obtained for filled and unfilled rubber (respectively, filled circles
and filled triangles in Fig. 5). In addition, these measurements are indis-
tinguishable from those for the unfilled rubber at 2 atm. Moreover, the
synthetic rubber, which is unlikely to contain the same kind of insoluble
impurities as natural rubber, displays the same deviations within experi-
mental error (Figs. 2 and 5).

A second, less likely, possibility is that on extension of the rubber a
residual amount of protein may absorb some of the water used as a con-
fining liquid. The amount of absorption could depend on extension and
could then cause erroneous volume measurements. As we have remarked,
however, the observed initial slopes are in accordance with theory. Fur-
thermore, the results for sythetic and natural rubber agree (Figs. 2 and 5),
whereas the former certainly contains less protein and is therefore expected
to swell much less.

A third possibility is that equilibrium values may not have been obtained
experimentally. Although this possibility cannot be discounted com-
pletely, we have observed that, in contrast to stress-strain measurements,
volume-length measurements do not display hysteresis effects within ex-
perimental error. It is known that hysteresis effects in the stress-strain
curve can be greatly suppressed by swelling of the sample.58912 The re-
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suits so obtained are then believed12to be closer to the equilibrium values
than those obtained for the dry state. We see in Figure 4, however, that
for the volume-length measurements the deviatons between theory and
experiment persist at a swelling ratio of 2.12. Nevertheless, if both types
of measurements would result in deviations from theory merely because of
failure to attain equilibrium, these deviations would be expected to be at
least of the same sign. Corresponding to a positive C2term,6-12 the experi-
mentally determined stress-strain curve is, however, more concave, whereas
according to Figures 2-5 the volume-length curve is less concave than the
molecular theory predicts. We conclude that failure to attain equilibrium
can not be the sole cause of both types of deviations.

It is possible that, contrary to our assumption, xL is not constant but in-
creases with extension. Bianchi and Pedemonte2l have indeed reported
that alxL~I is dependent on length, where aL = V_1{dV/dT)vX. This re-
sult suggests that xL is dependent on length, since Allen et al.2 found no
dependence of aL on L. Our measurements of the compressibility mea-
sured in the dilatometer between 0 and 3 atmospheres show, however, that
to within 3% xLis independent of L for values of a up to 2.

Allen et al.2 measured (df/dp)LiT and reported it to be essentially in
agreement with theory. According to thermodynamics this derivation
equals (dV/dL)p,T, which we found not to be in agreement with theory.
In view of the difference in experimental procedures and also the rather
large errors in the measurements by Allen et al.,2a comparison is difficult,
however. Our results are in better agreement with other measurementsi17 18
of (dV/dL)AT, but again, the experimental errors were large,

Results similar to ours for volume changes on rubber extension have been
observed recently.B

We conclude from our results that the theoretical and measured volume-
length relationships are at variance. At present we can only surmise how
the theory should be revised. The assumption underlying the additivity of
elastic and liquidlike free energies, given by eq. (1) is quite drastic. The
chains are almost certainly not as unrestricted in the network as assumed.
It is possible, therefore, that an additional free-energy term is required in
eq. (1). Recently a modification of the elasticity equation was proposed by
Tobolsky and Shen.24 They introduced an ad hoc volume-dependent func-
tion in the term derived from the molecular theory [eq. (2)]. Better agree-
ment between theory and experiment may be obtained by adjusting y, the
extra parameter introduced. It is difficult to see, however, how this
parameter is to be related to a molecular theory.

Currently a wide interestl2exists in measurements of /e = (dE/dL)WT,
the change in internal energy on deformation of rubber-like networks. Its
value may be obtained from stress-temperature measurements according
to the equation

| = fe+ T{df/dT)y.L (10)

Also, in accordance with the spirit of eq. (1), fe has been widely interpreted
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as being determined solely by intramolecular interactions in network chains.
In the light of the results obtained here, this may be true to a first approxi-
mation only.

Whatever its molecular interpretation, feis usually not obtained directly,
since the last term on the righ-hand side of eq. (10) cannot easily be mea-
sured. Instead (df/dT)RL is usually measured and the resuting value is
corrected for the effect of volume changes with the aid of the molecular
theory as follows. We have the thermodynamic relation

(df/dT)ViL = (df/dT)AL + xh-xah{dVIdL)VT (11)
With the aid of the molecular theory we have from egs. (9) and (11)
(df/dT)r,L = (dfZ/dT)PL + alf/(a3- 1) (12)

Since the experimentally determined values of (dV/dL)PT are larger than
given by eq. (9) the (positive) second term on the right-hand side of eq.
(12) underestimates the correction term. Therefore, the values for /e
obtained from stress-temperature measurements at constant pressure and
application of egs. (10) and (12) should be reduced. By taking alL to be
equal to the thermal expansion coefficient of natural rubber® of 6.45 X
10-4 degree-1, and by taking the measured slope of our volume-length
curves at a = 2, we calculate for fe/f from eq. (11) the value of 0.06,
whereas from eq. (12) the value of 0.13 has been obtained.12

Certain commercial equipment, instruments, or materials are identified in this paper
in order to adequately specify the experimental procedure. In no case does such identi-
fication imply recommendation or endorsement by the National Bureau of Standards,
nor does it imply that the material or equipment identified is necessarily the best
available for the purpose.
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Chain Transfer in Ethylene Polymerization. IV.
Additional Study at 1360 Atm and 130°C

GEORGE A. MORTIMER, Hydrocarbons and Polymers Division,
Monsanto Company, Texas City, Texas 77591

Synopsis

The previously reported chain-transfer studies were extended to include chain transfer
to esters, amides, amines, phosphines, and other compounds containing functional groups.
Phosphines are very reactive, amines are moderately reactive, and amides and esters are
quite unreactive. Most other functional groups give moderate reactivity. Halogens
and compounds containing a nitrogen-oxygen bond were all found to be inhibitors for
ethylene polymerization.

INTRODUCTION

In a previous publication on chain transfer in ethylene polymerization,
the effects of the molecular structure and Certain functional groups on a
compound’s proclivity to undergo transfer reactions were investigated.1l
In this paper, these topics are considered further. In particular, some func-
tional groupings which were not thoroughly examined or not studied at all
will be covered in more detail. Also, in preparation for subsequent work
on the effects of pressure and temperature on the chain-transfer reaction,
additional data were obtained on some of the transfer agents studied pre-
viously. These additional data and the chain-transfer constants recal-
culated by our improved method2are included herein for completeness.

Several compounds were screened which were found to have an inhibiting
or severe retarding effect. These will also be mentioned.

EXPERIMENTAL

All experiments were carried out in system 2 by the procedures pre-
viously described.1'2 The chain-transfer data are given in Table | along
with the newly calculated2chain-transfer constants, CB

The inhibitors or retarders allowed essentially no polymerization to take
place when they were present in concentrations typical for chain-transfer
agents. These data are given in Table I1.

DISCUSSION

In general, the reactivity of transfer agents in ethylene polymerization
parallels their reactivity in hydrogen abstraction reactions in the liquid
1513
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TABLE 11
Summary of Data on Inhibitors

Lowest concentration used,

Compound mole-%
iV,Af-Diethylhydroxylamine 0.099
2-Nitro-2-methylpropane 2.04
1-Nitropropane 0.80
Nitrobenzene 1.82
Isoamyl nitrite 0.18
Nitrogen trioxide (Nan) 0.031
Nitrosyl chloride 0.16
Chlorire 0.36
lodine 0.0004
Furfural 0.14
1,4-Cyclohexadiene 0.025

phase, as might be expected.3 The details in ethylene polymerization
follow.

The amines studied seemed to have little or no effect on polymerization
rate although ammonia itself is a retarder.46 However, they did give long
induction periods unless redistilled in vacuum under nitrogen. The water-
white, oxygen-free distillates either gave no induction period or a short one.
Apparently, an oxidation product of the amines is an inhibitor.

The chain-transfer activity of amines was found to be secondary >
tertiary > primary > ammonia. Tertiary amines obviously transfer at a
C—H bond. The C—H bond alpha to an amino nitrogen atom is acti-
vated. Secondary amines have a very reactive N—H bond which reacts
in addition to the C—H bonds.6 The N—H bonds in primary amines are
much less reactive, so most transfer is with the hydrogen atoms alpha to the
amine function.7 It is the peculiarly high activity of the secondary N—H
bond which is responsible for the high reactivity of secondary amines.

The phosphorus analogs of amines show quite a different behavior.
Their reactivity order is phosphine9 > secondary > phosphite > tertiary.
No primary phosphines were studied. From the data at hand, it is seen
that the P—H bond is more reactive than C—H bonds alpha to phos-
phorus, although the latter are obviously activated. The presence of oxy-
gen on phosphorus decreases the activity of the P—H bond somewhat, but
dimethyl phosphite is still a very reactive transfer agent. None of the
phosphorus derivatives studied had any effect on polymerization rate:
they all behaved as true chain-transfer agents.

By contrast, the unreactivity of esters and amides is truly noteworthy.
They may be thought of as a structural combination of a carbonyl group
and either an ether (or alcohol) linkage or amine linkage, respectively.
All of these functional groups are known to activate C—H bonds alpha to
them. However, amides, and more particularly esters, do not show much
enhanced activity over hydrocarbons.3 In fact, methyl acetate and ethyl
acetate are of about the same reactivity as propane and butane, respectively.
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The data for amides, which are somewhat more reactive than esters, do
not present a clear picture. For the monosubstituted amides, the order of
reactivity is C2H5NH > CH3NH, as expected. From the low level of re-
activity, it appears that the amide N—H bond is relatively unreactive.ll
However, for the disubstituted amides the opposite order of reactivity was

CH3NH and (C2HH2N ~ C2HsNH. When these surprising results were
first obtained, the amides were carefully repurified and rerun. The results
were unchanged. Perhaps steric factors, which have been observed before
for branched hydrocarbons,1 play an important role in shielding disub-
stituted amides from attack, especially when the substituant itself is
branched.

Returning to esters, for which more complete data are available, it ap-
pears that attaching C =0 and —0— functions together destroys much

of the activating influence of each on adjacent C—H bonds.3 This result
may be rationalized as a manifestation of the fact that any delocalization
of the odd electron involves creation of a dipole. Apparently, in esters,
delocalization of the odd electron onto oxygen is opposed by the presence
of the other strongly electron-withdrawing oxygen. In other words, the
dipole already existing in the ester function is oppositely oriented to the
dipole for delocalizing the odd electron. On the other hand, the data on
benzoate esters suggests that the carbalkoxy group activates aromatic
ring hydrogens where a different electron delocalization opportunity exists.

One sample each of a sulfide, an isocyanate, and an isothiocyanate were
studied. Comparing oxygen and sulfur analogs, it was noted that the
sulfur analogs are the more reactive.2

Several brominated compounds were studied. It is clear that bromine is
a more effective activating group than chlorine.

Several compounds were studied in which one or more C—H bonds were
alpha to two activating groups. Behavior ranged from no apparent extra
activation due to the second group (dimethoxymethanel3d to a manyfold
increase in reactivity (methyl cyanoacetate). Due to this range of be-
havior, no general rule for predicting the behavior could be formulated from
the few samples studied.

The inhibition results in Table Il deserve some comment. No or essen-
tially no polymerization took place at the concentration of reactant shown
in the table. It was not possible to tell whether a trace of polymer was
formed or not, so no distinction could be made between strong retarders and
inhibitors.  All are classified as inhibitors in this discussion.

Inasmuch as it is well known that NO and N 02 are radical traps, it is
not surprising to find that N2 3and NOCL1 are inhibitors. Nitrite esters
can decompose to give NO, and this may be why they inhibit. Since nitro
groups are known to be effective electron delocalizing groups, it is not too
surprising to discover that nitro alkanes and aranes also do not permit
polymerization to take place.
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The results with iodine are particularly interesting. With the use of our
standard polymerization technique, no polymerization could be detected
with as little as 4 ppm iodine in the reaction feed.

Furfural was also an inhibitor. The furfural used had been specially
purified and carefully redistilled under nitrogen prior to use. It is there-
fore unlikely that inhibition was due to oxidation products which are nor-
mally present as impurities.

1,4-Cyclohexadiene was also found to be an inhibitor. It had been
thought that it might react with the growing polyethylene chain according
to eq. (1), where R- represents the growing polyethylene chain. It was
considered that the driving force to form benzene plus the high reactivity of
doubly allylic hydrogen atoms would cause cyclohexadiene to undergo the
reaction shown in eq. (1), which, might make it extremely reactive. Ap-
parently, this reaction did not take place. The reaction of hydrogen itself,
as a transfer agent which shows no detectible retarding effect, is evidence
that hydrogen atoms are quite efficient in regenerating new polyethylene
chains. Had eq. (1) taken place, no inhibition should have resulted.

After this work had been completed, James and Suart showed that the
cyclohexadienyl radical is quite stable unless attacked by another free
radical.4 Thus, chain transfer to 1,4-cyclohexadiene produces a radical
whose only reaction is termination.

In calculating chain-transfer constants when the transfer agent causes
a rate reduction, the question of the need for a rate correction in the chain-
transfer expression must be examined. This question was previously
examined,1 Bresulting in the conclusion that the correction would be of the
order of 1% in 1/P for the most serious rate reduction experienced in Table
I data. This conclusion was based on fairly well-established kinetic
parameters which predict that, if there were no other molecular weight
controlling reactions than combination termination, 1/POwould be roughly
5 X 10“6 or the limiting molecular weight would be roughly 5,600,000
at the conditions used in the experiments reported here. Thus, any cor-
rection required in the rate-controlled portion of /P Owould be approxi-
mately two orders of magnitude smaller than the 1/P values given in
Table I.

However, the actual 1/P0Ois not 5 X 10-6, but 2 X 10“4for these condi-
tions.2 Since chain transfer to monomer is known to be lowland that to
initiator is probably low, the apparent discrepancy may be disturbing at
first glance to those unfamiliar with the details of ethylene polymerization.
The reaction which limits the maximum molecular weight in ethylene poly-
merization is spontaneous decomposition of a branched radical, or so-called
/3-elimination.15-8 This reaction has the mathematical formalism of chain
transfer to monomer, but generates vinylidene end groups rather than vinyl
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endgroups. This reaction, like chain transfer, is unaffected by reaction
rate. Thus, 1/P0can be near I/P and still not require a rate correction, a
situation not found with more conventional monomers.

A limiting 1/Po of 1 X 10“4for ethylene polymerization in the absence
of propane at 140°C and 1600-1800 atm has been reported.®6 Indeed, we
have repeated this observation at our conditions with propane absent.
However, since the system is heterogeneous under these conditions, the 1
X 10*4value has an uncertain meaning.
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Polymerization of Vinyl Chloride
by Alkyllithium Compounds

V. JISOVA, M. KOLINSKY, and D. LLM, Institute of Macromolecular
Chemistry, Czechoslovak A cademy of Sciences, Prague, Czechoslovakia

Synopsis

The polymerization of vinyl chloride initiated by alkyllithium compounds was in-
vestigated. The effect of temperature, initiator concentration, and monomer concen-
tration on the conversion and the properties of the resulting polymers were studied.
The optimum temperature in the investigated range (between —20°C and +20°C) was
+5°C. The conversion isdirectly proportional to the concentration of both the initiator
and the monomer. The molecular weight is inversely proportional to the initiator
concentration and directly proportional to the monomer concentration. Under opti-
mum conditions the molecular weight of the polymers is as high as 140,000. These
results differ by an order from hitherto published data on the nonradical polymerization
of vinyl chloride. The pioportion of isotactic and syndiotactic structures resulting
from the presence of ¢erf-butyllithium does not differ from that obtained by radical
polymeiization, but the occurrence of anomalous structures is reduced to a minimum.
The stability of the macromolecules is higher. A mechanism of the polymerization is
suggested.

The polymerization of vinyl chloride by organometallic compounds has
been discussed in several papersl-6 devoted mainly to the general aspects of
this process. No more profound investigation of the process occurring in
the polymerization of vinyl chloride with organolithium compounds has
been attempted to date. In this paper, we have been studying the reactions
of vinyl chloride (VC) with an organometallic compound (RLi), and also the
effect of the organometallic compound used, temperature, and concentra-
tion of the initiator, monomer, or solvents on the polymerization process.

EXPERIMENTAL

Commercial vinyl chloride was purified and rectified on a pressure
column, dried, and stored over solid potassium hydroxide. Its purity was
determined by gas chromatography and by a polymerization test based
on rate of polymerization.

¢erf-Butyllithium, n-butyllithium, and ethyllithium were used as initi-
ators. The fert-butyllithium6was prepared by the reaction of lithium sus-
pension with tert-butyl chloride and recrystallized three times from hexane
(at least 99% purity). Ethyllithium was obtained by similar reaction
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from ethyl bromide and the product was recrystallized from benzene (at
least 99% purity). n-Butyllithium was prepared by the reaction of lithium
with dibutylmercury (at least 95% purity).

Heptane and benzene solutions of ter/-butyllithium, a heptane solution of
n-butyllithium, and a benzene solution of ethyllithium were prepared.
Their concentrations were so chosen as to make the amount of the solution
negligible with respect to the total volume of the reaction mixture.

The reactions of the metal alkyl with the monomer were studied by using
an equimolar mixture of vinyl chloride and initiator, in which no poly-
merization occurs. The gaseous products of the reaction determined by
gas chromatography contained, besides the unreacted vinyl chloride,
saturated hydrocarbon corresponding to the alkyl used. The reaction
mixture contained also lithium acetylide. unreacted metal alkyl, and
lithium chloride? (as has been proved by the formation of acetylene and of a
further hydrocarbon fraction upon the decomposition by water and by the
formation of acetylenedicarboxylic acid upon the action of carbon dioxide
followed by hydrolysis).

The course of the reaction of the initiator with the monomer under the
concentration conditions corresponding to the polymerization was inves-
tigated by the decrease of the alkaline character of the reaction mixture,
and by the increase of the content of lithium chloride, acetylene, and butane
in the reaction mixture with the increasing time of polymerization.

The polymerizations were carried out either in glass reactors or in glass
ampoules with a pressure valve, freed from the traces of moisture and oxy-
gen by bubbling with argon and evacuation under simultaneous heating.
The last traces of oxygen were removed from the space over the liquid by
several strippings of the excess of vinyl chloride.

Molecular weights were determined viscometrically and calculated from
the empirical Danusso relation.8

In order to get information about the nature of the process, polymeriza-
tions initiated by azo compounds and by alkyllithium were compared;
ESR signals, composition of copolymers, and also polymerization in the
presence of diphenylpicrylhydrazyl were followed.

RESULTS AND DISCUSSION

It follows from the reaction of vinyl chloride with alkyllithium that
metallation of the vinyl compounds prevails in this reaction. The hydro-
gen atom of vinyl chloride is replaced by lithium, and a hydrocarbon cor-
responding to the alkyllithium used is released. The intermediate chloro-
vinyllithium, which is stable only at temperatures below —83°C,9decom-
poses at higher temperatures, and lithium chloride is split off. The metal-
lation continues until lithium acetylide is formed [eqg. (1) ]:

RLi 2RLi
ch2 ch CH-2=C—Li 4 CLi=CLIi (®)
| —LiCl
cl ¢l
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The results of the reaction of butyllithium with vinyl chloride under condi-
tions corresponding to the polymerization are presented in Table I.

TABLE |
Reaction of n-Butyllithium with Vinyl Chloride at 20°C and [I]/[M] = 6.7 X 10-3
Acetylene in
Conversion of n-BuLi decom position Conversion of
to LiCl gases after n-BulLi to
Time t interruption of butane,
min n-BuLi, %° n-BuLi, % “ vol-% a n-BuLi, % a
i 8.9 0.303
5 9.6 9.3 0.438 22.6
15 11.4 11.5 0.565 26.7
60 15.5 0.650 48.5
120 0.745 47.5
180 0.970 58.8
240 19.9

aBased on initial n-BulLi content.

According to the above scheme, three molecules of alkyllithium are
needed for the formation of one lithium chloride molecule; lithium chlo-
ride formed is bound in very stable complexes with unreacted alkyllithium,
which leads to its deactivation. About 7-10% of the organometallic
compound is bound in the polymer. The initiator is almost completely
consumed after 4 hr at 20°C, which is related with the end of the polymer-
ization (Figs. 1 and 2). The course of the metallation reaction thus ex-
plains the very weak initiation activity of the organic lithium initiators.

The Gilman test for the presence of an organometallic compound at
20°C has shown that upon addition of alkyllithium to the monomer, 90%
of active alkyllithium is consumed in 2 min, but that the increase of
metallation products in the reaction mixture and of alkyls in the polymer
(1.8% of the initial amount of 12.5 X 10-3 mole feri-BuLi/mole VCis bound
in the polymer after 90 min, 8.7% is bound after 230 min, and 13.0% is
bound after 1400 min, as determined by NMR-spectra) proves the exist-
ence of alkyllithium even after a long time. This fact can be explained by
the ability of alkyllithium to form comparatively stable complexes which
are inactive in the Gilman test. 1l

The termination reactions were studied by means of stepwise polymer-
ization. Initiator and monomer were added successively several times in
such away that the same amount of initiator (or monomer) was added only
after the preceding polymerization had been completed. The increase in
the amount of polymer after the second and third addition of the initiator
corresponded to the amount of alkyllithium added (Fig. 3). The molecular
weights at final conversion remain practically unchanged (Fig. 4). The
polymer yield did not increase upon further addition of the monomer. The
existence of the final conversion and final molecular weight after each
addition of the initiator proves the presence of termination reactions. The
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Fig. 1. Dependence of the molecular weight of poly(vinyl chloride) prepared by
polymerization initiated with various alkyllithium compounds on time: (1) i-BulLi in
heptane; (2) i-BuLi in benzene; (8) ra-BuLi in heptane; (4) EtLi in benzene.
[1] = 4.8 X 10-2 mole/1.

Fig. 2. Dependence of conversion in the vinyl chloride polymerization initiated with
various alkyllithium compounds on time: (1)i-BuLi in heptane; (2)i-BuLiinbenzene;
(3) ra-BuLi in heptane; (4) EtLiin benzene. [I] = 4.8 X 10-2 mole/1-

polymerization course upon each addition of the initiator is reproducible,
so that termination cannot be ascribed to the presence of impurities in the
initial compounds.

The polymerizations of vinyl chloride were investigated at temperatures
from —20°C to +20°C in the concentration range of the monomer [M]
= 4-15 mole/1. and initiator [I] = 1-200 mmole/1.

The highest molecular weights and yields of the polymers were attained
by initiation with terf-butyllithium. Of the two solvents used (heptane,
benzene), the heptane solutions led to the higher molecular weight and yield
values (Figs. 1and 2).

In the temperature range studied, the molecular weight and conversion
dependences have maxima at a constant polymerization time (Figs. 5 and
6). The conversion maxima were found at 5°C; the molecular weight
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Fig. 3. Stepwise polymerization of vinyl chloride initiated with ferf-butyllithium.
[17i = [11* = [1]3= 5 X 10-3mole/l., 20°C.

Fig. 4. Dependence of the molecular weight of poly(vinyl chloride) in the stepwise
polymerization initiated with ierf-butyllithium on time. [I]i = [I]2 = [I]3= 5 X 10~3
mole/l., 20°C.

maxima are moved with increasing polymerization time from 0°C to 5°C.
The molecular weights increase with time and conversion. The dependence
of molecular weight on time becomes, starting from 5°C with decreasing
temperature, less pronounced (Fig. 7).

In the concentration range studied, the polymerization rate is directly
proportional to the initiator and monomer concentrations. At a constant
concentration of the initiator the average degree of polymerization is pro-
portional to the concentration of the monomer. The increase of the mo-
lecular weightwith increasing monomer concentration is faster, the lower the
concentration of the initiator (Fig. 8). At a constant concentration of the
monomer, the molecular weight is inversely proportional to the concentra-
tion of the initiator (Fig. 9). This dependence becomes more pronounced
at higher concentrations of the monomer.

The differences in polymerizations with the radical initiator and those
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Fig. 5. Dependence of conversion in the polymerization of vinyl chloride initiated
with feri-butyllithium on temperature: (1) 1 hr; (8) 2 hr; (3) 4 hr. (1) = 2.4 X 10~2

mole/l.

Fig. 6. Dependence of the molecular weight of poly(vinyl chloride) in the polymeriza-
tion of vinyl chloride initiated with ieri-butyllithium on temperature: (1) 1 hr; (8)
2hr; (3)4hr. [I] = 2.4 X 10 2mole/l.

Fig. 7. Dependence of the molecular weight of poly(vinyl chloride) on time: $ 20°C;
= 12°C; S 5°C; 3 0°C; 0 -5°C; O -10°C; © -20°C.
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Fig. 8. Dependence of the molecular weight of polyfvinyl chloride) on the concentra-
tion of the monomer in heptane at various [f-BulLij: (1) 1.2 X 10-2 mole/l.; (2) 1.8 X
10~2mole/l.; (3)2.4 X 10~2mole/l.; (4)4.8 X 10'2mole/l. At20°C,2hr.

Fig. 9. Dependence of the degree of polymerization in the polymerization of vinyl
chloride on the concentration of sert-butyllithium at 20°C, polymerization time 2 hr.

with alkyllithium support the conclusion that the character of the poly-
merization of vinyl chloride by alkyllithium compounds is not radical.

The structure of the polymers prepared with alkyllithium as determined
by infrared spectra is similar to that of the radical polymers. The ratio of
isotactic to syndiotactic bonds is practically unaffected by concentration or
temperature conditions. The stability of these polymers to thermal
degradation is higher than in case of unstabilized radical polymers, which is
probably caused by the presence of a smaller content of defect structures.
The molecular weight of these polymers varies from 60 000 to 90 000 on the
average; under optimum conditions, however, it may be as high as 140 000.
The degree of conversion is limited by solidification of the polymerization
mixture. This is the reason that the yield in the polymerizations without
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the solvents was 17.5% at the maximum, whereas in dilute solutions con-
versions up to 40% were possible.

For the mechanism of the polymerization of vinyl chloride with alkyl-
lithium, the reaction scheme shown in egs. (2)-(4) is suggested.

Initiation:

metallation * CIL- o —O  RLi
! CLi=CLi+ LiCl+ RH (2a)

fast Li (final products)
CH2=CHC1 + RL i

complex

metallation “CIL=C- CI' [X— Li]

1 CLi=CLi + LiCl + RII (2b)
. slow Li
[X—LU]
[X*— Li]
Propagation:
X —CH?2
[X*— Li] + CH2CHC1 * | (3)
Li— *CH—CI

Termination by transfer to monomer:

VCHr-*CH— Li+ CH2CHC1->-vCH2-CH2+ CCI=CH?2

|
Cl cl Li

[X— Li]
CLIi~"CLi + LiCl + RH (4a)

Termination by formation of the complex with LiCl :

/LN
“VCH2-*Cli— Li+ LiCl -+»**CH!—CLL 'cl
| I 'Li,
Cl c
mo

------- *.WCH2-CHX1 + LiOH + LiCl (4b)

Initiation occurs without an inhibition period. A complex of alkyllith-
ium with vinyl chloride is rapidly formed, and a substantial number of
growth centers appear (parallel to the simultaneously occurring metallation
reaction) after dissociation or rearrangement of the lithium complex formed.
The addition of a further molecule of vinyl chloride to the growth center
starts the propagation of the polymer. The increase of the total amount of
alkyls in the polymer during polymerization proves the gradual formation of
the initiation centers. The initiation with a partly metallated monomer
is less probable, since the reactivity of the organolithium compounds with
lithium attached to the carbon atom, from which the double bond starts
is very weak in the polymerization of vinyl compounds.®2

The relationships between the molecular weight and the initiator,
monomer concentrations can be explained by several simultaneous parts of
termination, most probably by transfer to monomer and by formation of a
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complex between the growing end and lithium chloride formed in the metal-
lation reaction. The termination by transfer is actually a metallation with
polymeric organolithium compound. In the polymerization with alkyl-
lithium in the presence of lithium chloride, a decrease in the yield and mo-
lecular weight of the polymers is observed, which seems to indicate a ter-
mination due to the formation of stable complexes with lithium chloride.
The termination by splitting off the lithium chloride from the growing
polymer end has not been proved since no other grouping has been found,
even in a polymer having a molecular weight of 3000.

We wish to acknowledge the generosity of Dr. Lochmann for furnishing us with
alkyllithium compounds. We are indebted to Dr. D. Doskocilova and Dr. J. Stokr for
the spectral measurements, further to Dr. J. Pilar for the ESR measurements, and to
Airs. E. Plachetkova for the gas chromatographic analyses.
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Chain Transfer in Ethylene Polymerization. V.
The Effect of Temperature

GEORGE A. MORTIMER, Hydrocarbons and Polymers Division,
Monsanto Company, Texas City, Texas 77591

Synopsis

In order to determine the effect of temperature on the chain-transfer reaction in the
free-radical polymerization of ethylene, chain-transfer constants were
sixteen transfer agents at 130°C and 200°C at 1360 atm.

measured for
The results were interpreted as
AE*, the activation energy of the chain-transfer constant. This value is equal to the

difference in activation energy between the transfer step (hydrogen abstraction) and
the propagation step (addition to the monomer double bond): AE* =E,* — Ep*
Excellent agreement was found between measured AE* values determined at 1360 atm
pressure and (Ea* — Ep*) data for ethyl radical determined in vacuum gas-phase reac-
tions. Apparently, the ethyl radical is a good model for polyethyl radical. The
chain-transfer constant of ethylbenzene was found to be insensitive to temperature
changes, indicating that Ev* = Es* for this compound.

INTRODUCTION

It has been pointed out that chain-transfer constants in the free-radical
polymerization of ethylene, as calculated from the data of different authors
who conducted their work at different reaction conditions, cannot be directly
compared with one another because there is no published basis for recal-
culation of these values to a common pressure and temperature.l Thus, an
otherwise valuable collection of chain-transfer data is of limited usefulness.2
The purpose of the present work was to determine the effect of temperature
on the chain-transfer constants of a series of representative transfer agents.
As an outgrowth of the results reported herein, a method of estimating the
temperature effect on chain-transfer constants by using published data in
nonpolymerizing systems was found.

EXPERIMENTAL

The experimental procedures were as previously describedl with the
following changes. The initiator was 2.07 X 10-4 rnole/l. of azoisopro-
pane. The temperature was 200°C. The ethylene was a high-purity
grade containing less than 1 ppm oxygen, which gave negligible polymer-
ization alone under the conditions of these experiments. Oxygen had to be
rigorously excluded from the reaction in order for the rates and molecular
weights to be reproducible because, under these conditions, oxygen is an
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effective initiator. Hence, where necessary, gases were passed over a re-
duced copper catalyst to remove oxygen, all liquids were purged or redis-
tilled under nitrogen, and all transfers were carried out in an inert at-
mosphere. The second reaction system, previously described, was used in
all runs.1 The pertinent data are given in Table I.

CALCULATIONS

Chain-transfer constants were calculated as their logarithms by the non-
linear least-squares method3and are listed in Table I.

The temperature effect on a chain-transfer constant Cswas interpreted as
the activation energy of the Arrhenius expression (1), where subscripts p
and s refer to the polymerization propagation step and the chain-transfer
step respectively, k is the reaction rate constant, and A and E* are the pre-
exponential and exponential parameters of the Arrhenius expression.

Ca= k«/kp = (ArYAv) exp {(Ep* - E*)/RT} @

On substituting AE* for the quantity (Es* — Ep*), it can readily be shown
that the chain-transfer constants at two temperatures are related by equa-
tion (2).

CJCSY = exp {(AE*/RTi) - (AE*/RTj} @)

An equivalent form of eq. (2) is given as eq. (3). This form is particu-
larly useful

INC2- InCsl = (AE*/R) [(I/7\) - (1/T2] 3)

since the value (In CB may be directly calculated, as described earlier, and
thus not only AE* but also its approximate confidence limits can be readily
computed.3 From the Csvalues at 200°C given in Table | and the corre-
sponding values4at 130°C, the AE* values and confidence limits given in
Table 11 were calculated.

DISCUSSION

Some additional comment on the method of obtaining these 200°C data is
appropriate. Difficulty was experienced in obtaining reproducible reac-
tions at 1360 atm and 200°C with both propane and another transfer agent
in the system, almost certainly because of oxygen contamination. It is
extremely difficult to avoid adding some oxygen (as air) with each feed
component. Propane is necessary at 130°C for two reasons: (1) to keep
the system homogeneous, and (2) to bring the melt index of the base poly-
mer into the measurable range. However, at 200°C, the system is homo-
geneous without propane and the difficulties ascribed here to oxygen were
more easily circumvented if only one transfer agent was used at a time.
The polymer melt index could be brought into the measurable range with a
small amount of the transfer agent being studied.



TABLE 1. Chain-Transfer Data at 1360 Atm, 200°C

Feed composition,

mole-%a

Transfer Transfer Melt /P
agent C, Ethylene agent index X 104
None - 99.82 0 85.11 3.30
I I 86.0- 3.27

Propane 0.00652 = 0.00002 88.80 11.03 27.1 11.4
88.21 11.61 36.3 11.9

Ethyl acetate 0.0121 = 0.0004 95.52 4.45 4.99 9.07
: : 3.60 8.73

Ethanol 0.0135 £ 0.0002 94.34 5.48 24.6 11.2
i “ 22.1 11.0

Isobutane 0.0136 + 0.0005 94.54 5.28 16.8 10.6
I ) 27.1 11.4

92.78 7.04 77.4 13.5

Cyclohexane 0.019 db 0.001 98.54 1.42 0.281 6.76
I “ 0.286 6.77

97.72 2.25 1.62 8.00

“ 1.65 8.02

96.65 3.32 14.4 10.4

u “ 23.0 1.1

95.47 4.50 37.0 11.9

It I 46.2 12.3

Propylene 0.0200 + 0.0006 97.02 2.80 5.87 9.25
96.79 3.04 7.91 9.60

“ f 6.32 9.33

Toluene 0.022 + 0.001 96.21 3.61 21.0 10.9
“ 1 38.6 12.0

L t 38.2 12.0

Cyclopentane 0.0228 + 0.0009 97.08 2.74 6.82 9.42
" ‘ 11.4 10.1

I ) 8.50 9.68

Isopropanol 0.0234 + 0.0005 97.31 2.51 6.57 9.38
5.15 9.11

It “ 6.72 9.40

Acetone 0.0282 = 0.0006 97.20 2.62 18.3 10.7
It : 223 11.0

Tetrahydrofuran 0.0401 + 0.0009 98.56 1.26 2.99 8.55
98.25 1.58 7.52 9.54

: 1 9.51 9.82

Hydrogen 0.040 * 0.002 98.34 1.49 8.15 9.63
I 1 5.19 9.11

p-Xylene 0.0434 = 0.0006 99:10 0.87 0.555 7.19
it : 0.332 6.86

98.06 1.76 22.8 11.1

. t 22.8 1.1

“ 23.2 11.1

Ethylbenzene 0.050 * 0.004 98.78 1.04 1.64 8.01
98.57 1.25 12.6 10.2

v 7.44 9.52

Butene-1 0.057 * 0.004 98.91 0.91 3.78 8.78
98.82 1.00 2.39 8.34

98.80 1.03 5.21 9.12

98.78 1.05 9.95 9.88

Butanone 0.075 * 0.004 99.11 0.71 2.67 8.44
98.96 0.86 7.41 9.52

i t 12.9 10.2

aThe balance of the feed, usually less than 0.2%, was benzene used as the initiator

solvent.
bMnX 10-3 determined by osmometry. The melt index was immeasurably low.
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Extrapolation of the data on various transfer agents indicated that the
limiting M,, for these conditions was between 70 000 and 90 000. Since
there was a strong possibility that polymer of this M nwould stay in solu-
tion at 1360 atm at 200°C, an attempt to make polymer without added
transfer agent was made. Indeed, polymer was successfully made repro-
ducibly in the absence of transfer agent. However, any variations in
temperature or abnormalities in the agitation either had a snowballing
effect or were a signal that something else was amiss, for unless the reactor
ran perfectly the runs were not reproducible. Since, according to the data
of Ehrlich,5the ragged edge of solubility is being approached here, this sen-
sitivity of the reaction is understandable.

The limiting molecular weight was thus established by direct experi-
mentation to be about 86 000. The nonreproducible runs where temper-
ature and/or agitation did not behave normally gave higher Mn values
than the reproducible runs.

The 86 000 limiting M nis lower than the 140 000 value found at 130°C.3
Since the radical concentration was kept about the same by using equal con-
centration of initiators which had comparable half-lives at the two temper-
atures, the energetics of propagation versus termination would suggest that
M,, could rise as temperature is increased.6 The lower observed Mn at
200°C indicates that chain-breaking reactions have increased in rate more
than propagation. These reactions could include transfer to initiator,
transfer to the trace of benzene solvent, transfer to monomer, and /3-elimi-
nation.7 No attempt was made to estimate the relative importance of these
separate possibilities.

The first conclusion to be drawn from the AE* values in Table Il is that
the experimental error in the activation energy for the chain-transfer con-
stant can be surprisingly small: 95% confidence limits of £0.3 kcal/mole
were obtained from present equipment and techniques by making sufficient
runs. This degree of precision is better than is needed to indicate differ-
ences between transfer agents and is sufficient to allow some valid compari-
sons between this and other related work to be made.

The objective of this work was to determine the activation energy of the
chain-transfer constant. This activation energy AE* was defined above as
the activation energy for hydrogen abstraction (the chain-transfer step)
E * minus the activation energy for the radical addition (or propagation)
step Ev*. Since Ep* is constant, the variations in AE* must depend en-
tirely on Es* for each transfer agent.

As a rough rule of thumb, compounds having low chain-transfer con-
stants (on a per-hydrogen basis) will have high activation energies, and
vice versa. Thus, esters, alcohols, and alkanes have high activation en-
ergies. Compounds which have activated hydrogen atoms and thus have
high Cf values and low AE* values include aralkanes, olefins, and ketones.
These patterns of radical reactivity are the same as seen in nonpolymerizing
free-radical systems.8

Hydrogen is an apparent exception to this rule, in that it has a high ac-
tivation energy and a moderately high Csvalue on a per-transferrable-hy-
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drogen basis. The obvious difference between it and the other transfer
agents in Table Il is that it is the only one in which a C—H bond is not the
bond broken in the transfer step. Its rate of transfer is probably different
from hydrocarbon-type compounds because of a larger pre-exponential
factor in its Arrhenius expression.9 Thus, it falls in a different series than
hydrocarbons, and within this series the rule probably holds. Other trans-
fer agents which break bonds other than C—H in the transfer step (such
as CCh, CH.Cl.... mercaptans, secondary amines,11'12 etc.) may also have
unusual pre-exponential factors.

It is instructive to compare the present AE* values in Table 11 with values
which are estimated from the reactions of alkyl radicals at subatmospheric
pressures. These values have been estimated from the ethyl radical data
compiled by Kerr and Trotman-Dickenson.8 The value Ep* was assumed
to be equal to the value of the activation energy for the addition of ethyl
radicals to ethylene for which a mean value of 6.9 kcal/mole was obtained
from the published values.8 This is also the mean value obtained by aver-
aging E* values for the addition of n-propyli3 and n-butylX radicals to
ethylene. Ea* for alkanes which transfer at secondary carbon atoms was
assumed to be the same as that for abstraction of hydrogen from normal
heptane by ethyl radical, which value is 10.6 kcal/mole.l5 The (Es* —
Ep*) value, 3.7 kcal/mole, is very close to that calculated for chain transfer
of cyclohexane and the other alkanes studied. The somewhat higher and
apparently quite precise AE* value for propane is reasonable because trans-
fer of the six primary hydrogens is relatively more important for propane
which has a primary: secondary hydrogen ratio of 3:1 than for heptane
which has a primary: secondary ratio of 3:5. It is known that primary
hydrogens show a higher activation energy than secondary in transfer
reactions.8

The estimated E * for butene-1, which transfers preferably the secondary
allylic hydrogens,Mwas taken as the arithmetic average of the values of
E * for ethyl radical reacting with four different olefins containing secon-
dary allylic hydrogens.®6 Thus, (E,* — Ep*) for butene-1 was estimated to
be 8.3 — 6.9 = 1.4 kcal/mole, an answer in good agreement with the value
obtained in this work of 1.1 kcal/mole for transfer during ethylene poly-
merization.

Butanone has been directly studied with ethyl radicals in the gas phase.I7
From the reported value E* = 8.0 kcal/mole, the value AE* is calculated
to be 1.1, in excellent agreement with our value of 1.2 kcal/mole.

Because of the lack of ethyl radical data on the other compounds in Table
I1, the comparisons cannot be carried further. The excellent correspon-
dence between AE* values calculated from gas-phase ethyl radical data at
subatmospheric pressures and the data in this report is striking to say the
least, and indicates that ethyl radical is a good model for polyethyl radical.
Hydrogen atoms and methyl radicals are not good models for polyethyl
radicals and do not give such close correspondence of chain-transfer data,
although they do give a rough correlation with polyethylene data.1
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Aii additional aspect of the data in Table Il deserves consideration. The
similarity in Csvalues at 130°C between phenyl derivatives and their vinyl
analogs has been pointed out.’ It is, therefore, noteworthy that, upon
further study, it is seen that the transfer constants at 1360 atm for toluene
and ethylbenzene are essentially equal to those for propylene and butene-1
respectively at about 170°C. At 130°C they are higher and at 200°C
lower, as a result of the fact that the activation energies for the phenyl
compounds are roughly 1.0 kcal/mole lower than for the vinyl analogs.
Presumably, the greater delocalization possible for the free electron in an
aromatic system is responsible for the lower activation energies. Ethyl-
benzene is noteworthy in that its chain-transfer constant is practically
temperature insensitive.

Since this work was begun in order to permit recalculation of chain-trans-
fer data to a common basis, it is instructive now to do just this. The chain-
transfer constants given in Hill and Doak’ 2 Table 1V, for compounds for
which AE* values were obtained in the present work, were recalculated
to the common basis of 130°C. The published value for cyclohexane was
assumed to be for 200°C as for all other compounds of the same series re-
ported by Hill and Doak. No correction for pressure differences was made.
Since all their Table 1V data are for high-pressure bulk polymerizations, it
is probably not serious to ignore pressure effects. The agreement between
the recalculated values (shown in Table I1), and our measured 130°C values
is good. A factor of about 2.4 difference was found in making the same
correction for data in Hill and Doak’s Table Il which were obtained at
low pressure in benzene solution.  This factor is probably due to the neces-
sity of making additional corrections.

It is concluded that the effect of temperature on chain-transfer constants
is adequately accounted for by an Arrhenius expression, the activation
energy of which may be either directly measured or adequately estimated
from data on reactions of ethyl radical in the gas phase at subatmospheric

pressures.
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Chain Transfer in Ethylene Polymerization. VI.
The Effect of Pressure

GEORGE A. (MORTIMER, Hydrocarbons and Polymers Division.
Monsanto Company, Texas City, Texas 77591

Synopsis

The chain-transfer reaction, which controls the molecular weight level of the polymer,
apparently has not been studied as a function of pressure for ethylene. Therefore, the
chain-transfer constants for eleven transfer agents were determined at 1360 and 2380
atm at 130°C. The results were interpreted according to transition-state theory as the
difference between the volumes of activation for the transfer and propagation steps.
It was found that the effect of pressure on the transfer constant is small for most transfer
agents, indicating that the volumes of activation for hydrogen abstraction and addition
to the ethylene double bond are similar. Aralkanes, however, gave anomalous results.

INTRODUCTION

It has been pointed out that chain-transfer constants in ethylene polym-
erization measured at different reaction conditions cannot be directly
compared unless there is some way of converting them to a common basis.12
A method of accounting for the temperature effect has been presented.2
The task left for this paper is to study and account for the effect of pressure.

The study of the pressure effect for ethylene polymerization has particular
significance. Although the effect of pressure on the chain-transfer reaction
for a few other polymer systems has been briefly investigated, it is not com-
mercial practice to polymerize these other monomers at high pressure.
However, ethylene is routinely polymerized commercially at high and
widely varying pressures, and generally in the presence of a chain-transfer
agent. Therefore, this study has a very practical application.

EXPERIMENTAL

All polymerizations were carried out in the second polymerization system
described previouslylby use of the same procedures. The only difference
was that, in the present work, the reaction pressure was 2380 atm. The
pertinent data are given in Table I.

CALCULATIONS

Chain-transfer constants Cs were calculated as their logarithms by the
nonlinear least-squares method3and are listed in Table I.
1543
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TABLE I. Chain Transfer Data at 2380 atm, 130°C

Feed composition, mole-%b

Transfer Transfer Melt 1/P
agent o Ethylene Propane agent index X 10’
Acetone 0.016 + 0.001 83.70 14.01 1.56 12.6 10.2
85.59 12.44 1.84 11.4 10.1
82.99 14.61 2.26 33.5 1.7
n L “ 37.6 11.9
Butane 0.0045 + 0.0002 87.14 12.72 0 0.071 6.03
u n 0.149 6.40
85.35 14.51 0.570 7.21
83.37 16.49 “ 2.67 8.45
“ u 1.04 7.65
80.55 19.32 8.30 9.66
“ “ 5.14 9.10
76.31 23.56 N 24.2 11.2
69.76 30.11 u 101 . 14.1
69.62 30.25 I 110 14.3
90.93 0 8.94 0.066 5.99
N “ N 0.542 7.18
L “ n 0.498 7.12
89.14 “ 10.72 0.480 7.10

88.03 i 11.83 2.68 8
86.07 L 13.80 8.90 9.74
83.81 * 16.05 26.3 11.3
87.39 2.83 9.65 2.73 8.47
87.04 4.24 8.58 3.10 8.59
85.97 “ 9.65 4.77 9.02
87.51 7.07 5.29 2.23 8.28
87.43 5.36 1.19 7.75
83.37 9.38 7.11 6.53 9.37
83.34 L 7.15 8.67 9.71
Butanone 0.055 + 0.005 84.75 14.61 0.51 16.8 10.6
1 ik “ 16.4 10.6

According to transition-state theory,4which appears to hold for ethylene
polymerization,5the effect of pressure for any reaction having a rate con-
stant k can be described by eq. (1).

d(In k)/dP = -AVt/RT 1)

where P, R, and T have the usual gas-equation meanings and AFt is the
difference in volume between the transition state and the reactants in a
standard state. In the context of chain-transfer measurements, this equa-
tion may be rewritten as eq. (2), where the differential has been rendered as
the finite difference between states 1 and 2 and subscripts s and p refer to
transfer and propagation steps respectively.

(INCn - INCY/(P, - P2 = —(AF4 - AFP)/PT )

In actually performing the calculation of (AF»{ — AFpi), Csvalues were
not used as such, but the values of (In Cs) were computed directly along
with the standard deviation of the logarithm value3by using the 2.380 atm
data of Table | and the corresponding 13G0 atm data.36 By using this
transformation, the method of Welch7 could be used to approximate the
95% confidence limits of the (AFst — AFPRJ) values. Had Csvalues them-



TABLE | (continued)

Feed composition, mole-%b

Transfer Transfer Melt 1/P
agent c,a Ethylene Propane agent index X 104
Cyclohexane 0.0090 + 0.0009 85.22 12.72 1.92 10.7 9.98
83.33 14.61 “ 9.54 9.83

82.57 “ 2.69 13.1 10.2

82.18 :[]. 3.08 20.0 10.9

U “ 12.4 10.2

Cyclopentane 0.0109 * 0.0009 82.77 14.56 2.54 11.8 10.1
82.39 14.61 2.87 27.3 11.4

* “ “ 30.2 11.5

Ethanol 0.0068 + 0.0006 80.81 “ 4.45 29.0 11.5
“ 22.7 111

Ethylbenzene 0.043 = 0.003 84.71 14.56 0.59 7.49 9.53
84.41 14.61 0.85 28.8 11 .5

I H 28.7 11.5

1 44.9 12.3

Isopropanol 0.012 + 0.001 83.10 14.32 2.44 20.8 10.9
82.91 14.51 16.8 10.6

82.81 14.61 " 22.4 11.0

Propane" 0.00276 + 0.00011

Toluene 0.018 + 0.001 83.01 14.61 2.25 26.6 11.3
" il 29.6 11.5

€ 87.1 13.7

p-Xylene 0.040 + 0.003 84.67 0.59 14.6 10.4
86.56 12.63 0.67 7.34 9,51

84.25 14.61 1.01 32.5 11.7

) - 52.6 12.6

“ Chain-transfer constants were calculated as described in ref. 3 by use of all of the
data listed under butane in all calculations.
b The balance of the feed, usually less than 0.2%, was benzene used as initiator sol-

vent.

selves been used in the calculation, no estimate of the error in (AF§ —
AFpi) values would be available. The results of these calculations are
given in Table I1.

TABLE 11
Pressure Effect on the Chain-Transfer Constant at 130°C

(AV4 - AFpf) and

q approximate 95%
Transfer - o confidence limits,
agent 130°C 200°C cc/mole

Isopropanol 0.0144 £ 0.0005 0.012 + 0.001 6.1 £+ 5.5
Cyclopentane 0.0126 + 0.0005 0.0109 +* 0.0009 4.7 + 5.7
Butane 0.00494 + 0.00009 0.0045 + 0.0002 3.2 + 3.8
Propane 0.00302 + 0.00008 0.00276 + 0.00011 3.1 £ 2.9
Ethanol 0.0075 * 0.0003 0.0068 * 0.0006 3.1 £+ 6.1
Butanone 0.060 + 0.005 0.055 £ 0.005 2.9 + 8.3
Cyclohexane 0.0095 + 0.0003 0.0090 * 0.0009 1.5 + 6.4
Acetone 0.0168 + 0.0005 0.016 + 0.001 1.1 +4 .4
Ethylbenzene 0.052 +0.002 0.043 + 0.003 6.7 £ 4.7
Toluene 0.0154 * 0.0005 0.018 + 0.001 —4.7 = 5.5
p-Xylene 0.0317 + 0.0009 0.040 + 0.003 -7.8 £ 4.4
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DISCUSSION

Examination of the data in Table Il leads to several conclusions. The
effect of pressure on chain transfer constants is small and is negligible for
many purposes. For most of the transfer agents, the effect is of marginal
statistical significance. The average of the (AFS] — AFPt) values for the
first eight transfer agents listed in Table Il is +.3 cc/mole. Since AFPRJ
has been shown to be about —23 cc/mole,6 AFSI for these eight compounds
would be roughly —20 cc/mole.

These rather terse statements require some amplification. Regardless
of whether AFPJ is accurately known or not, it is constant for ethylene.
Therefore, the variations seen in Table Il may be due to differences in
AF4 between transfer agents, to random experimental error, or to both.
The approximate 95% confidence limits give an estimate of the extent of
random error, which is seen to be large in comparison with the magnitude
of the quantity (AFS] — AFPJ). There seems to be no a priori reason to
suspect that the volumes of the transition states for chain transfer to the
eight aliphatic compounds should be greatly different from one another, so a
simple lumping of all the values into an overall average of about +3 cc/
mole seems to be as justified as any other treatment.

It may be emphasized, in passing, that the whole argument for the va-
lidity of such a lumping or averaging is based on the availability of an ap-
propriate statistical estimate of the magnitude of random experimental
error in the (AFS] — AF,4) values. Such an estimate can be obtained,
based on our present knowledge in mathematical statistics, only if the
standard error of (In Cs), rather than the error in Cs, is known. The ability
to draw realistic conclusions about volumes of activation is ample justifica-
tion for using a procedure for computing Cs values which may be more
cumbersome than Mayo’s method.3

The aromatic transfer agents, the last three compounds listed in Table
I, show a peculiar behavior in that the methyl-substituted derivatives
have a negative net value and the ethyl-substituted one a high positive net
value of (AFst — AFPt). This result is puzzling but has been verified by
careful repetition of experiments. It might be argued that there is no a
priori reason to suspect that aromatics should be different from the just-
discussed aliphatics, or, for that matter, from each other. Assuming how-
ever, that the approximate 95% confidence limits in Table Il are indeed
good approximations of the true level of uncertainty in the data, there is no
guestion but that xylene is different from the eight aliphatics and from
ethylbenzene, a priori assumptions notwithstanding. Furthermore, the
difference between toluene and the aliphatics is significant and between
toluene and ethylbenzene highly significant in the statistical sense. With-
out further experimentation on other aromatic compounds, no rationale for
these surprising results can be offered.

The effects of pressure on chain transfer with a few other monomers have
been reported. Walling has estimated AF4 to be in the range of —6 to
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—15 cc/mole for the systems he has studied.* No exact comparisons can
be made between this work and his, but it appears that possible values for
AF8 extend over greater than a9 cc/mole span. Table Il shows a span of
145 cc/mole and, assuming AFPJ is —23 cc/mole, covers a range of Al/J
values of roughly —16 to —31 cc/mole. Imoto et al. reported for vinyl
acetate a difference of 32.6 cc/mole between the activation volume of trans-
fer to polymer and that of transfer to monomer,9 again indicating that a
wide span of values is possible. An equally wide span is found for poly-
ethylene if short-chain branching can be considered a transfer reaction, as
discussed in the next paragraph. In view of the limited number of mono-
mers and chain-transfer agents for which data are available in the literature,
no further conclusions are drawn.

The initial step in the short-chain branching reaction has been described
as an intramolecular chain-transfer reaction.0 Thus, a discussion of the
effect of pressure upon this reaction is appropriate at this time. By using
the portion of the 130°C data of Woodbrey and Ehrlichll which gives an
essentially linear plot of (In methyl ratio) versus pressure, a value of
(Fhi — Fpt), where b refers to short-chain branching, can be calculated to
be about +24 cc/mole. A value of comparable magnitude was also found
for the effect of pressure on branching in poly(vinyl acetate).9 For a
(Fbt — Fpt) value of 24 cc/mole, the value Vb%is seen to be +1 cc/mole,
indicating that pressure has little effect on the abstraction of hydrogen
atoms in short-chain branching. This result is consistent with the concept
that short-chain branching occurs following hydrogen abstraction via a six-
membered ring which is already about as compact as it can be.

The extrapolated value of 1/Pgat 2380 atm, which is a result of the chain-
transfer calculation, is 2.5 + 0.3 X 10~4, giving the limiting M nas 110 000
+ 10000. Thisresultispuzzling. The polymerization rate nearly doubles
in going from 1360 atm to 2380 atm.5 Since the termination rate should
be nearly pressure-independent,8especially since the viscosity is quite low,
the rate increase should be due to an increased rate of propagation.13 Thus,
the molecules should grow twice as long before being terminated, and the
limiting M nshould be about double that found at 1360 atm.6

Since it is not, other chain-breaking reactions must be considered to see if
their rate might be increased sufficiently to account for the low limiting
molecular weight. One possibility is /3-elimination; however, this gives
rise to unsaturation, particularly of the vinvlidene type. Since both total
and vinvlidene double bonds are decreased at higher pressures, /3-elimi-
nation is seen not to be increased by pressure.1l1 Another possibility is that
transfer to monomer is accelerated relative to propagation: that is,
(+4 — +4) for ethylene is large and negative. In vinyl acetate poly-
merization, strong acceleration of transfer to monomer was found as pres-
sure was raised.9 However, transfer to monomer should produce vinyl end-
groups in the polymer, whereas no increase in vinyl content (which is very
low anyway) has been observed as pressure is raised.1l This possibility is
therefore also excluded.
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Changes in the rate of termination or initiation might be considered.
These appear to be negligible.13 Even if they were not, the effect of their
variation on 1/P0is negligible because their contribution to the limiting
molecular weight is so small.611

A possible explanation that cannot be eliminated with data presently
available is that increased transfer to the traces of initiator and/or benzene
may be responsible for the lowered Mn There is no reason to suspect that
transfer of a hydrogen atom from di-fer/-butyl peroxide will be any differ-
ent from transfer of a hydrogen atom from the aliphatic compounds in
Table Il1. However, with peroxides, transfer at the peroxv linkage is also
possible, and the effects of pressure on such a reaction are hard to predict.
It is doubtful, however, that the effect would be large enough to account for
the magnitude of Mn lowering observed. Also, no direct data were ob-
tained on the effect of pressure on relative rates of transfer of hydrogen
atoms on aromatic rings. Much of the increase in Csfor toluene and xylene
might come from the ring hydrogens. However, even if all of the effect
were from ring hydrogens, the magnitude of the effect is too small to ac-
count for the raising of 1/Po considering the small amount of benzene
present as the initiator solvent. Thus, the exact reason that the limiting
M,, is low is not yet established.

Although the pressure effect on the chain-transfer agents studied seems
to be easily enough accounted for by the transition state theory, the present
data still leave unanswered questions. In terms of correcting chain-
transfer data to a standard condition, one may as a first approximation as-
sume that the pressure effect is negligible. However, more data on other
transfer agents will be required before any safe predictions can be made
about compounds which have not been studied inasmuch as no clear pat-
terns of reactivity change due to pressure have emerged from this study.
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Chain Transfer in Ethylene Polymerization. |IlIl.
An Improved Method of Calculating Polymerization
Chain-Transfer Constants

PAUL W. TIDWELL and GEORGE A. MORTIMER, Hydrocarbons and
Polymers Division, Monsanto Company, Texas City, Texas 77591

Synopsis

The method of determining chain-transfer constants in polymer systems, originally
developed by Mayo, has been extended to the simultaneous determination of constants
for several transfer agents. The validity of various calculation methods was examined.
Particular attention was devoted to the question of how precisely chain-transfer con-
stants are known. This extended method was applied to the determination of chain-
transfer constants in ethylene polymerization under conditions where the limiting molecu-
lar weight in the absence of transfer agents cannot be directly measured, and it was shown
that precision is improved (uncertainty reduced) by simultaneously determining more
than one transfer constant.

INTRODUCTION

Since (Mayolfirst showed the derivation and illustrated the concept of the
chain-transfer constant, the procedures described by him have been used
extensively to determine the numerical values of chain-transfer constants.
This paper will show that the simple procedure described by Mayo may be
employed in least-squares estimation procedures for determining chain-
transfer constants and that these concepts can readily be extended to the
simultaneous determination of several chain-transfer constants when
mixed solvents are employed in a free-radical polymerization system.

THEORY

Chain Transfer

Mayolhas shown that the degree of polymerization P at low conversion
of monomer to polymer in a properly conducted free-radical polymeriza-
tion, can be adequately represented by eq. (1)

I/P = 1/Po + Cs([S]/[M]) 1)

where P is the number-average degree of polymerization (M, divided by
monomer molecular weight), [S] is the initial solvent (or chain-transfer

agent) molar concentration, [M] is the initial monomer molar concentra-
1519
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tion; Csis the chain-transfer constant, and Po is the degree of polymeriza-
tion in the absence of a chain-transfer agent. Chain-transfer constants
have been computed for a variety of systems by preparation of graphs of
I/P versus [S]/[M].

In some polymerization systems, it is necessary to use more than one
solvent to avoid phase separation during the course of the polymerization
runs. The polymerization of ethylene is one such system where propane
and butane may be used separately or together as solvents.2 Since chain
transfer to solvent occurs for both of these solvents, eq. (1) must be ex-
tended to the general form for n transfer agents shown in eq. (2).

/P = LPo + (CU[SHIM]) )
&

Estimation of Chain-Transfer Constants

While graphical methods for determining the chain-transfer constant
have been used extensively where the determination of a single chain-
transfer constant was required, the use of graphical methods is difficult
when more than one chain-transfer constant is to be computed. An alter-
nate method for determining one or more chain-transfer constants is to
utilize the method of least squares.

The method of least squares to compute chain-transfer constants is
attractive for several reasons. These include the possibility of automation
of the calculation procedure by using a digital computer and the securing
of a valid measure of the precision with which the computed values of
1/Po and the chain-transfer constants are known.

The computations required in the use of the method of least squares
are described in most numerical analysis and elementary statistics text-
books, however, the assumptions implicit in the use of this procedure are
not often stated. These are shown below in the order of their importance.

It is assumed that: (1) the mathematical model used describes the
physical system; (2) the errors in the dependent variables arc independent
of each other; (3) the variances of the errors in the dependent variables are
constant for all observations; (4) the distribution of the errors in the de-
pendent variables is described by the normal (Gaussian) distribution func-
tion. The user of the method of least squares is obligated to establish
the validity of these assumptions for the system with which he is working.

Sufficient work has established that the model derived by Mayo is cor-
rect, hence assumption (1) is not in jeopardy. The validity of assumption
(2) about the independence of the errors is frequently compromized by
commonly used experimental practices. The consequences of assumption
(2) being invalid can be serious, and may result in the computed values of
the chain-transfer constants being biased.

The techniques introduced by Fisher3of making the experimental runs
in a random order and other good experimental practices discussed by
Wilson4assure that any nonindependence in the errors in successive experi-



CHAIN TRANSFER IN ETHYLENE POLYMERIZATION. III 1551

mental runs will not affect the validity of inferential statements concerned
with the calculated chain-transfer constants.

Questions about the validity of assumptions (3) and (4) are important
in the chain-transfer computational (or graphical) procedures, because the
assumptions made determine how the data are to be weighted in the com-
putational procedures used to calculate the chain-transfer constants. For
example, if it can be shown that the variances of the observed values of
I/P are proportional to the numerical values of I/P, then the data should
be weighted differently in the calculation procedure than for the situation
where the variances of the observed values of |I/P are constant regardless
of the numerical value of I/P. In using graphical methods the user often
utilizes this information without realizing that it is being done.

There are two principle sources of error in the observed values of I/P.
One source of error stems from the procedures employed in the determi-
nation of the molecular weight of the polymer made in the experimental
run. The other source of error arises from the experimental run itself.
Both of these sources of error must be considered in attempting to determine
how to treat the data so that the variance of each of the observations of the
dependent variables to be fitted is approximately constant.

If it can be shown from a sequence of repetitive experimental polymer-
ization runs and from a sequence of repetitive measurements of the molec-
ular weight of a polymer that the principal cause of variation in the results
arises from the run to run variation, then there is reason to expect that /P
is more likely to be normally distributed and to have constant variance
than is P. This expectation arises from the fact that variations in pressure,
temperature, and concentrations of reactants have a linear or nearly linear
theoretical relationship with I/P.

If the principal cause of variation in the results arises from the analytical
procedures used to determine the molecular weight of the polymer, then the
question about which form of P is more likely to be normally distributed
and have constant variance can be answered (usually) by knowledge about
the analytical procedures used. Thus, if a colligative property measure-
ment is used to determine the polymer molecular weight, then I/P is more
likely to be normally distributed with constant variance than is P. If,
however, viscosity methods are used to determine the molecular weight,
the converse is true.

Clearly, if a least-squares method of computation is to be used validly, it
is important to determine whether it is P or I/P which more nearly fits the
least squares assumptions. Thus, if I/P has constant variance, then the
model to which the data should be fitted is eq. (2). However, if P has con-
stant variance, then the data should be fitted by using eq. (3).

P=1/{1/P,,+ >¢",:_([Sd/t-M D} (3)

Equation (3) weights the data during the calculation differently than does
eg. (2) and also requires the use of a nonlinear rather than a linear least-

squares procedure.
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Transformation of Variables

It is permissible, as long as assumptions (l)-(4) of the least-squares
treatment are preserved, to transform the parameters which are being cal-
culated. Thus, in eq. (4), a transformation has been made such that the
value t is computed rather than Cs, where t is the natural logarithm of the
chain-transfer constant.

VP = YPo + t_el([Sd/[NI]) @

where
ti = MCsi

The reason for making this transformation is that in subsequent papers we
shall wish to compute activation energies and volumes of activation for
chain transfer. In both of these calculations the logarithm of the chain-
transfer constant is involved. When a calculation in the form shown in eq.
(4) has been performed, the standard deviation of the logarithm of the
chain-transfer constant is directly calculable. A method is available5 for
approximating from the standard deviation of the logarithms the confidence
that can be attached to these activation energies and volumes of activation.
If the chain-transfer constant were determined by eq. (2), there would be no
known method of estimating the amount of uncertainty in activation en-
ergies and volumes of activation.

Equation (4), like eq. (3), requires the use of a nonlinear least-squares
procedure. Where this is necessary, we prefer the method of Marquardt.6

EXPERIMENTAL

All experimental work was carried out in reaction system 2* as previously
described.7 The pertinent data are given in Table I. The column in the
table labeled 1/P represents the reciprocal degree of polymerization as cal-
culated from the polymer melt index as previously described.78 The reac-
tion is carried out in a single, supercritical phase.9

FITTING OF DATA

Repetition of experimental runs and molecular weight measurements led
us to conclude that the principal cause of variation in our results is in the

* A referee raised the question why there was a change in the base 1/P in changing
from system 1to 2,? inasmuch as the sureness with which 1/Po is known is a substantial
point in this and succeeding papers. There was strong evidence that, for some un-
known reason, gaseous transfer agents were not being completely and reproducibly
added to the reactor in system 1. Several changes were made to overcome this problem.
Following these changes, all evidence suggested that reproducible, quantitative addition
of gaseous additives was achieved. Thus, the base 1/P in system 2 is reliable, and the
base 1/P in system lwas slightly in error due to incomplete additive addition.



TABLE 1. Chain-Transfer Data at 1360 Atm, 130°C, 0.2 mmole/1. Di-iert-butyl Per-
oxide Initiator

Feed composition”

Ethylene, Propane, Butane, Melt Residual Data
mole-% mole-% mole-% index1 /P X 10s X 10s source
87.93 11.92 - 0.0525 58.9 —2.2 ¢
87.82 12.02 - 0.0818 61.0 -0.5 ¢

it it — 0.0824 61.0 0.5 c
$7.02 12.82 — 0.111 62.4 —2.2 d
8U.47 14.37 — 0.463 70.7 - 0.2 e

“ - — 0.428 70.2 -0.7 e

— 0.548 71.9 0.9 e
85.42 14.43 — 0.206 67.9 -3.3 e

it “ — 0.580 72.3 1.1 e

“ — 0.435 70.3 - 0.8 e

“ It — 0.304 69.7 -1.5 e

. it — 0.410 70.0 - 1.2 c.d

. it — 0.553 71.9 0.7 ¢d

“ i — 0.502 71.3 0.1 e,d
82.74 17.10 — 3.75 87.7 5.1 d

“ — 3.87 88.1 5.5 d

- it — 1.70 80.4 —2.2 d

it a — 2.37 83.4 0.7 d
70.81 20.04 — 7.60 95.5 - 0.6 ¢

) " - 0.52 98.3 2.2 c

- 6.54 93.7 -2.3 c
70.65 20.20 — 6.08 92.9 -3.9 d
70.16 20.68 - 11.3 100. 1.4 d
77.03 22.82 — 22.6 111. 0.8 d
88.57 6.41 4.86 0.361 60.1 0.1 e
85.75 8.02 6.08 3.73 87.7 4.3 e
81.05 10.69 8.11 21.0 110. 0.7 e
85.36 4.76 9.73 8.00 92.2 - 1.0 e
82.49 6.41 10.94 10.9 109. - 0.6 e
84.14 4.76 11.0 loo. - 12 e
85.69 3.21 I 6.07 92.9 - 1.6 e
00.12 — 9.73 0.904 75.4 2.1 e

It — “ 0.855 75.0 1.6 e
88.08 — 10.86 1.40 78.8 - 1.6 e
88.00 — 10.04 1.88 81.3 0.4 e

. — ]1 1.82 81.0 0.2 e

— 1.54 79.6 -1.3 e
87.76 — 12.08 6.35 03.4 5.4 e
86.47 — 13.38 7.38 95.2 -1.3 e
84.85 — 15.00 16.6 106. -1.5 e
82.49 — 17.35 48.0 124. 0.5 e

tt — u 43.8 122. -1.7 e
82.33 — 17.51 48.9 124, -0.7 e
82.21 — 17.63 54.8 127. 0.8 e

*The balance of the feed, usually less than 0.2%, was benzene used as initiator sol-
vent. _

>See Mortimer7 "for the use of melt index data to estimate .1/n.

' Data of Mortimer.7

d Data of Mortimer.9

r This work.
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CS Propane x 103

Fig. 1. Approximate 95% confidence limits with 1/Po fixed and not fixed.

conducting of the experimental runs rather than in the molecular weight
measurements. Therefore, the data in Table | were fitted to eq. (2)
where n = 2. The best values obtained and their simple standard devi-
ations were: Cd (propane) = 0.00302 + 0.00008; C2 (butane) = 0.00494
+ 0.00009; I/Pii = 0.000200 = 0.000015. The column in Table I labeled
“Residual” is the difference between the observed value of 1/P and the
computed value of this variable using the constants shown above.

Since the three parameter values Cs, 0%, and 1/P0 were jointly deter-
mined, the error limits for the parameter estimates are properly defined by
joint confidence limits rather than the simple confidence limits given above.
This point is illustrated in Figures 1 and 2. Figure 1 shows a confidence
interval for the chain-transfer constants of propane and butane, that is,
the joint confidence limits for these two parameters without regard for the
value of 1/Po. This is calculated from an approximation of the marginal
distribution function. The small confidence interval labeled 1/Po = 2.0
X 10~4is the confidence limit for these two parameters at the point where
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............ 1 | i i |
28 30 32 3.4

Cs Propane x 103

Fig. 2. Approximate confidence limits for three-parameter system and joint confidence
contour for two-parameter system in which butane data were not used.

1/Po is fixed at its most probable value. This is calculated from the condi-
tional distribution given 1/PQO. From this figure it can be seen that the
value given to 1/Po has a considerable effect on the confidence limits for the
chain-transfer constants for propane and butane.

Some knowledge of the magnitude of 1/Po lessens considerably the un-
certainty associated with the chain-transfer constants. This is illustrated
even more clearly in Figure 2, in which the same information is shown in a
different manner. In this figure, confidence limits for 1/P0and Csfor pro-
pane are shown. One curve was obtained frormlata containing information
only about 1/P0Oand Cs for propane by excluding data on runs containing
butane. The other curve was obtained from all of the data and thus con-
tains information on 1/Po and both of the chain-transfer constants without
regard to the value of Csfor butane. It was calculated from an approxi-
mation of the marginal distribution function over all values of Csfor butane.
These latter data clearly provide a more precise estimate for 1/Po, and
hence also reduce the uncertainty associated with Csfor propane.
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DISCUSSION

It will be noted that the data in Table | are arranged in order of changing
feed concentration. It will be further noted that, with one minor excep-
tion, the residuals are randomly distributed as to their algebraic sign and
are of comparable magnitude over the entire range of feed compositions
studied. The one area of exception is at low propane concentrations in the
absence of butane where phase separation has previously been postulated.9
The excellence of fit of the model to the data, as indicated by this pattern
in the residuals, is evidence of the correctness of eq. (2) and the attendant
assumptions.

The relatively large joint uncertainty in 1/P0and C, is ample reason why
1/Po should be determined as accurately as possible. Were it not for phase
separation, a direct determination of 1/POwould be made. Figure 2 shows
that the simultaneous use of two transfer agents reduces the uncertainty in
I/p Owhen a direct measurement in the absence of any transfer agent is not
possible.

From Figure 1 it can be seen that minor variations in the concentration
of one transfer agent and uncertainty in its transfer content will have a
relatively small effect on the calculated transfer constant of a second trans-
fer agent, at least in our system. Thus, although there is some uncertainty
in the absolute values of Cs because of the joint uncertainty between Cs
and 1/Po, there is less uncertainty between the relative values of different
transfer agents. To our knowledge, this paper represents the first applica-
tion of the use of joint confidence contours to represent the degree of uncer-
tainty in the measurement of chain transfer constants. It is clear that
simple + values did not convey a true picture of the uncertainty in the
parameters estimated from the data in Table I. The use of techniques
such as illustrated in the paper would seem to be essential whenever 1/Po
cannot be directly measured or when more than one transfer agent is used
simultaneously.
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Preparation, Reaction, and Polymerization of the
Nuclear Chlorinated o”cZ-Xylylene Diallyl Ethers*

J. P. STALLINGS, T. It. Evans Research Center, Diamond Shamrock
Corporation, Painesville, Ohio 44077

Synopsis

A process has been developed in which the diallyl ethers of (he tetrachloroxylenes are
produced in 90-95% vyield. The starting materials are the appropriate chlorinated
xylene, sodium hydroxide, and allyl alcohol. Epoxidation of the diallyl ethers with
perbenzoic acid gave the corresponding diepoxides. The above diallyl ethers are capable
of entering into both homo- and copolymerization reactions in the presence of free-
radical initiators. With 2% /erf-butyl perbenzoate, the diallyl ethers are polymerized to
soluble prepolymers at 130-138°C in about 1 hr. These prepolymers can be formulated
with appropriate reinforcing materials and peroxide initiator to give hard, tough thermo-

setting resins. The optimization of various molding and formulation conditions is also

described.

INTRODUCTION

The polymerization of diallylic monomers to form soluble, fusable pre-
polymers has been shown with diallyl phthalate and diallyl isophthalate.1-5
These prepolymers find utility commercially when formulated and cured to
a thermosetting resin.6-11 Such resins are used for specialty applications
where good dimensional stability, optical clarity and heat resistance are
required.

It is the purpose of this work to describe polymerization of some new
diallylic xylene ethers to thermosetting resins. Our interest in allyl resins
was motivated by activity in xylene chemistry2and the production of di-
allylic ethers from various chlorinated xylenes. The scope of the work in-
cludes the preparation and reaction of the starting monomers, prepolymeri-
zation of these monomers, compounding of the prepolvmers, and final cure
of the formulated prepolymer. The properties of the finished resins are

also discussed.

EXPERIMENTAL

Reagents
All chemicals were of reagent grade. The starting chlorinated xylenes
had melting or boiling ranges of less than 2°C.

* Presented at. the 158th Meeting of the American Chemical Society, Division of
Organic Coatings and Plastics Chemistry, New York, 1969.
1557
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Physical Measurements

Melting points were determined with ail open capillary in an electrically
heated oil bath and are uncorrected.

Preparation of the Diallyl Ethers

All of the allylic monomers were prepared in a similar manner. Sodium
hydroxide (2 mole) was dissolved in one liter of the allyl alcohol (containing
0.010 g hydroquinone) by heating in a three-necked, round-bottomed flask
fitted with thermometer, mechanical stirrer and reflux condenser. After
the sodium hydroxide had dissolved, the solution was cooled to about 40°C.
A 2-eq. portion of the chlorinated xylene was added to the flask. The
stirred slurry was heated to reflux and the temperature was controlled care-
fully, since at 50-70°C (depending on the dihalide), an exothermic reaction
occurred. At this point, it was necessary to turn off the heating mantle or
remove it until the temperature reached a maximum. The heating was
then continued to reflux the mixture with stirring. A reflux time of 5-8 hr
was required for 90-95% conversion to the desired diallyl ether.

Liquid products could be easily separated from the excess allyl alcohol by
fractional distillation. With solid products, purification was accom-
plished by: (1) vacuum distillation of one-half of the allyl alcohol fol-
lowed by precipitation of the residue with water, filtration, and recrystal-
lization from methanol, or (2) treatment of the reaction mixture with water
to precipitate the product as above, followed by distillation of the alcohol.

All of the above techniques necessarily involve the removal of an al-
cohol-water azeotrope since water is formed in the reaction:

CH,=CHCHXH + NaOLl — CH2CH—CHDNa + HD

In order to distill the anhydrous alcohol, it is necessary to introduce an
additional low-boiling component which will azeotrope with water at a boil-
ing temperature lower than the boiling temperature of any of the pure com-
ponents. Chloroform performed well in this application, since it fits the
above requirements, is inert, and is completely soluble in the reaction mix-
ture. In practice, a Dean-Stark trap and reflux condenser are attached to
the reaction flask, and reflux is maintained until no further water is col-
lected. The chloroform and alcohol (which do not azeotrope) are then
fractionated with a packed insulated column and variable take-off head.
The column is 50 X 2 cm packed with S mm glass helices. By using the
above method, an alcohol recovery of about >80% is realized in most prep-
arations. Table | summarizes the data.

Several of the diallyl monomers were epoxidized with perbenzoic acid in
chloroform or benzene. Higher yields were observed in benzene. Table
Il shows the yields and purities of the diepoxides. Oxirane oxygen was
titrated via HBr dissolved in acetic acid with monochlorobenzene as the
solvent for the diepoxide. Crystal violet was used as the indicator. Figure
1 shows that the epoxidation reaction obeys second-order kinetics and that
unchlorinated monomer () reacts faster than chlorinated monomer (11).
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TABLE 11
Epoxidation of the Diallyl Ethers
Yield of Purity via
Starting crystallized oxirane Mp, °C, or bp,
diallyl ether diepoxide, % oxygen, % “C/mni Hg
a,a'’-Diallyloxy-S,4,5,6- 59 95 77.8-77.9
tetrachloro-o-xylene (1V)
a,a'-Diallyloxy-2,4,5,6- 90 92 88.8-90.8
tetraehloro-m-xylene (111)
a,a'-Diallyloxy-2,3,5,6- o7 929 123-125
tetrachloro-p-xylene (11)
a,a'-Diallyloxy-p-xylene (1) 78 91 188-204/-

1.8-2.9 mm

Copolymerization of the Diallyl Ethers

Although the diallyl ethers exhibited low rates of polymerization, they
copolymerized readily with several olefinic monomers. The data are seen
in Table I11.

It can be seen that both maleic anhydride and ethylene glycol maleate
were copolvmerized with the diallyl ethers. Extraction studies showed
that both monomers had entered into the polymerization. It is believed
that a true copolymer is formed since maleic anhydride does not homopoly-
merize under the conditions employed. The unreacted maleic anhydride is
present in 10% to 49%, depending on conditions and monomers used.

Homopolymerization of the Diallyl Ethers

Samples of the monomer (111) were tested for thermal stability as a pre-
liminary examination of polymerization behavior. The monomer shows
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some sensitivity to air oxidation and polymerization at 150-200°C but
shows excellent stability under nitrogen at 200°C for Shr. It was thus in-
dicated that prepolymers might be prepared in a controlled manner with-
out the interference of premature polymerization or gelation.

A brief study was undertaken to determine the relative reactivity toward
polymerization of the isomers of the a,a'-diallyloxy tetrachloroxylenes.
Thus, the ortho, meta, and para isomers were homopolymerized at 150°C
with 5% di-tertiary butyl peroxide. The time was recorded in which each
monomer polymerized to give a hard infusible polymer. The following
data were recorded: ortho, 56 hr; meta, 7.0 hr; para, 8.5 hr. The order of
reactivity towards homopolymerization was then meta > para » ortho.

Consequently, a,a'-diallyloxy-2,4,5,G-tctrachloro-»i-xylene (111) and
a,c/-diallyloxy-2,3,5,6-tetrachloro-p-xylene (11) were selected for further
polymerization studies.

Prepolymers of the Diallyl Ethers

Figure 2 shows the prepolymer reactor. The polymerization tempera-
ture could be controlled +0.5°C and polymerization could be quenched
from 138°C to 120°C in 2 min—representing considerable decrease in
initiator activity.

All prepolymers of Il and Il were prepared in three-necked, round-
bottomed flasks or glass resin kettles. Since the monomers melt at 93
and 58°C, all prepolymers were prepared in bulk above 93°C. The poly-
merization could be followed by the use of a capillary viscometer immersed
in the prepolymer melt. By using a 1.00 mm capillary at 130°C, the melt
viscosity (poises) was 8.2 X efflux time (sec) from a height of 33 mm.
Table 1V shows the experimental data. The scale was 0.5-5.0 moles and
all polymerizations were carried out under a nitrogen blanket. The pre-

Fig. 2. Prepolymer Reactor.
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Fig. 3. Differential scanning calorimeter curve.

polymer was isolated from monomer either by precipitation from methanol
(in which monomer is soluble), or by distillation of monomer via a molec-
ular still at 11)0°C at 59 pressure. The prepolymer residue was allowed to
cool and was then pulverized.

A differential scanning colorimeter was used to characterize the monomer
and prepolymer shown in Figure 3. The thermogram shows no evidence of
residual monomer in the amorphous prepolymer.

Formulation and Cure of a,a'-Diallyloxy-2,4,5,6-
tetrachloro-wz-xylene (111) Prepolymer

A brief study was undertaken to assess the optimum initiator type, con-
centration and cure temperature required for final polymerization of pre-
polymers (111). The prepolymers were formulated with 5 phr each of
initiator and lauric acid mold release agent. The samples were com-
pression molded with a Buehler press at 4000 psi for 5 min. Sample size
was 1 X *8in. Table V shows the results of this study.

In order to compound fillers with the prepolymer, optimum mixing was
achieved by: (1) physical mixing in a Hobart Mixer followed by (2) hot-
roll milling to effect good filler-prepolymer interaction, and (3) chopping
to give final prepolymer compound. The results of this work are seen in
Table VI.

DISCUSSION

The high yields of the diallyl ethers are not unexpected since beuzylic
halides are quite reactive in Sv2 reactions. In addition, the allylate anion
is resonance stabilized and available for the desired Williamson reaction:

Na+ + CHZCH—CITO- + CI—CH.Ar CH2ZCH—CH,0CH2Ar + NacCl
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TABLE V
Formulation and Cure of «,ce'-Diallyloxy-2,4,5,6-Tetrachloro-m-xylene Prepolymers

Sample appearance

Mold Con-
temper- Mold tinous Appear-
Initiator ature, °F leakage button Strength ance

Benzoyl peroxide 200 Yes No Weak Clear
MEK peroxide 250 No Yes Weak Clear
Pert-butyl per- 300 No Yes Strong Clear

benzoate
Di-fert-butvl 350 No Yes Strong 1tiscolored

peroxide
Dicumyl peroxide 400 No Yes Strong Discolored

The precipitation of sodium chloride also adds to the driving force of the re-
action. Previous workers13# have found it necessary to use sodium and
allyl alcohol as the base for the reaction. The present method using NaOH
and allyl alcohol offers a favorable cost advantage.

As the bulk prepolymerization proceeds, there is considerable melt vis-
cosity increase, as shown in Figure 4. Similar results are seen (Fig. 5)
when efflux time is plotted versus conversion.
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% CONVERSION

Fig. 5. Efflux time vs. % conversion to prepolymer for monomer I11.
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Fig. 7. Bromine number vs. number-average molecular weight for monomer I11.

The optimum conditions for the prepolymerization reaction are 95-
13S°C depending upon the initiator used. Although all of the prepoly-
mers were soluble in chloroform, the lower than calculated bromine num-
bers shown in Figure 6 indicate a small amount of branching, crosslinking,
or cyclizationBhad occurred in some cases. Increased scatter at high molec-
ular weights, shown in Figure 7, is believed caused by this phenomenon.
By analogy with diallyl phthalate, the predominant prepolymer structure
is

— CH— CH,—

with n = 10-24.

The final polymerization of a,a'-diallyloxy-2,4,5,6-tetrachloro-TO-xylene
prepolymer involved an initiator screening study. At 200-250°F with
benzoyl peroxide or methyl ethyl ketone peroxide, the prepolymer could
not be polymerized in a compression mold with a sufficient rate or conver-
sion to prevent mold leakage or formation of weak specimens. At 350-
400°F, with di-ferf-butyl peroxide or dicumyl peroxide, discoloration oc-
curred. The best balance of conditions for molding employed tertiary
butyl perbenzoate at 300°F. Under these conditions, a strong, clear
thermoset was obtained with no evidence of thermal degradation.

CONCLUSIONS

A process has been developed in which the diallyl ethers of the tetra-
chloroxylenes are produced in 90-95% vyield. The starting materials are
the appropriate chlorinated xylene, sodium hydroxide and allyl alcohol.
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The above diallyl ethers are capable of entering into both homo- and
copolymerization reactions in the presence of free-radical initiators. In
the presence of 2% terf-butyl perbenzoate, the diallyl ethers are polymerized
to soluble prepolymers at 130-138°C in about 1 hr. These prepolymers
can be formulated with appropriate reinforcing materials and peroxide
initiator to give hard, tough thermosetting resins.

The author wishes to thank Dr. R. L. Harris and Mr. J. N. Jenkins for assistance in
the preparation and evaluation of the resins.
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Polymerization of Vinyl Monomers with Salts of
Bronsted Acids

KOICHI YAMAGUCHI and YUJI MINOURA,
Department of Chemistry, Faculty of Engineering,
Osaka City University, Sumiyoshi-ku, Osaka, Japan

Synopsis

The polymerization of vinyl monomers (A'-phenylmaleimide, acrylamide, acrylonitrile,
methyl vinyl ketone, methyl methacrylate, vinyl chloride, and styrene) with sodium
salts of BrOnsted acids (sodium cyanide, sodium nitrite, sodium hydroxide, etc.) were
investigated at 0°C in dimethylformamide. ;Y-Phenylmaleimide, acrylonitrile, and
methyl vinyl ketone were found to undergo polymerization with sodium cyanide, how-
ever the other monomers were not polymerized with this salt. In the polymerizations
of acrylonitrile and A-phenylmaleimide with sodium cyanide, the rates of the poly-
merizations were found to be proportional to the initiator concentration and to the square
of the monomer concentration. The activation energy of acrylonitrile polymerization
was 3.7 kcal/mole, and that, of iV-phenylmaleimide ws 3.0 kcal/mole. The results of
the copolymerization of acrylonitrile with methyl methacrylate at ()°C in dimethyl-
formamide with sodium cyanide confirm that these polymerizations proceeded by an
anionic mechanism initiated by the Michael addition reaction of the monomers with the
salts. In these polymerizations, the monomer reactivity increased with increase in the e
values. The initiation ability of sodium salts increased with increasing pK,, of the conju-
gate acids and with decreasing electronegativity of metal ion in the series of lithium, so-
dium, and potassium cyanide. The polymerizations took place only in aprot.ic polar
solvents, and did not occur in w'eak polar solvents and in protonic solvents.

INTRODUCTION

Inorganic .salts are known to initiate the radical or ionic polymerization of
vinyl monomers. For example, KZ208is an initiator radical and Lewis acids
such as AICh, BF3 and SnCh are cationic catalyst. It is known that mon-
omers such as vinyldene cyanide and nitropropene were polymerized with
weak bases such as water and aminel-3 and acrylonitrile (AN) and cvano-
acetylene were polymerized with sodium cyanide.4 .. anionic polymeriza-
tion, Tsuruta5showed that polymerization of vinyl monomers having a large
Alfrey-Price +e value is favored. The relationship between initiators and
e values of the vinyl monomers is shown in Table I.

In this paper, vinyl monomers were polymerized in dimethylformamide
(DMF) at 0°C with the use of various sodium salts of Brpnsted acids. It
was found that A-phenylmaleimide (NPMI1), which has a large e value,
underwent polymerization as well as AN and methyl vinyl ketone (MVK)
with sodium cyanide, sodium hydride, sodium nitrile, disodium hydrogen

1571
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phosphate, sodium dihydrogen phosphate, and sodium hydroxide. It was
found that the initiation abilities of sodium salts increased with increasing
pK aof the conjugate acids.

In the polymerization of AN and NPM 1 with sodium cyanide, the rates of
polymerization were proportional to the concentration of the initiator and
the square of the concentration of the monomer; the activation energy for
AN was 3.7 kcal/mole.

Copolymerization of AN and methyl methacrylate (MMA) and the reac-
tion of AN with sodium cyanide were carried out to confirm the mechanism
of these polymerizations. It was found that these polymerizations were an
anionic reaction by the Micheal addition reaction of the monomer with
sodium salts.

The polymerizations were carried out to order to investigate the effect of
metal ions (sodium, lithium, and potassium) of the salts. The effect of
solvents (DMF, dimethyl sulfoxide, tetrahydrofuran, benzene, acetone) on
the polymerization was also studied.

EXPERIMENTAL

Monomer

Vinyl monomers used were styrene (St), MIMA, AN, MVK, vinyl chlo-
ride (VC), acrylamide (AA), and NPMI.

St, MMA, MVK, and AN were purified by the usual method, dried over
calcium hydride, and then distilled under nitrogen atmosphere. The
monomers were redistilled over calcium hydride before use. The boiling
points of monomers were: St, 53-53.5°C/30 mm Hg; MMA, 45-45.5°C/
100 mm Hg; AN, 78.5-79.0°C. VC was distilled through a calcium chlo-
ride column. AA supplied by Nitto Chemical Industrial Co. was purified
Dy recrystallization from the mixed solvent of benzene and methanol (mp
85.0-85.5°C). NPMI was prepared by the reaction of aniline with maleic
anhydride6and recrystallized from benzene (mp 89-89.9°C).

Solvent

DMF, dimethyl sulfoxide (DMSO), hexamethylphosphoramide
(HMPA), toluene, acetone, benzene, tetrahydrofuran (THE), and water
were purified by distillation.

Salts

Inorganic salts were analytical reagents, reduced to powder in a mill and
dried by heating before use.

Polymerization

Monomer, catalyst, and solvent were placed in a glass tube connected to a
vacuum line, and the tube was thoroughly degassed, sealed, and placed in an
ice-water bath. The reaction mixture was poured into a large excess of
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methanol containing dilute hydrochloric acid after a suitable time interval.
The polymer precipitated was filtered, washed with methanol and dried in a
vacuum to constant weight.

Reaction of Acrylonitrile with Sodium Cyanide

In a 200-ml flask, a solution of 1.5 g (0.03 mole) of sodium cyanide and
1.88 ml (0.03 mole) of AN in 50 ml of DMF was allowed to react at room
temperature for 1 hr with stirring, and then few drops of water were added.
The mixture was filtered and the solution was distilled in order to remove
AN, DMF, and water. The residue was extracted with acetone, and the
product (bp 100-105°C /I mm Hg) was isolated by distillation under
reduced pressure. The melting point, the elemental analysis, and the
infrared spectrum of the product were measured.

Reaction of Acrylamide with Sodium Cyanide

In a 200-ml flask, a solution of 2.5 g (0.05 mole) of sodium cyanide and 3.6
g (0.05 mole) of AA in 100 ml of DMF was allowed to react at room tem-
perature for 2 hr, and then few drops of water were added.

The mixture was filtered and the solution was distilled to remove DMF
and water. The distillation residue was extracted with acetone. The in-
frared spectrum of the insoluble part was determined in order to confirm the
endgroup.

Measurements

The intrinsic viscosities of polymers were measured by means of a Ubbel-
ohde viscometer in DMF.

The infrared spectra of polymers as KBr pellets were measured on an
infrared spectrometer (Jasco IR-1, Japan Spectroscopic Co., Ltd).

RESULTS AND DISCUSSION

Polymerization of Acrylonitrile with Sodium Cyanide

Kinetics. The polymerization of AN with sodium cyanide was carried
out at 0°C in DMF at various monomer and initiator concentrations. The
relationship between the rate of the polymerization obtained from time-
conversion curves and the initiator or the monomer concentrations are
shown in Figure 1

From the results, it was found that the rate of polymerization Rp was
proportional to the initiator concentration and to the square of the monomer
concentration:

Rp = A [AN]2[NaCN]

The activation energy of the reaction was found to be 3.7 kcal/mole.
The intrinsic viscosity of the poly-AN was measured at 25°C in DMF.
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[i(MaCN] X 103 mol / 1

Fig. 1. Relationship between the rate of polymerization and concentration of initiator
or monomer at 0°C in DMF. (=) [AN] = 7.55 mole/l1.; CO) [NaCN] = 1 X 10~2
mole/1.

Fig. 2. Relationship between the molecular weight (M, ) and the concentration of the
monomer ([AN]). [NaCN], 1 X 10-2 mole/l.; at 0°C, in DMF.

From the intrinsic viscosity, the molecular weight of poly-AN was calcu-
lated by using the following equation obtained by Bisschops 7

[77] = 166 X 10-W s

The relationship between the molecular weight and the initiator and mo-
nomer concentration is shown in Figures 2 and 3.

As can be seen in Figures 2 and 3, the molecular weight increased with
increasing AN concentration and decreasing initiator concentration.
From the results, the polymerization of AN with sodium cyanide was con-
sidering to be an anionic polymerization.
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I/[NoCN] x 102 I/mol

Fig. 3. Relationship between the molecular weight (M,) and the concentration of the
initiator [AN] = 7.55 rnole/1 at 0°C in DMF.

Copolymerization. The copolymerization of AN with MMA was carried
out with the use of sodium cyanide at 0°C in DMF in order to investigate the
mode of the polymerization. The polymer yield and the compositions
calculated from the elementary analysis are shown in Table Il, and the
copolymer composition curve is shown in Figure 4.

TABLE 11
Copolymerization of Acrylonitrile and Methyl
Methacrylate at 0°C in DMF*

Nitrogen Acrylonitrile
Yield content content in

AN, MMA, of copolymer in copolymer, copolymer,
mole/1. mole/1. at 1 hr, g % mole-%

1 4 0.0336 - -

2 3 0.2438 23.91 94.73

2.5 2.5 0.4060 25.32 96.83

3 2 0.6542 25.63 98.39

4 1 1.0940 26.06 99.28

“ [NaCN] = 8 X 10-3 mole/1.

In Figure 4, curve 1 shows the results of the copolymerization of AN with
MM A with the use of sodium cyanide; curves 2, 3, and -l show the results of
anionic copolymerization with CeH@gBr,8 the radical copolymerization
with benzyl peroxide,9 and the redox copolymerization with (NH4X52D8-
NaXx20s, Drespectively. Curve 1 showed a similar trend as curve 2, and the
polymerization reaction of AN with sodium cyanide was considered to be an
anionic polymerization.

Mechanism. In order to confirm the initiation reaction of AN with
sodium cyanide, the reaction of AN and sodium cyanide was studied at
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MMA 50 AN

AN in mixture (%)

Fig. 4. Relationship of the monomer composition and the polymer composition in
copolymerization of AN and MMA with NaCN (2 X 10-3 mole/l.) in DMF at 0°C:
(DNaCN; (3) CeHaVgBr; (S)BPO; U) (NI1HSD8Na=SD 8

Fig. 5. Infrared spectrum of the product obtained from acrylonitrile and NaCN.

room temperature in DMF. The product obtained had a melting point
of 50-51°C.

Anar. Calcd. for CIJLN2 C, 59.99%; IlI, 5.03%; N, 34.98%. Found: C
60.12%; 11,5.19%; N, 34.98%.

The infrared spectrum is shown in Figure 5. The product showed infrared
absorption at 2250 cm-1 due to —CN and bonds at 2950 and 1470 cm-1 due
to —CH2—. The infrared spectrum was identical to the spectrum of
ethylene dicyanide obtained by the reaction of hydrogen cyanide with AN.
From the results, it was found that the product was ethylene dicyanide
(NCCHZZHZCN). The reaction scheme is shown in eq. (1):

o
H>C=CH + NaCN—HZX—CHNa --—----- 1LI2Z2—CH2 Q)

| | 1 11
CN CN CN CN CN
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Therefore, it is thought that the initiation reaction was the Micheal addition
reaction, and the polymerization reaction considered to follow egs. (2)-(4).

Initiation
NaCN + M —»CNMe + Na® (2)
Propagation
NCM,e + M .. NCM,,+ie 3)
Termination
*
Mnre —aPolymer (4)

If the stationary state is assumed, the rate equation of the polymerization
is:

R, = (kikp/kt) [M]2[NaCN]
The termination reaction was assumed to be a unimolecular termination,

and the termination occurred by the formation of a six membered ring in the
chain end1l [eq. (5)].

Fig. 6. Relationship between the rate of the polymerization and the concentration of
initiator or monomer at 0°C in DMF: (O) [NACN] = 6.0 X 10~4mole/1.; (=) [NPINTI]
= 578 X 1 0 mole/1.
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Polymerization of iV-Phenylmaleimide with Sodium Cyanide

The polymerization of NPMI with sodium cyanide was studied at 0°C in
DMF at various monomer and initiator concentrations. The relationship
between the rate of polymerization and the initiator or the monomer
concentration is shown in Figure 6. The rate equation was the same as in
the polymerization of AN:

Rp = K [NPMI]J2[NaCN]

and the activation energy was 2.7 kcal/mole. The polymer obtained was a
red powder, and the intrinsic viscosity was 0.080-0.085 in DMF at 35°F.
In the mechanism of the polymerization, the initiation, propagation, and
termination reactions were identical to those in the polymerization of AN.
However, the termination reaction may follow two paths: one involves
ring formation of the chain end as in case of AN or MMA [eqg. (6) ],

CH— CH--mmemnen CH— CH-eeremev CH— CHe Na®

the other mode is the termination by the proton of the solvents [eq. (7) ].

e
— CH— CH
(@]
| | CH,. CH,
0o=C~C=0 + A |
N— CH N— Ce (7)
CH/ CH,

Due to steric hindrance, the second termination mechanism was considered
more likely.
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Polymerization of Vinyl Monomers with Sodium Salts
of Bronsted Acids

The polymerization of vinyl monomers (NPMI, AA, AN, MVK, MMA,
VC, St) with sodium salts of BrOnsted acids (sodium hydroxide, sodium
cyanide, sodium hydrogen phosphate, sodium tetraborate, sodium cyanide,
sodium carbonate, sodium hydride, sodium nitrile, sodium dihydrogen
phosphate, sodium sulfide) was carried out at 0°C in DMF for 2r hr. The
concentration of vinyl monomers and initiator were 3.0 mole/1. and 2 X
10~2mole/l., respectively. The results are shown in Table I11.

TABLE 111
Polymerization of Vinyl Monomer with Sodium Salts of Bronsted Acid»

Polymer vyield, %

NPMI AN MVK
Catalyst DA'ab (e = 1.57) (e = 1.20) (e = 0.68)
NaOHc 15.7 18.3 10.0 Trace
NaJIPOy 12.1 11.4 0 0
NaBad-c 9.2 22.1 0 0
NaCNJ 9.0 99.0 G6.7 32.4
Nazd 7.1 44.G 0 0
NaHZ Oy 7.0 Trace 0 0
NaOCNO 4.5 49.9 0 0
NaNo0aA 3.4 38.3 15.1 Trace
NaCOy 3.3 19.1 0 0
NaHc 51.7 20.0 Trace

» [M] = 3mole/l., [C] = 2 X ID“2mole/l., in DMF, 0°C, 24 hr.
b pKaof conjugate acid of catalyst.

0 Insoluble in DMF.

d Soluble in DMF.

Sodium cyanide, sodium hydride, sodium nitrile, and sodium thiocyanide
were soluble in DMF and the other sodium salts of BrOnsted acids were
insoluble. The other sodium salts, i.e., sodium hydrogen sulfate (pKa =

1.8),22 sodium sulfate (pKa = 1.8),12 sodium nitrate (pAa= —1.64),R
sodium hydrogen sulfite (pKa = —1.1),2 sodium sulfate (pKa = —3.0),22
sodium chloride (pKa = — 7.0),2 sodium bromide (pKa = — 9.0,R
sodium iodide (pKa = —11.0),2sodium hydrogen carbonate, and sodium

thiocyanide, were ineffective for the polymerization of these vinyl mono-
mers at 0°C in DMF for 48 hr. The polymerizations of AA and VC at
room temperature and MMA and St at 0°C did not take place with these
sodium salts at 24 hr.

It was found that the initiation ability of sodium salts increased with in-
creasing pKa of the conjugate acids. The vinyl monomers [NPMI (Q =
0.57, e = 1.57),BAN (Q = 0.60, e = 1.20),4and MVK (Q = 0.15, e =
0.68)H] which have large +e values were polymerized with the salts of
small pKavalues. However, AA (Q = 0.18, r = 1.30)4did not polymerize
with sodium salts. The other monomers [MMA (Q = 0.74, e = 0.40),4VC
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- 1.0

2.0

Fig. 7. Relationship between e of monomer and pKaof conjugate acid.

(Q = 0.044, e = 0.20),4and St (Q = 1.0, e = 0.8)14 which have small e
values underwent polymerization with n-BuLi (p/va = 40)5but not with
sodium salts.

It is knowui that St polymerizes in the presence of catalysts of having pKa
values higher than that of sodium salts of xanthene (pKa = 29)Band that
MMA polymerizes with catalysts having pKa values higher than that of
(erf-BuONa (pKa = 19).5 For some monomers [St, MMA, MVIlv, AN,
AA, NPMI, aerolein (AL) and vinylidene cyanide, V(CN2)] with organo-
metallic compounds or inorganic salts, the relationships between e values of
monomers and pKa values of the conjugate acid are shown in Figure 7;
however, the reactivities of monomers changed with solvent used.

From the curve, we can estimate the lowest pK awhich can initiate poly-
merization when the e value of the monomer is known. The point for
MVK was shifted off the left side of the curve. In the study of Tsuruta
and Yasuda,Bit was found that the rate of the Micheal addition reaction of
MVK was faster than that for AN and methacrylonitrile. We considered
that the reaction was accelerated by the strong S®charge of the double bond
which was induced by the carbonyl group of MVK. The relationship of
Figure 7 was replotted on a log-log scale, and the following equation was
introduced:

e = A(pKa -1+ B

where A, B are constants (A = —3.0, B = 1.3).

The initiation reaction of the monomer with salts of BrOnsted acids was
found to be the Michedl addition reaction. In case of the reaction of AN
with sodium cyanide, the Michedl addition reaction is as follows:

HXZ = OH + Re-» RHX—CHe -* RIRC—OH—C1i2—0il0 (8)
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As the initiation reaction is Micheal addition, the nucleophilic rapidly
added to the electrophilic double bond. Especially in an aprotic polar-
solvent, the nucleophilicity of the initiator increases with increasing pK aof
the negative ion and the electrophilicity of the double bond increases with
increasing e value of the vinyl monomer. In the case of catalysts of which
the conjugate acids have a large pKavalue, the initiation is addition of the
vinyl monomer of large e values and initiation produces an anion. It was
considered that the polymerization was not dependent on low basicity of the
initiator.

Polymerization of Acrylamide with Sodium Cyanide

As described above, AA was not polymerized with sodium salts in spite of
its large e values. In order to clarify this, AA was polymerized with sodium
cyanide at 100°C in DM Kfor 24 hr. The infrared spectrum of the polymer
obtained ([4] = 0.08 in formic acid) is shown in Figure 8. The infrared
spectrum was same as that obtained with hydrogen transfer polymerization.
From the results, it was found that the polymerization at elevated tempera-
ture resulted a hydrogen-transfer reaction, even with a weak base such as
sodium cyanide.

The reaction of equimolar amounts AA and sodium cyanide was studied
at room temperature in DMF for 2 hr. The infrared spectrum of the product
is shown in Figure 8b. The melting point of the product was 70-71°C, and
the infrared spectrum showed the absorption due to —C=N (2300 cm-1)
and due to hydrogen transfer polymerization (3040 cm-1, 1538 cm-1).
The reaction mechanism is considered to be as shown in eq. (9).

CH,=CH + NaCN CNCH,— CH
C=0 C=0 Nao
NH2 NH
CNCH— CH CNCH.,— CH,
CI;—O Na' c=0 ©)
I\!H, NH°Na®

Although the addition of initiator to AA was thought to take place, poly-
merization did not occur at 0°C.

Effect of Other Inorganic Salts
on Polymerization of Vinyl Monomers

The polymerization of vinyl monomers (NPAII, AN, MVK, and ALMA)
with lithium cyanide, sodium cyanide, and potassium cyanide was studied
at 0°C in DMF. The results are shown in Figure 9 and Table IV.
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Fig. 8. Infrared spectra: (a) polymer obtained with NaCN; (6) product obtained with
acrylamide and NaCN.

Time (nin)

Fig. 9. Time-conversion plots for polymerization of NPM1 with LiCN, NaCN, and
KCN in DMF at 0°C, [M] = 5.78 X 10'lmole/l.: (=) [NaCN] = 2 X 10 '3mole/l.;

(O) [NaCN] = 1 X 10-4 mole/1.; (») [LICN] = 2 X 10“3 mole/l.; (©) [KCN] =
1 X 10-4 mole/1.

The order of the solubility of cyano salts in DMF is as follows; LiCN >
NaCN > KCN. From the results of Table IV and Figure 9, it was found
that NPMI, AN, and MVIv are polymerized with these salts, but MMA is
not, and the rate of the polymerization increased in the order of following:
KCN > NaCN > LIiCN. The relationship between the electronegativ-
ity 7 of the metal ion and the rate of the polymerization (Rp) of NPMI is
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TABLE IV
Polymerization of Vinyl Monomers with Metal Cyano Salts”
Electro- Conversion, g/rnin
Salts negativityll NPMI» NPMId AN» MVK»  MMA»
LiCN 1.0 0.17 0.11 0.01 0
NaCN 0.9 0.01 0.27 0.19 0.10 0
KCN 0.8 0.06 0.16 0.13f 0.05f 0

“[M]I(NPMI) 578 X 10-'Imole/l.; [AN], [MVK], [MMA], ;i mole/1. at 0°C in
DMF.

b Data of Pritchard and Skinner.T7

O[Cat] = 1 X 10~4mole/1.

d[Cat] = 2 X 10-3 mole/1.

e[Cat] = 2 X 10~2mole/1.

f Catalyst did not dissolve completely in DMF.

shown in Figure 10. From the log-log plot of electronegativity and Rp, the
relationship is represented as

Rp = A [electronegativity

where a is a constant and A is a constant dependent on the concentration
of the monomer and initiator. For concentrations of monomer and initia-
tor of 5.78 X 10_1 mole/l. and 1 X 10-4 mole/l., respectively, A is 4.1 X
10“ 3and a is 12.

The polymerizations of vinyl monomers (NPMI, AN, MVK, and
MMA) with metal hydroxides (sodium hydroxide, lithium hydroxide,
potassium hydroxide, calcium hydroxide, and magnesium hydroxide),
metal oxides (calcium oxide, magnesium oxide, and barium oxide) and
metal acetates (sodium acetate, lithium acetate, calcium acetate, barium
acetate, mercury acetate, cadmium acetate, zinc acetate, and lead acetate)

Fig. 10. Relationship between Rp and electronegativity of metal ion in polymerization
of NPMI with cyano salts. [M] = 5.78 X 10~' mole/l.; [Ca+] = 1 X 10”4 mole/l,;
in DME, at 0°C.



POLYMERIZATION OF VINYL MONOMERS 1585

were studied at 0°C or 30°C in DMF for 24 hr. The results are shown in
Table V. As shown in Table V, it was found that NPMI and AN were
polymerized with lithium hydroxide, sodium hydroxide, and potassium
hydroxide, that MVK showed some polymerization and that MMA did
not. With the other metal hydroxides as initiator, none of the monomers
underwent polymerization. In the polymerization of monomer with
metal oxide, only NPMI underwent polymerization.

TABLE V
Polymerization of Vinyl Monomers with Oxide, Hydroxide,
and Acetate Salts in DMF at 0°C, 24 hra

Polymer yield, %

Catalyst ENb pKé& NPMI AN MVK MMA
KOH 0.8 34.4 14.3 Trace 0
NaOH 0.9 37.0 10.0 Trace 0
LiOll 1.0 14.1 21.9 8.1 Trace 0
Mg(OH)2 1.2 11.4 0 0 0 0
Ca(OH)2 1.0 12.7 0 0 0 0
MgOd 1.2 11.4 2.12 0 0 0
Ca0J 1.0 12.7 5.08 0 0 0
BaOd 0.9 13.4 7.26 0 0 0
Na(CH,,CO0) 0.9 26.6 0 0 0
Li(CH30O0) 1.0 14.1 18.2 0 0 0
Ca(CH300)2 1.0 12.7 8.9 0 0 0
Ba(CH300)2 0.9 13.4 0 0 0 0
Zn(Cl1300)2 1.5 9.7 0 0 0 0
Cd(CH3C00)2 1.4 9.0 0 0 0 0
Pb(CH300)2 2.0 7.8 0 0 0 0
Hg(CH3C0O0)2 1.9 3.7 0 0 0 0

a[M] = 3 mole/l., [Caf] = 2 X 10-2 rnole/l1.
b Electronegativity of metal ion.B

cpKaof metal ion.

dAt 30°C.

With metal acetate as the initiator, NPM1 was polymerized with sodium
acetate, lithium acetate, and potassium acetate, but the other monomers
did not.

These results confirmed that the initiation ability increased with de-
creasing electronegativity and with increasing pAaRof the metal ion.

Effect of Solvents

The polymerization of NPMI with sodium cyanide was carried out at
0°C or 30°C invarious solvents (DMF, DMSO, THF, H1VIPA, acetonitrile,
acetone, toluene, benzene, water). The results are shown in Table VI.
The sodium cyanide initiator dissolved in all solvents except THF, aceto-
nitrile, acetone, toluene, and benzene. The polymer of NPMI was not ob-
tained by the polymerization without sodium cyanide at 0°C in these sol-
vents; polymerization of NPMI1 occurred with sodium cyanide in DMF,
DMSO, HMPA and acetonitrile but not in the other solvents.
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TABLE VI
Effect of Solvent*

Dielectric Temp,

Solvent constantll °C Time, min Yield, %
DMF 37 0 20 93.2
DMSO 45 30 50 39.8

HMPA 34 0 20 13.4
Acetonitrile 37.5 0 240 10.0

Acetone 21 0 240 0
THF 7 0 120 0

Toluene 2.4 0 240 0
Benzene 2.3 0 2880 0
Water 80 0 2880 0

“[NPMI] = 578 X HR' mole/1.; [NaCN] = 2 X 10-2mole/l.
b Data of Kornblum et al.18and Okawara.®

The solvents in which polymerization took place had larger dielectric
constants, i.e., DMF (.37),8 DMSO (47,)8B acetonitrile (37.5),18 and
HAIPA (34).8 In general, a polar solvent having a large dielectric con-
stant shows increased solvation of the anion. Therefore, the polymer-
ization takes place in a solvent having a relatively large dielectric constant.

It was confirmed that these anionic polymerizations took place only in
aprotic polar solvents such as DMF, DMSO, polymerization did not occur
in weakly polar solvents such as THT or in protonic solvents.
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NOTES

Polymerization-Induced Electrical Effects in Sulfur.
The Electrical Resistance of Sulfur as a
Function of Temperature

Sulfur was heated at atmospheric pressure in a pyrophyllite container with tantalum
electrodes silver-soldered to platinum leads. A chromel-alumel thermocouple was
imbedded within the center of the sulfur sample and temperature was measured by a null
point method with a potentiometer. Resistance was monitored as a function of temper-
ature by the use of a calibrated vacuum tube voltmeter.

Results plotted in Figure lindicate that resistance measurements are capable of clearly
showing the effect of polymerization and depolymerization (polymer breakdown) in
liquid sulfur. In studying Figure 1 more closely, the effects of the orthorhombic —»
monoclinic phase transformation and the individual melting of both the orthorhombic
and monoclinic phases can also be noticed.

With the exception of polymerization, each of the above phenomena is accompanied by
a decrease in resistance and hence a decrease in resistivity. The results show that shortly
after the inception of polymerization, known to occur at 159°C, the resistance of sulfur
rises. This is presumably due to the bonding of short chains and the resulting decrease
in the number of conducting diradically-terminated chains present in the liquid. The
observation that the electrical resistance does not appear to begin increasing until
achieving a temperature of about 166°C may be ascribed to kinetic phenomena. It is
very doubtful that this six degree discrepancy is due to systematic error in measuring
temperature in view of the observation that the melting of both orthorhombic and mono-
clinic sulfur took place within 0.2 and 0.1°C, rspeectively, of the known values. Further-
more, the error in measuring temperature is judged to be at the most +2 to 3 °C. The
resistance of liquid sulfur continues to increase until the long chains begin to break up at
about 190 °C, at which point some electrons become available for conduction and the
diradical concentration rises thus causing the electrical resistance to decrease as the
temperature is further increased. In addition to these effects, a sharp decrease in re-
sistance is observed at 212 °C that is probably associated with accelerated chain scission.
Experimental data issummed up in Table I.

The experiment proves unequivocally that, electrical resistance is very noticeably
influenced by the reactions that take place in liquid sulfur. Thus, we would expect that
a high-pressure apparatus in which electrical resistance is monitored could be successfully
utilized to study pressure effects on the polymerization or depolymerization temperatures

TABLE |
Comparison of Experimental Results with Known Data for Polymorphism,
Melting, and Polymerization Effects in Sulfur at Atmospheric Pressure

Experimental

Accepted temperature
temperature, (from graphical
Phenomenon °C plot), °C
Orthorhombic 2= monoclinic 95.6 100
phase transformation
Orthorhombic pure liquid S 112.8 113
Monoclinic ~ pure liquid S 118.9 119
Polymerization 159 166
Depolymerization 188 192

(maximum viscosity
and chain length)

1587
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Fig. 1. Electrical resistance as a function of temperature for sulfur showing the effects
of: (a) orthorhombic <t monoclinic phase transformation; (b) melting of orthorhombic
sulfur; (c) melting of monoclinic sulfur; (d) polymerization of liquid sulfur; (e) de-
polymerization or chain breakup; (/) suspected to be associated with accelerated chain
scission.

and on other liquid reactions in sulfur. These effects have so far only been studied to 1
kb by differential thermal analysis and to about 20 kb by the opposed anvil-quenching
technique.1m2 Thus electrical measurements should contribute significantly to an under-
standing of the processes involved in these reactions. We expect, in the future, to
conduct this type of experiment in our cubic or hexahedra! high-pressure high tempera-
ture apparatus.
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Optical Activity of Poly[(R)-Propylene Oxide] Samples of
Different Stereoregularity

In the course of our research on the rotatory properties of optically active ethers (1)
and poly(vinyl ethers) (11),1we have investigated the optical activity and the optical

— CH— CH,— H -CH— CH,-
o o
0— *Cll— CH ,--
(CH)), (CH2, 1
CH;;
‘CH— CH; *CH— CH
1
C2H5 ch5
1 (n=20,1,2) I, (n =0, 1) 11

rotatory dispersion (ORD)2of samples of poly [(R)-propvlene oxide] (PPO) (I11) having
different stereoregularity.

It seemed of interest to establish whether the chromophoric system, connected with
the oxygen atom on every monomeric unit, was modified when included in the polymer
chain backbone (as in PPO) with respect to that found in poly(vinyl ethers),13in which
the oxygen atom is included in the side chains.

The OKI) curves of PPO have not been studied in detail up to now; Tsuruta and
co-workerslreported that the ORD in benzene and chloroform are normal2between 700
and 300 nm, and Livshits66 found that the ORD in methanol and chloroform between
600 and 300 nm is described by the one-term Drude equation.2

On the other hand, no satisfactory explanation has yet been given for the observed
strong dependence of the optical rotatory power of PPO on the nature of the solvent.4-7

The optical rotation at 589 nm of three samples having different solubility in acetone
and different stereoregularity8has been measured in various solvents; the ORD curves
of these same samples in trifluoroethanol, chloroform, and diethyl ether have also been
examined.

The molar rotation at 589 nm, corrected for the refractive index of the solvent,9of
samples A, B, and C in different solvents (Table I) shows that none of the regularities
found by RuleDin the study of the influence of solvent on optical activity seem to be
followed.

The ORD curve of sample B in trifluoroethanol and that in chloroform are normal be-
tween 600 and 210 and between 600 and 250 nm, respectively, the former being negative
and the latter positive (Fig. 1).

These curves, however, are not simple;2 in both cases the X0Ovalue calculated by the
one-term Drude equation* is lower than 150 nm and hence does not correspond to the
wavelengths where the first optically active absorption band has been found for ethersl
or has been predicted for paraffins.2 The ORD of sample B in diethyl ether (Fig. 1),
shows a maximum at about 235 nm, which is not connected to a Cotton effect,2 while the
circular dichroism (CD)2 spectrum in the same solvent does not show any dichroic
band in the region 300-210 nm.

The negative ORD curve of afilm of 111 (sample B) shows, at about 210 nm, the first
extremum of a Cotton effect corresponding to the negative CD maximum observed at
about 188 nm (Fig. 2). From this point of view the situation can be considered very
similar to that observed in the case of low molecular weight alkyl ethers (1).1

* On suggestion of a referee we report the definition of X0according to the one-term
Drude equation, [ = K/(\2 — X02), where [ is the molar rotation (referred to one
monomeric unit), K is a constant, X is the wavelength of the incident light and XDis the
wavelength of the closest optically active absorption band.2
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X(nm)
Fig. 1. ORD curves of PPO sample B: (--) chloroform; (m <) diethyl ether; (—--)
trifluoroethanol.

The ORD curves in diethyl ether of all the three samples of PPO examined (Fig. 3)
are similar, being in all cases complex and characterized by a maximum centered
nearly the same wavelength (about 235 nm), which, as indicated earlier, is not attribut-
able to a Cotton effect. [8325 increases as the solubility of the fraction in acetone de-
creases, that is, with increasing stereoregularity of the polymer fraction.

The complex ORD curves of samples of 1l (e = 1) having different stereoregularity
are also characterized by a maximum which has the highest intensity in the most stereo-
regular sample, but in this case \nmax decreases with increasing stereoregularity.3

Finally, taking in account the previous data on optically active ethers and poly-
(vinyl ethers),1the variation of optical activity of PPO with changing solvent and degree
of stereoregularity can be interpreted on the basis of the following considerations.

The variations of stereoregularity in poly (vinyl ethers) cause a change in the position
of the conformational equilibria of the macromolecules, which is responsible for dif-
ferences in average contribution to the optical activity by monomeric units inserted in
chain segments having different stereoregularity.1 By contrast, the structural varia-
tions* in the PPO samples, related to differences in stereroregularity and solubility in

* According to the observation of Price and co-workers8 these structural variations
can correspond not only to the change of the configuration of the main-chain asymmetric
tertiary carbon atoms, that is, a change of stereoregularity, but to the presence of head-
to-head and tail-to-tail monomeric units that contain asymmetric carbon atoms having
opposite absolute configurations.
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Fig. 2. ORD and CD curves of PPO sample B ill the solid state: (1) ORD; (Il) CD,
initial position of the film; (111) CD, after arotation of 90°. Photographic reproductions
of the experimental curves.

acetone, do not seem to change appreciably the ratio between the absolute value of the
contributions with opposite sign given to the optical rotation by the chromophores
present in each monomeric unit. This experimental fact can be taken as an indication
that stereoregularity does not affect markedly the conformational equilibria of I11.

These data are not inconsistent with the relationship, found by Price and co-workers,8
between molar rotatory power and number of configurational inversions in PPO, but
do not permit a distinction to be made between the configurational inversions which
could be present in PPO having a regular head-to-tail enchainment of monomeric units
and those which are strictly related to a head-to-head, tail-to-tail enchainment of the
monomeric units.8
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X (nm)

Fig. 3. ORD curves in diethyl ether of the three PPO samples A, B, and C.

According to the above conclusions, the average length of the isotactic blocks does not
influence, at least for the set of solvents examined, the optical rotation per monomeric
unit in PPO, contrary to what has been found for optically active isotactic vinyl poly-
mers.13

The ultraviolet absorption spectra in solution and the ORD and CD spectra in the
solid state of 111 have shown that the first optically active absorption band is at the same
wavelength as in low molecular weight optically active ethers.11 Therefore, large dif-
ferences in electronic interactions among the ethereal groups in 111 can be excluded.

The variation of optical activity with solvent, in PPO as well as in low molecular weight
ethersXshould be attributed mainly to the influence of the solvation on the position of
the conformational equilibria of 111 and I.

EXPERIMENTAL

Preparation of the Poly[(R)-propylene Oxide] Samples

The samples were obtained, as previously reported,7’®6 by fractionating the crude
polymer derived from the polymerization of (+ )(R[-propylene oxide (PO) having
[“ld + 15.0 (diethyl ether) with a ferric acetate hydroxide [approximate composition
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¢FejOi-Fe(OH)-FeO-OCOCHJ35 as catalyst. The monomer was prepared7 from
(—)(R)-propylene glycol having [a]iJ — 16 (neat).

In a typical polymerization experiment, 5.40 g of PO, after stirring on freshly ground
calcium hydride, was disilled by use of an all-glass vacuum line into an ampoule con-
taining 2.0 ml of catalyst slurry (0.2 g of catalyst in dry heptane).

The ampoule was sealed, heated for 60 hr at 70°C, cooled to —70°C, and then broken.
The crude polymer, after purification,l6weighed 4.92 g (91.0% yield).

Crude polymer (2.91 g), after dissolution in acetone (c = 0.65 g/dl) was fractionated7,15
by cooling to 0°C into two fractions: (1) soluble in acetone at 0°C (52.9 wt-%), fraction
A; (2) insoluble in acetone at 0°C (47.1 wt-%). The second fraction, on repeated dis-
solutions in acetone (¢ = 0.1-0.2 g/dl) and successive coolings to 10-15°C, till incipient
precipitation of the polymer, gave two fractions: fraction B (37.2 wt-%), which was
soluble in acetone, and fraction C (9.9 wt-%), which was insoluble in acetone under the
reported conditions.

ORD, CD, and UV Measurements

The ORD, CD, and UV measurements were performed by using a Cary 60 spectro-
polarimeter, a Roussel-Jouan Dichrograph Il, and a Cary 14 spectrophotometer, re-
spectively.

The ORD and CD spectra of the polymer in the solid state were studied on a prac-
tically unoriented film of PPO (fraction B), prepared by slow evaporation of the solvent
from 0.3 ml of diethyl ether solution (¢ = 0.5 g/dl) over a quartz plate of 8 cm2 area,
presenting the film in three different positions. These were obtained by rotation of the
film around its normal axis, by an angle of 90° and 270°, with respect to its initial posi-
tion.

The authors thank Mr. Carlo Bertucci for assistance in performing ORD, CD, and
UV measurements.
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Thermal Degradation of Poly (vinyl chloride) in
Presence of a Second Polymer

In a preceding studyl it was observed in our laboratory that in a sample of poly-
(vinyl chloride) (PVC) grafted by mechanochemical polymerization of methyl meth-
acrylate (MMA), which was in fact a mixture of practically pure PVC and pure poly-
(methyl methacrylate) (PMMA) with a small amount of true grafted copolymer,2the
thermal degradation of the PMMA part was more rapid at 210°C than that- of a pure
PMMA sample. This was indicative that the thermal degradation of PVC follows a
radical mechanism and that then radicals escaped from the PVC portion then initiate
the thermal depolymerization of the PMMA part. Independently, using mixtures of
PVC and PMMA and the technique of thermovolatilization analysis (TVA), McNeill3
has made the same observation. His experiments have been extended to other sys-
tems,4and more precise results for the PVC-PMM A system show clearly that chlorine
radicals and HC1 cause change in the degradation process of the PMMA.5 Chlorine
radicals initiate the degradation and HC1 decreases the depolymerization rate because it
allows the formation of anhydride structures blocking the “zip” process. McNeill states
also that in presence of PMMA, the dehydrochlorination process of the PVC is slower,
and he explains that- the PMMA is competing with PVC for chlorine radicals and acts as
rather inefficient- radical scavenger.

On the other hand, Ouchi6 has shown that, during the pyrolysis of PVC rather stable
carbonaceous radicals may accumulate in the degraded residue. Then it may be ex-
pected that with a mixture of PVC with a second polymer, because part of the radicals
escape from the PVC, the process of accumulation of stable radicals would be slower.

Experiments have been done in isothermal conditions at 270°C under a nitrogen
atmosphere, which corresponds nearly to the maximum of spins observed by Ouchi,6in a
Broker ESR apparatus, model BE1! 400 S (X band), equipped with a variable tempera-
ture probe (100-700°K).

Four samples have been used: sample | was a commercial PVC (Pechiney Saint,-
Gobain, bulk process); sample Il was agrafted 80:20 PVC-PMM A copolymer prepared
by mastication of PVC (sample 1) in the presence of MMA in a Brabender plastograph;7
sample 111 was a grafted 80:20 PVC-polystyrene (PST) copolymer prepared by masti-
cation of PVC (sample 1) in the presence of styrene and 0.5 part of benzoyl peroxide in a
Brabender plastograph;7 sample IV was a mixture of PVC (sample I, 60 parts) and
poly-a-methylstyrene (PMST) (40 parts) polymerized anionically at low temperatures.

About 5 mg of each sample was introduced in a closed quartz tube in the probe of the
apparatus. The required temperature level was attained after 2 min, and the spectra
were obtained from time t-0 time over aperiod of about2 hr. In all cases the ESR signals
are similar to those described by Ouchi, except that, due to the higher temperature of
measurements, the half-width of the singlet is broader (9 gauss instead of 6 gauss).
The relative intensities observed are plotted in Figure 1. The values are not very
rigorous because of partial saturation of the signals. However it may be seen that the
accumulation of free radicals is slower in the mixtures than in pure PVC. The efficiency
of the second polymer with decreasing accumulation rate is in the order PMMA > PST
> PMST. In the better case, the rate is slower but the amount of the second polymer
is double, so that the amount of PVC is lower.

A second series of experiments was carried out with the use of the same samples and
the same conditions (270°C, nitrogen atmosphere); these studies consisted of simul-
taneous thermogravimetric analysis and argentopotentiometric titration of the hydro-
chloric acid evolved.8 The temperature rise from room to 270°C was controlled manu-
ally so that the time scale could be slightly shifted from an experiment to another.

The loss of hydrochloric acid (Fig. 2) represents the degradation of the PVC portion.
Except for the case of sample 111, where the degradation is slower, and due to the un-
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Fig. 1. Relative spin concentration vs. time of the four samples: (1) pure PVC;
(1) PVC-PMMA, (lI1) PVC-PST (1V) PVC-PMST. All heated at 270°C in the
cavity of the ESR apparatus.

A Hcl
IFcd7

M

Fig. 2. Dehydrochlorination yield (ratio of HCI evolved relative to theoretical total de-
hydrochlorination) of the PVC portions of the four samples vs. time.

certainty of the origin of the time scale, it may be stated that there is practically no
difference in the dehydrochlorination rates. Then it is possible to suppose that the
dehydrochlorination of the PVC portion is associated with the same degradation process
as in the pure PVC; this degradation process is represented by the small difference be-
tween the loss of weight and the loss of HCI in the case of the pure PVC. For samples 11,
111, and 1V a part of the difference was then assigned to the PVC portion and was cal-
culated from the dehydrochlorination results. The remaining part of the difference was
attributed to the degradation of the second polymer. The results are shown in Figure 3.
It may be observed at first that the degradation rate of the second polymer is very much
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AP% second polymer

-60

Fig. 3. Loss of weight (per cent) of the second polymer of samples Il, 111, and IV vs.
time.

higher than expected for the pure polymer at the same temperatures, in agreement with
the results of McNeill.45 They indicate further that the degradation rates of the second
polymer decrease in the order PMMA > PST > PMST, the same as for the decreasing of
the accumulation rate of the conjugated polydienyl or aromatic radicals.

Comparison of the two curves relative to pure PVC in Figures 1 and 2 shows that the
accumulation of radicals is related to the dehydrochlorination. The dehydrochlorina-
tion is at first very rapid and then slows as the spin number levels off. This levelling off
is probably the result of an equilibrium between the formation of new radicals and their
destruction by combination reactions with labile chlorine radicals; such an explanation
is in agreement with the results of Ouchi which show a maximum of the spin number at
275°C, as at higher temperatures the combination reactions take place with more ease.
Although the duration of the experiments at. 270°C in the ESR apparatus was limited for
practical reasons, it is probable that the maximum number of spins in the case of samples
111 and IV (and possibly 11) would be greater than in the case of pure PVC; obviously
the reason for such a situation is that after their migration, the labile chlorine radicals,
upon reaction with the second polymer, give 1IC1 and a macromolecular radical which
cannot react with the radicals in the PVC part. The differences in the behavior of sam-
ples 111 and 1V are easily explained on the base of the transfer of the hydrogen atom from
the a carbon of the polystyrene, giving a radical which easily causes chain scission and
depolymerization. The transfer of a hydrogen atom from poly-a-methylstyrene is more
difficult, and although the depolymerization rate is higher, the net result is a lower
degradation rate of the second polymer. In the other hand, the higher efficiency of the
polystyrene in capturing the chlorine radicals explains also its higher stabilizing power
with respect to the dehydrochlorination reaction.

The behavior of PMMA is quite different: the dehydrochlorination rate is rather
high, although the accumulation of radicals is the slowest. These facts might be ex-
plained by the action of the methyl methacrylate monomer upon the PVC part of the
sample. The formation of monomer is caused by depropagation of the PMMA initiated
either thermally at the chain ends or by the chlorine radicals. It may swell the PVC
and increase the mobility of its molecules, either allowing an increased combination rate
of the radicals or facilitating the escape of chlorine radicals. The latter event would
cause a lower dehydrochlorination rate. But on the other hand, it has been shown2
that the thermal stability of the PVC is decreased after it has been dissolved in boiling
methyl methacrylate; then this monomer may also increase the dehydrochlorination rate
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of the PVC part. The net balance of these two differences effects might be very small,
as actually observed in Figure 2.
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