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Effects of Complexing Agents in
Radical Copolymerizalion*

V. P. ZUBOV, L. I. VALUEV, V. A. KABANOV, and V. A. KARGIN,
Lomonosov Slate University, Moscow, USSR

Synopsis

Radical copolymerization of methyl methacrylate (MMA, Mi) with various monomers
has been studied in presence of modifiers, i.e., complexing agents (CA): ZnCL, AICL,
AlBrj, A1(CH62CL, forming coordinate complexes with ester group of the monomer and
of the propagating radical. The comonomers of the first group form complexes of similar
structure and stability as MMA, methyl acrylate, or butyl acrylate. The comonomers
of the second group do not form complexes with the modifiers (vinylidene chloride, 2,6-
dichlorostyrene, p-chlorostyrene, styrene). For all systems studied the copolymer com-
position follows the Mayo-Lewis equation. In the first group of the systems the effec-
tive reactivity ratios (n, 2 approach unity with increase of the CA molar content (n
= rz~ lat [CA)/[MMA] + [MA] > 0,3) In the second group of the systems the val-
ues of r, either increase to a limit value (at [CA]/ [MMA] > 0.3), pass through maximum,
or decrease to a limiting value with the CA molar content. The values of r2decrease in
all systems. The character of variation of n and r=has been explained in terms of effects
of the CA’s on reactivity of MMA and PMMA radical. The equations for the copolymer
compositions in these systems have been derived.

The salts of nontransition metals (LiCl, MgCI*, ZnCI2 AICls, AIBr3) form -
ing complexes with functional groups of vinyl monomers considerably
effect the rate of radical polymerization and composition of the copoly-
mers.:-12  The present paper deals with the studies of the mechanism of
these processes. For this purpose methyl methacrylate (MMA), a mono-
mer having a functional group can interact with the complexing agents
(CA) like ZnCl2, AIBr3, A1(C2H )2C1, was copolymerized with other mono-
mers of different types. In the first group of the systems, the comonomers
form complexes of similar structure and stability as MM A [methyl acrylate
(MA), butyl acrylate (BA)]. The ability to form complexes in the second
group of comonomers [vinylidene chloride (VDC), styrene (St), j*-chloro-
styrene (p-CST), and 2,6-dichlorostyrene (2,6-DCST)] is much lower than
that of MMA.

EXPERIMENTAL
The monomers were purified according to accepted techniques, then
carefully dried first over metallic calcium and then over calcium hydride

*This paper was presented at the IUPAC International Symposium on Macromoleeu-
lar Chemistry, Budapest, 1909.
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834 ZUBOV ET AL.

in vacuo. AIBrs was purified by multiple vacuum distillation, A1Cls by
multiple distillation in argon atmosphere. ZnCl. and A1(C:H s).Cl were
reagent grade materials and were used without further purification. The
criterion of purity of the reagents was formation of colorless complex on
mixing of the monomers with the complexing agents. The mixing was
carried out in an all-glass apparatus in vacuo. Polymerization waAiK”"s/ed
either photochemically (X = 313 m”) or by thermal decomposition of azo-
bisisobutyronitrile (AIBN). Preparation of the reaction systems was
carried out in the dark because in some of the systems diffusing light causes
polymerization to occur. In the dark, the uninitiated reaction was not
observed. The polymerization rates were measured dilatometrically and
gravimetrically. The polymers were separated from the complexing agents
by pouring the reaction mixture into a mixture of methanol and hydro-
chloric acid and then reprecipitated several times. Compositions of the
copolymers MMA-VDC, MMA-p-CST and MMA-2,6-DCST were de-
termined by analysis for chlorine by Schdéniger’s method..s The com-
position of MM A-M A copolymers was determined by means of infrared
spectroscopy by the ratio of optical densities of deformation modes of
CHS-and -CH 2 groupsis at 1486 and 1451 cm -1 and the composition of
the MM A-BA copolymers by a NMR method based on the ratio of the
areas under the peaks of —O—CHs and —0—CH2— protons..s The
compositions of the M M A-St copolymers were determined by elementary
analysis and from the NM R spectra on the basis of the ratio of the areas
under the peaks of benzene ring protons to the total area under the spec-
trum .16 The NMR spectra were recorded on a NMR spectrometer
(JNM -C-60-HL, JEOL) in §% solution in CCfi and in % solutions of the
MM A-BA copolymers in CHCR.

In all cases the dependence of the copolymer composition on the com-
position of the feed formally obeyed Mayo-Lewis’ equation. The co-
polymerization reactivity ratios (rlt r2) were determine 1 by graphicalw and
analyticalis methods.

RESULTS

Compositions of the MM A-M A copolymers prepared in the presence of
ZnClz2 and AIBrs approach the composition of the monomeric mixture with
increase of the complexing agent (CA) content in the reaction system and
become practically equal to it at comparatively small CA content, i.e.;
[CA]T/[IMMA] + [MA] > 0.2-0.3), when a considerable fraction of the
monomer molecules is still uncomplexed. In other words, the apparent
copolymerization reactivity ratios become equal to unity and remain un-
changed at further increase of C'A concentration (Table I, Fig. 1). A
similar result has been observed in (he MMA-BA system (Table 1I).
Establishment of the limit values of the copolymerization constants at
[CA]/[Mi] + [M2]) ~ 0.2-0.3 indicates that above this ratio practically
all the propagation occurs by a mechanism involving CA participation.
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TABLE |I.
CA M2
ZnCL MA
AlBra MA
ZnCl, BA

Polymerization
conditions

[AIBN] =
5 X 10~3
mole/1.,
50°C

UV (X = 313
mA), 48°C

[AIBN] =
5 X 10~3
mole/1.,
50°C

[CA]

M2 (mole
fraction)
in the

m=2in

[Mi] + monomer the co-

[Me]
0

0.15

0.33

0.45

0.(34

0.075

0.15

0.40

0.15
0.33
0.45

mixture polymer

0.10
0.20
0.25
0.30
0.40
0.50
0.10
0.20
0.30
0.40
0.50
0.60
0.10
0.20
0.30
0.40
0.50
0.10
0.20
0.30
0.40
0.50
0.10
0.20
0.30
0.40
© 0
0.10
0.20
0.30
0.50
0.10
0.20
0.30
0.40
0.50
0.10
0.20
0.30
0.50
0.10
0.20
0.30
0.50
0.40
0.40
0.40
0.40

0.05
0.10
0.13
0.16
0.23
0.32
0.08"
0.16
0.24
0.32
0.43
0.53
0.09
0.19
0.29
0.40
0.50
0.11
0.20
0.30
0.39
0.49
0.11
0.20
0.30
0.41
® ©
0.05
0.10 <
0.16
0.31.
0.06
0.13
0.20
0.29
(1.40
0.09'
0.19 1
0.28 [
0.48;
0.11
0.20
0.30
0.51
0.25
0.33
0.35
0.39

n

223+
0.13

133+
0.03

0091 =
0.03

099 =
0.05

175+
0.04

1.11 +
0.04

0.96 *
0.05

Copolymerization of MMA (Mi) with MA and BA in Presence of CA’s

r2

o
=

0.70 %
0.03

o
K+

0.88 =b
0.09

0.93 +
0.1

0.45 =+
0.15
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Fig. 1. Dependence of the «jpolymerization parameters and relative copolymeriza-
tion rate (V/Vo) where Vo is the rate of polymerization without CA in the system
MMA(Mi)-MA in presence of CA’s on the ratio [CA]J/([MMA] + [MA]): (1) n,
(2) rs, and (3) V/Vo at [MMA]:[INIA] = 1:1, 50°C, [AIBN] = 5 X 10~3 mole/1.,
CA = ZnCU; (4) n, (5) r2 and (6) VIV,, at [MMA]:[MA) = 1:1, 48°C, UV (X =
313m/x), CA = AIBr3

Fig. 2. Dependence of MMA content in MMA-VDC copolymer on the ratio [CA]/-
[MMA]: (1) CA = ZnCh, 50°C, [AIBN] = 5 X 1Q-3mole/1; (2) CA = AL(CH5?2C,
UV(X = 313m/i), 20°C; (m}) CA = AIBr3 UV (X = 313mMN, 20°C; (4) CA = AICI3 UV
tx = aioniM), 2u°c.
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Fig. 3. Dependence of the copolymerization parameters in system MMA(Mi)-VDC
on the ratio [CA)J/[MMA]: (1) n and (2) r2 at ">0°C, [ATBN] = s x 10-3 mole/L,
CA = ZnCls; <3)r, and (4) r2at 20°C, UV (X = 313mMN), CA = AICI>

Fig. 4. Dependence of the relative copolymerizal ion rate in system MMA-VDC on
the ratio [CA)/[MMA] :(t) [MMA] :[VDC] = 2:1, CA = ZnCl,; (2) [iIMMA] :[VDC]|
= 10:1, CA = AICL; (;7) [MMA| :[VDC] = 3: I, CA = AICh; (4) [MMA] :[VDC] =
1:1, CA = Aids.

Figure 1 also shows the relative rates of the copolymerization in the
MMA-MA (1:1) system. In the region of the smaller CA content, the
change in relative rate is paralleled by a change in the copolymerization
constants. At higher CA contents, the copolymerization rates continue to
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TABLE 1l
Copolymerization of MMA (Mi) with VDC in Presence of CA’s
Ms
(mole
fraction)  jn 2
Polymerization [CAl  monomer in co-
CA conditions [MMA] mixture polymer n r2
ZnClj [AIBN] = 5 X 10-3 0 0.10 0.05
mole/1., n0°C 0.17 0.08
0.25 0.12]
0.20 0.14 2.54 % 0.5 *
0.30 0.15 0.20 0.15
0.33 0.17
0.50 0O30J
0.03 0.10 0.02
0.20 0.04
0.30 0.08 5.3 0.18 *
0.45 0.14 0.4 0.17
0.55 0.21
0.07 0.10 0.01
0.20 0.02
0.30 0.04 11.8 % 0.41 +
0.40 0.07 0.8 0.22
0.45 0.08
0.12 0.20 0.01
0.25 0.03
0.29 0.03 145 + 04 *
0.38 0.04 25 0.2
0.50 0.09
0.20 0.10 0.01
0.20 0.01
0.30 0.03 13.0 £ 0.21 +
0.40 0.05 0.0 0.07
0.45 0.07
0.30 0.20 0.02
0.25 0.02
0.29 0.03 135 + 0.3 +
0.33 0.04 2.4 0.2
0.50 0.10
0.57 0.20 0.02
0.25 0.02
0.29 0.03 15.7 £ 0.1 +
0.33 0.04 1.2 0.2
0.50 0.08
0.68 0.20 0.02
0.25 0.02
0.29 0.03 16.0 02 *
0.33 0.04 3.0 0.2

0.50 0.09
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TABLE Il (continued)

Copolymerization of MMA (Mi) with VDC in Presence of CA’s

m3
(mole
fraction)

Polymerization [CA]
CA conditions [MMA]

AICb UV (X = 313 mn), 0
20°C

0.05

0.10

0.15

0.25

0.40

0.50

0.70

in

i

monomer in co-

mixture polymer

0.09
0.25
0.40
0.50
0.60
0.75

0.15
0.28
0.45
0.65
0.09
0.25
0.40
0.50
0.60
0.75

0.13
0.25
0.50
0.65
0.13
0.25
0.50
0.65

0.08
0.25
0.40
0.50
0.60
0.75

0.13
0.25
0.50
0.65
0.09
0.25
0.40
0.50
0.60
0.75

increase despite the constancy of /y and r2

0.04
0.12
0.21
0.29
0.37
0.54

0.061
0.13!
0.241
0.44

0.03
0.07
0.12
0.18
0.26
0.41

0.04
0.09
0.25
0.39
0.041
o.10l
0.241
0.371
0.04
0.13
0.21
0.27
0.34
0.44

0.051
011 5
0.23
0.37.
0.07
0.17
0.22
0.32
0.37
0.46

n

25
0.1

2.82 =t
0.06

4.0 dz
0.2

351
0.3

33
0.2

2.02 &z
0.07

2.6 X
0.1

132 &z
0.18

0.4
0.05

0.54 &=
0.04

0.16 dz
0.08

0.52 =b
0.06

0.37 &=
0.09

0.13 dz
0.03

022
0.08

0.05 o=
0.06

Tfie increase in the rate in the

region of high [CA]/[Mi] + [M2]) ratios is probably due to a decrease of

the termination constants similarly as described by Lachinov et al. 1w
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Fig. 5. Dependence of MMA content in the MMA(M,) copolymers on the ratio
[CAI/[MMA]: (1) M, = St, [M,]:[M7 = 567, CA = ZnCI2 [AIBN] = 5 X 10“»
mole/1.. 50°C; (2) M* = St, [M,]:[MZ = 3.0, CA = AL (C,116)2Cl, UV (X = 313mMN,
20°C; (3) Ms = p-CSt, [Mi]:[MZ = 5.67, CA = ZnCI2 [AIBN] = 5 X 10“3mole/1.,
50°C; U) M2 = p-CSt, [M,]:[Mi] = 567, CA = AL(CH52], UV, (X = 313mMN,
20°C; (5) M2 = 2,6-DCSt, [Mi]:[M7 = 1.28, CA = ZnCI2 [AIBN] = 5 X 10“3
mole/1., 50°C; (6) M2 = 2,6-DCSt, [M,]:[M2 = 15 CA = ALCH5HXL, UV (X =
313mMN), 20°C; (7) M, = 2,6-DCSt, [Mi]:[M2 = 557, CA = AICI3 UV (X = 313mN),
20°C.

Figure 2 shows the dependence of the copolymer composition in the
system MMA(Mi)-VI)C at fixed monomer mixture composition (MMA:
VDC = 3:1) on CA content. One can see that the effects depend on the
nature of CA. Introduction of ZnCl. and A1(Cz2Hs)2Cl brings about an
increase of MM A content in the copolymer, which attains a constant
value at [CA]/[MMA] = 0.2-0.3. But in the case of aluminum halides,
the MMA content in the copolymer first increases and then decreases,
passing through a maximum. The apparent values of r\ and rz for the
typical systems MM A-VDC-ZnCl. and MMA-VDC- A1C1; are shown in
Table Il and in Figure 3. As can be seen, similarly increases and then
either remains constant (ZnCl2) or decreases (A1C13) with CA content; r2
decreases in the whole range of CA concentrations. The nonlinear char-
acter of ?i variation with ZnCl2 content in the system MMA-VDC-ZnCl:
shows that linear extrapolation of the results obtained at low [ZnCI2] to
the 1:1 complex, based on the assumption that the only effect of ZnCl: is
activation of M M A 4 is invalid.

The character of variation indicates that in these systems all additions
to M MA radicals also occur with CA participation a CA concentrations
lower than stoichiometric (Fig. 4). At low CA content, the copolymeri-
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Fig. G Dependence of the copolymerizat.ion parameters in system MMA(Mi)-St on the
ratio [CA)J/[MMA]. I-r, [AIBN] = o0-K)--1mole/l., t = 50°C, CA = ZnCL.

zation rates are changed (increased) in a parallel way with In the
region of high CA content the copolymerization rates are either decreased,
though at. somewhat higher CA concentrations than o is decreased (when
CA is AICls)or continuously increased (when CA is ZnCl2). The difference
again is probably due to the effects of CA on termination constants.

In order to clarify further the mechanism of the process it was also of
interest to investigate the role of the nature of the second monomer on the
parameters of radical copolymerization in presence of CA. The copoly-
merization of MAIA with styrene, p-chlorostyrene and 2,6-dichlorostyrene
as the monomers of the similar structure but different polarization of the
double bond has been studied. The evalues for St and p-CST are equal to
—O.S and —0.3, respectively.2o The accepted e value for 2,6-DCSt is
N-o.1 (close to the value of 2,5-dichlorostyrene), because calculation from
the copolymerization constants in the system M MA(Mi)-2,6-DCSt (j\ =
2.05, r2 = 0.12) gives too high a value (e2 = + 2) due to steric hindrance in
homopropagation for 2,6-DCSt.... which are not taken into account in the
Q-e scheme.

Figure 5 shows the dependence of the copolymer composition for the
monomer pairs MMA-St;, MMA-p-CSt, and MMA-,,-DCSt on CA
concentration at fixed composition of the feed. In the systems AIAIA-
2,6-DCSt-ZnCl. and M MA-2,6-DCSt-AI(C:2Hs5)Cl, the molar MAIA
content in the copolymer increases with an increase in CA concentration;
in the other systems [AIAIA-St ZnCl2, AIAIA-St.-A1(Cz2H)2C1, MAIA-
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TABLE 111

Copolymerization of M M A (M i) with St in Presence of ZnCls

Ms
(mole
fraction)
in
Polymerization  [ZnCI2  monomer ~ m2in

conditions [MMA]  mixture copolymer n W2
[AIBN] = 0 0.05 0.10]
5 X 10“3 0.10 0.18
mole/1., 50°C 0.15 0.23
0.20 0.27
0.25 0.33 0.45 * 0.47 + 0.212
0.29 0.35 0.01 0.03
0.40 0.43
0.50 0.50
0.65 0.61
0.70 0.64
0.05 0.05 0.15
0.10 0.25
0.15 0.31 0.25 * 0.49 = 0.122
0.65 0.61 0.02 0.03
0.70 0.67
0.15 0.05 0.26\
0.10 0.31
0.15 0.37 0.23 * 041 + 0.094
0.65 0.63 0.05 0.1
0.70 0.65
0.20 0.14 0.36
0.20 0.39
0.25 0.45 0.15 * 0.37 0.056
0.29 0.45 0.02 0.06
0.40 0.50
0.50 0.54
0.25 0.05 0.26
0.10 0.35
0.15 0.41 0.10 = 0.40 = 0.040
0.65 0.61 0.01 0.08
0.70 0.63
0.40 0.05 0.36]
0.10 0.42
0.14 0.45
0.15 0.45
0.20 0.44 0.056 + 0.25 % 0.014
0.25 0.47 0.003 0.03
0.20 0.49
0.50 0.55
0.65 0.59

0.70 0.61
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Fig. 7. Dependence of the copolymerization parameters in the system MMA(Mi)—
2,6-DCSt on the ratio [CA]/[MMA]: (1) n and (*) r, at CA = ZnCls, [AIBN] = 5 X
1Q-3mole/1., .30°C; (3)r, and (4)rtat CA = AICL, UV (X = 313 m/x), 20°C.

p-CST-ZnCk, MMA-2,6-DCSt-AICI3] it decreases. Despite the differ-
ences in the direction of the changes of the copolymer compositions, in all
cases the latter approach limiting values at relatively low CA content.
Attempts to copolymerize MMA with St and p-CSt in presence of
aluminum halides failed because these compounds cause fast cationic poly-
merization of St and p-CSt even in the presence of an excess of MM A
The copolymerization parameters have been determined in the char-
acteristic systems MMA St-ZnCh, MMA-2,6-DCSt-ZnCl2, and MM A -
2,6-DCSt-AICIs (MMA = MXx see Tables Ill and IV and Figs. s and 7).
The fi and r2 are in MM A-St system decrease with decreasing ZnClz and
the product becomes very low; this is usually related to a high alternat-
ing tendency in the copolymer. The structure of the copolymers has been
checked by means of NM R. Figure s shows the spectra of the copolymers
prepared in presence of ZnCl. (Fig. sa) and A1(Cz2H s)2C1 (Fig. ss). For the
sake of comparison NM R spectra of the practically alternating copolymer
preparedi: in presence of AI(Cz2H)i.eClis (Fig. sc) and of a conventional
radical copolymer (Fig. sd) are reproduced. AIl the copolymers have
1:1 composition. As can be seen from Figure s, the spectra of the co-
polymers prepared with ZnCl. and AI(C2Hr)CI differ from the conventional
random copolymer and show characteristic splitting of the a-methyl and
methoxyl protons similar to that in the alternating copolymer. The

copolymerization rates are strongly increased with ZnCl. in the system
(Fig. 9).



844

Copolymerizarion of AIMA (Mi) with 2,6-L>CSt in Presence of CA’s

Polymerization

CA conditions
ZnCli  [AIBN] =
5 X 10-3
mole/1., 50°C

AIClj UV (X = 313
miu), 20°C

ZUBOV ET AL.

K Al
[AIAIA|
0

0.1

0.2

0.4

0.0

0.126

0.18

0.31

0.47

TABLE IV

AU in
monomeric
mixture

0.20
0.28
0.33
0.44
0.20
0.28
0.33
0.44
0.20
0.28
0.33
0.44
0.20
0.28
0.33
0.44
0.20
0.28
0.33
0.44
0.15
0.21
0.47
0.60
0.16
0.26
0.46
0.62
0.15
0.28
0.49
0.56
0.15
0.40
0.52
0.60

TABLE V

min2
copolymer

0.10A
0.13*
0.151
0.21/
0.07A
0.10 (
0.121
0.17/
0.06 A
0.09 (
0.111
0.16*
0.06A
0.00f
0.111
0.16/
0.06A
0.09*
0111
0.16"
0.11A
0.16 (
0.321
0.35/
0.15A
0.23\
0.361
0.35/
0.18A
0.24(
0.341
0.37/
0.19A
0.351
0.221
0.38/

r

2.05 +
0.04

3.10 £
0.24

3.72
0.04

3.68 *
0.1

1.70
0.44

r2

0.12 +
0.02

0.05 +
0.01

0.09 *
0.01

0.09 +
0.03

0.09 +
0.03

0.42 +
0.30

089 + -0.04 %

0.12

0.24

062+ -0.18 *

0.07

0. 17

049 + -0.30 *

0.16

0.17

Effects of CA on (D=0 Band in the Infrared Spectrum of theMAIA Complex

CA

AIfCJIDCI
ZnClI2
AICL
AlBi-s

v, cm-1

1725
1625
1612
1580
1590

Ar, enr '

0
-100
-113
-145
—135
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Fig. 8. NMlIi spectra of the (1:1) MMA-St copolymer prepared by polymerisation
in presence of: (a) ZnCL a, [ZnCy/[MMA] = 0.6; (6) AIfC-TELCI at [AL(C2H5)2C1]/-
[MMA] = 0.7; (c) AKCjIDi.sCli.s; and (d) conventional radical copolymer. Thespectra
have been recorded in 15% solution in o-dichlorobenzene at 150°C with octamethyl-
cyclotetrasiloxane as a reference (9.95 ppm).

The apparent copolymerization reactivity ratios in the system M M A -
2,6-DCSt-ZnCl2 (see Fig. 7 and Table IV) are varied in a way similar to
that in the system M MA-VDC-ZnClz (n increase and approaches a
limiting value, r. decreases) but the change in ri is much less than in the
A1MA-VDC system. When A1C1s is used instead of ZnCl2, n and r2 are
changed in a way similar to that in the system M MA-St-ZnCU (both are
decreased to limiting values at CA content lower than stoichiometric).

As far as different CA’s act in different ways in the copolymerization, it
is of interest to compare their ability to form complexes with AIMA.
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Fig. 9. Dependence of the relative copolymerization rate in (he system MMA-St
on the ratio [CA]/[MMA]: (1) [MMAj:[St] = 19; (2) [MMA]:[St] =9; (3) [ALMA]:
[St] = 0.55; U) [MMA]:[St] = 0.43. [AIBN] = 5 X 10~3mole/1., t = 50°C, CA =
ZnCh.

The measure of the relative strength of the complex is the shift of the
0=0 wvalent frequency.22 The data are shown in Table V. The data
show that all the complexes are stable enough. The complexing and
polarizing power of ZnCl> and A1(C2H 5C1 are somewhat lower than those
of AICh and AIBrs.

Finally it has been shown that ZnCl. does not affect the rates of photo-
induced homopolymerization of two representative monomers in the
second group such as VDC and St, dissolved in ethyl acetate-ZnCl:

(1:0.4) complex as compared to polymerization in pure ethyl acetate.

DISCUSSION

Before discussing the results on copolymerization in presence of different
CA'’s, let us first briefly consider the effects of these compounds in radical
homopolymerization of MIMA, a monomer in which the functional group
forms a complex with the CA’s. These effects have to be of primary im-
portance for understanding the copolymerization behavior, because, as
shown above, the polymerization rates of the comonomers not forming
complexes with the modifiers (and thus the activity of the monomers and
of the radicals) remain unchanged in presence of these compounds.

T( is known that introduction of relatively small amounts of ZnCl. and
AlBi'ser190 ([CA]/[NIM A |~ 0.2) causes considerable increase of propagation
rate constant, but the termination constant remains practically unchanged.

At higher molar content of AIBrs the termination constant decreases
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sharply and kvpasses through a maximum. Aswe had shown earliers-1023
ESR spectra of PM M A radicals complexed with some of the metal halides
differ from those of ordinary PM M A radicals. The difference is at-
tributed to contact interaction of the impaired electron with the metal atom
in the CA molecule. In other words there is certain density of the odd
electron on the metal atom. On the basis of this, the propagation mech-

anism involving a CA molecule has been proposed:

CH;

H* F |

Re .+ M CHo—C....~CHZ  -C CH—C

R + Me Cv (¢ c
cret VG-Mex,-0¥ ' oCR CH.O \)-MeX,,

' @

According to the mechanism, the monomer addition occurs by electron
transfer through the metal atom in the cyclic transition complex. The
efficiency of the process is higher than of ordinary homolytic opening of the
double bond. The decrease of kpat [AIBrs]/[MMA] > 0.4 that has been
interpreted assuming that, when the monomer and the radical both bound
to the CA, the transition state | is not realized or probably requires dis-
sociation of one of the coordination bonds with the modifier (with monomer
or with the radical).

This scheme can readily account for the results on copolymerization of
M MA with MA or BA (monomers with ideal radical reactivity lower than
that of MM A, but forming similar complexes with the modifiers). If the
propagation occurs as shown on the scheme, the differences in the relative
activities of the double bonds may disappear, and thus the copolymer
composition becomes equal to the composition of the monomeric mixture,
and apparent values of n and approach unity.

In the copolymerization of MMA (Mi) with monomers which are not
complexed with the modifiers one may expect that variation in values of
ri is determined on the one hand by the effect of CA on kn, which is inde-
pendent of the nature of the second monomer, and on the other hand by the
effect of CA on the reactivity of the complexed PM M A radical towards the
second monomer, which does depend on the nature of the second monomer.
The character of r2 variation depends on the effect of CA on the activity of
M M A in the addition to the radical of the second monomer.

The increase of n in the systems MMA-VDC-ZnCU corresponds to an
increase in kn in the presence of ZiiCR&s.26 From the approach of)'ito con-
stant value at [ZnCIj]/[MMA] ~ 0.25, it may be concluded that further
increase of ZnClz. (and thus of complexed MM A) concentration does not
considerably effect the An value (in accord with the data of Ref. 26). The
same type of behavior is observed in the presence of A]J(C2Hs)2C:. In the
system M MA-VDC-AICIs(AIBr3), the n value passes through maximum
with increase of [A1X:]/[M M A], This behavior correlates quite well with
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character of variation of kp in the system M MA-AIBr319 and with the
cliaracter of variation of the copolymerization rate in system (see Fig. 4)
with Al1Cl3content.

Now by using the values of (our data) and literature values'5260f kp at
given CA content it is possible to estimate semiquantitatively the effects
of CA on the reactivity of PM M A radicals to VDC. At [ZnCI2]/[M M A]
= 0.16 n 13 (?i° = 2.5), n/ri0 = 5.2 and kn/kn® = 2.4; thus kn/kn° ~
0.5 (where superscript zero refers to the system without CA). Though
these data correspond to the intermediate content of the CA where free
and complexed PM M A radicals are present and therefore cannot be directly
used for separate description of the reactivity of the complexed radical, one
can see that the reactivity of the complexed PM M A radical of VDC s
lower than that of the free radical. In the system MMA-VDC AIBr3
has not been determined, but as can be seen from Figure 2 the character of
variation of n with [CA]/[MMA] has to be quite similar to that in the
system MMA-VDC-AICIs:, where rtincreases only slightly with increasing
[A1C13]/[M M A] (in the range [A1CI3]/[M M A] < 0.2). As faras ku/kn®
~ 3 at [AIBr3]/[MMA] = 0.2, this means that kn/kn°® > 1; thus the re-
activity of the PM M A radical complexed with A1X3to VDC molecule is
higher than that of free PM M A radical. The different effects of ZnCF and
A1X3 on the reactivity of PM M A radical can be understood, if one takes
into account that complexation brings about higher delocalization of the
impaired electron (including the metal atom) and thus decreases its ideal
radical reactivity. At the same time, the radical attains some cationic
character that may enhance its reactivity to the oilier monomer due to
polar effects. The limit resonance structures are represented by the

scheme (2):

(If. (n
m CH—O — CH—C+ )
" I
C C
CHX \>MeX,, CHO/ \> -MeX,

luu the case of MM A-ZnCI2V DC system, the polar effects apparently do
not play an important role, but in the case of the stronger polarizing agents
M CBand AIBr3 (see Table V) they probably become predominant in the
reactivity of the complexed PM MA radical to VDC. The proposed
mechanism is further corroborated by the results on the copolymerization
with 2,6-DCSt and St. Introduction of ZnClo brings about, an increase of
?iat copolymerization with 2,6-DCSt, (e ~ 0.1) through at, [ZnCI>]/[M M A]

= 0.16, ri/i'o = 1.7 and kn/knO = 1.4. In copolymerization with St (e
= —0.8), i'iis already decreased; ?i/Vo = 0.4, at [ZiiCh]/[MMA] = 0.16,
kn/kn = 7. Therefore though kn is varied in a similar way in all the

systems, the variation in kl2 changes from a decrease to (VDC) to a pro-

gressive increase as the e value of the comonomer becomes more negative.
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Introduction of A1C13brings about a decrease of even in copolymerization
with 2,6-DCSt. The decrease of n corresponds to increasing importance
of ionic structures in the transition state for addition of the second monomer
to the complexed PM M A radical.

In the presence of all CA’s the values of r2 decrease with CA concen-
tration. This means that activity of complexed AIAIA increases as com-
pared to that of pure MMA. The M MA activation in reaction with the
radical of the second monomer may be attributed to higher conjugation
in the monomer complex (the band for the tw — ir* transition in the ultra-
violet spectra is shifted to the longer waves by about 700 cm “124and to the
polar effect (because complex formation causes subsidiary negative polari-
zation of the electron density in the monomer).

The other and perhaps most important reason of appearance of the
marked tendency to alternation in copolymerization (e.g., with styrene)
in presence of CA’s probably lies in supplemental stabilization of the radical
formed after addition of the second monomer to the complexed PM M A
radical. It can be described by the structures, one which contains a five-
membered oxonium ring (I11).

CH3
ch3 |
-ch2—c— -CHo
~CH2— C— CH— CH— 035 @)
C CH— Ca5
c CHAT 0 -
CHX ‘mMeX,,

Formation of {lie ring facilitates addition of one styrene molecule. Ad-
dition of the next styrene molecules would however break the supplemental
stabilization, because in this case a seven-membered oxonium cycle has to
be formed.

A similar mechanism is probably operating in alternating copolymeri-
zation of methyl acrylate, acrylonitrile, and MM A with a-olefins in pres-
ence of alkylaluminum halides.11 The presence of CA in these systems
provides not only alternating effect but permits preparation of high
molecular weight products. In absence of CA, radical polymerization and
copolymerization of a-olefins is practically impossible due to degradative
chain transfer to the a-olefin. Stabilized radicals like Il and 11l are
probably less active in abstraction of hydrogen atoms from a-olefins.
Finally, the inability to form wunstrained oxonium cycles due to sterical
hindrance may be the reason for lack of alternation tendency in copoly-
merization of vinylpyridines with styrene in presence of zinc salts,25though
polarizing and resonance effects of zinc salts on the vinylpyridine monomer
and radical are quite high (especially in 4- and 2-vinylpyridines).24’%

Now let us consider the kinetic scheme describing radical copolymeri-

zation in presence of the complexing agents (modificators).
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Case |. Both Monomers Form Similar Complexes with the Modifiers

At the copolymerization in such system, 16 elementary reactions have

to be taken into account:

Ri + Mi (fcn)
Ri + Ma (M

Ri + Muw (feel)
Ri + M2 (fecl)
Rio + Mi (/Cel)
Rio + M 2 (A-cl)
R2 + Mi (A1)
R2 + M: (A-22)
R2 + Mi, (A«)
R2 + M., A'2)
R 2c -f- M i (&C)
R2+ M2 (M

Ri, + Mi, (A-col'
Ri, + M2 (fed’
R2c+ Mi, (Fe*:
R-> + Mi» (kc,2

where Mi, M2, Mi,, and M 2c are free and complexed monomers and Ri, R 2
Ri,., and R 20 are free and complexed radicals of the first and the second
monomers. It has been assumed that the rate constants fc,:, kei fccci, fc,c.
are equal to each other for sets of interactions because for these pairs the
copolymer composition approaches the composition of the monomeric
mixture at CA content lower than stoichiometric ([CA]/[Mi] + [M 2]
< 0.2-0.3) where most of the propagation acts occurring can be expressed

by a single reaction. On defining
« = [Rec]I[R0a]
0 = [Mell[Mo]

where [RO], [Mo] are total concentrations of radical and monomer, re-

spectively, one can express
[Re] = a[Ro]
[R] = (1 - «)[Ro]
(M) = 0[N 0]
[MI = (1“ /3)[Mo]

The rates of consumption of the monomers Ma and M 2 are given by eqgs.
(4) and (5):
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—d[Miol/de = fen[Ri] [Mi] + fGi[Ri] [Mio] + feci[Rio][Mi] + fc2i[R2][M i]
+ fe[R2][Mic] + /Cccl[RIo][Mi3] + AG2[R2][Allc] + fcc2[R20][Mi]
= [Moil{ [Roil[fcii(l - a)(I ~P) + feci(l - a)P + fecic(l - P)

+ fe@ia/3] + [Ro2][f2i(l — a)(l — P) + Ac2(l _ ot)p + Ac2a(l — ft)
+ foTm/3lj  (4)

—d[M2)] = hi:tRi[M 2] + /cci[Ri][M 2] + feci[Ric][M2] + fc22[R2][M 2]

+ foo2[R2][M 2¢] + /c@[R2][M 2] + fc,Ci[RIC][M 2¢] + ¢o2[R2,][M 2c]

= tM 02]{[R 02][fc22(] — «)(1 — P) + AS2(1 ~ o)P + fco2a (I — p)
+ kc&ap] + [Roi][fci2(] — «)(1 ~ P) ~ei(l ol)P
+ fccia(l — P) + fcccia/3]| (5)

Diving eqs. (4) by eq. (5) we obtain eq. (6):

d[Moil/[d[M 02] = ([Moil/[Ma2l{[/20i][/Oi(l - a)(I ~ P) + Ki(l - a)p
+ AeciOUS] + [fi02][fc2i(l — a)(l — P) + Acl ~ a)P + fec2a(1l — P)
+  Aoc2a/31}/{ [i202] [R22(1 — a)(l — P) + AR(l — a)P
+ fe2a (I — P) 4" kee%aP] + [lin J[k12(I — a)(I — p) + feci(l  ol)P
+ fedia(l — P) + kcdiap]\  (6)

In the stationary state,

d[Rn\/dt = Im[R2][Mi] + Ac2[R2][M Ic] + A®R[R2][Mi] + Acr2[R2c][M Ic]

AL2[RX][M 2] - fecl[Ri][M 2¢] - Ad[RI][M2] - Acl[RIc][M 2¢] (7)

Thus

[R02] —

[Rod [M02] {Aa(l - « ) (! - p) + kjx - a)P + Aola(l - p) + k~ap}
[MOKA2 (1 — a)(l —P) + A>@0 — a)P + A2q:(1 — P) + Ac2a’j

®)

A fter substitution of eq. (8) into eq. (6), wre obtain:

d[M10] = [MjA »ief[Mm] + [Mo:]
cIM 20]  [M20] r2ef[MO02] + [Mb ]

Au(l — a)(l—P) + An(l —a)P + k.ia(l —P) + kcclaP

where o ef
fei2(l — a)(l—P) "T A>i(l — a)p + A'.io:(l —P) + Awitx/3
A22(l — a)(l—p) + M | —a)/l3 + Ac2a(l —P) + Acc2a/3

roef

A2l — a)(I—P) + Ac2(1l — a)p + Ay2a(l —/3) + Acc2a/3
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Equation (9) is analogous in structure to the Mayo-Lewis equation, but
riei and r2ef are functions of the elementary constants and of the values a
and P which depend on CA content and on the stability of the complexes
formed between the monomers and the radicals with the modifier (CA).
As can be easily seen from eqs. (9a) and (9b), regardless of the absolute
values of the elementary constants, ?Tfand r2l both approach unity with
increasing CA content (when a and P approach unity); this has been found
in copolymerization of MM A with MA and BA in the presence of ZnCl2and
AlBi-s.

Case Il.  One of the Monomers (Mi) Forms a Complex with the Modifier

For copolymerization in such systems, 9 types of elementary reactions
have to be taken into account:

R, + Mi (Aii)
Ri + m2 (M

R, + Mi (A'di)
R, + Mi, (A'cii)
Ri, + M, (Acl2)
Ri, + Mi» (Al'col)
r2 + Mi (hi)
R» + Mt A2
r2 + Mic (A2l

The rates of consumption of the monomers Mi and M 2 in course of the

copolymerization are given as:
-d[M m\/dt = An[Bi][Mi] + Ay,n[RuJ[Mi] + fooi[Hi] [M 0]
+ *i[Ri,J[MIP] + A2[Ro][Mi]+ A2i[IL][M i0]
= [Moi] {[Roi] [A"u(l — a)(I — P) + Atna(l — P) + Amn(l — a)p
+ k,Aap] + [R2][N L - P) + h,ip]\ (L0)

d[Mo2\/dt = AI2[R,][M 2] + A.2[Ri,J[\2] + A22[R2][M 2]

[MO2I{[R,il[/q2(] - a) + fecl2a] + [R2]A22] (11)

Then by dividing eq. (10) by eq. (11) substituting R 2 through R (i from
stationary expression for Rraone obtains:

d[Moi]/d[M2] = ([M,il/[M2](?ief[MOI] + [M2])/(r2cf[M2] + [Mm]) (12)

where riet =
[fen(l — a)(l — d)_+ hua(l — p) + fcOu(l — <*P + fecciap]
[fer,(I - «) 1- Aci,«] ( -a)
r'i'l< = A2/[A"2i(1 — p) + k2dP] (12b)

Again, the equation for the copolymer composition is analogous in structure

to the Mayo-Lewis equation. The parameters n°r and r2f are variable
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functions of the elementary constants and of the values a and /3 which
depend on CA content in the system and on the stability of the complexes
formed between the monomer or the radical with the modifier (CA).
Equations (12a) and (12b) can qualitatively describe all the observed
experimental dependences of rief and r2f on CA content (increase or de-
crease of riél to a limiting value, passing of rflthrough the maximum;
monotonic decrease of r2ef).

Therefore the results on the copolymerization of MM A with different
monomers in presence of some CA’s can be expounded by means of a mech-
anism involving the effect of the modifier on the propagation rate constants
with complexed monomers and radicals. The kinetic schemes based on
these assumptions (1) exlain why these actually multicomponent systems
formally obey at all contents of CA the binary copolymerization equation
and (2) could be used for quantitative estimation of reactivity of the com-
plexed monomers and radicals. The latter procedure requires first of all
the knowledge of the values of kp for MMA homopolymerization as a
function of CA content, which has not yet been determined in the systems
most extensively explored in the paper. Thus we now have been limited
only to qualitative analysis of the results. On substituting probable values
of kinetic constants into the expressions for i\ [eqs. (9a) and (12a) and
putting jS ~ [CAT/[M O] or [CA]/[M]j] + (M2]) one can infere that the
PMMA or PMA radicals form more stable complexes with the modifiers
than the monomers. In other words at [CA]J/([MMA] + [MA]) or
[CAT/[M MA] ratios lower than unity, all the propagating radicals are
complexed with the modifiers. The conclusion well accounts for the
results on copolymerization and is in accord with direct evidence by ESR
method.23
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Graft Copolymerizalion of Methyl Methacrylate onto
Lignosulfonate by HD 2Fe(1l1) Redox System. 1.
Preparation and Characterization of the

Graft Copolymer

CHONGWON NAM,* TETSUO KOSHIJIMA, EINOSUKE MURAKI,
and TAKAMARO MAKU,* Government Industrial Research Institute
Osaka, lJceda, Osaka, Japan

Synopsis

Graft copolymerization of methyl methacrylate onto lignosulfonate in aqueous medium
was investigated. It was found that the HD-2Fe(l1) redox system is very effective for
the grafting (Ea = 4.4 kcal/mole). The HD 2P'e2+ ratio was the most important factor
in the graft copolymerization and characteristics of the resultant graft copolymers. In
most cases, polymerization for 100 min at 30°C was enough to obtain 80% conversion
and 50-60% grafting efficiency. The resultant polymer mixture was subjected to ex-
traction alternately with acetone and water, and the graft copolymer was isolated free
from homopolymer and unreacted lignosulfonate. With increasing HD 2Fe2+ ratio,
the grafting ratio showed a maximum at 4, whereas the yield of graft copolymer and num-
ber of poly(methyl methacrylate) branches for every building unit of lignosulfonate in-
creased up to a ratio of 4, both values, however, remaining constant above 4. The graft
copolymer obtained for the case HD 2Fe2+ = 4 consisted of one part of lignosulfonate
and five parts of poly(methyl methacrylate). The number of branches in the graft co-
polymer was 6 X 10_3/OCH?3or one every 167 guaiacyl nuclei.

INTRODUCTION

Lignosulfonic acid, as well as thiolignin is one of the representative lignin
derivatives produced in pulp and paper mills as by-product. Investi-
gations on the chemical structure and utilization of lignin have been con-
tinued for long time but in spite of a large number of investigations so far
reported, only very few successful results have been found in the field of
lignin utilization owing to its complicated and variable structure. Thio-
lignin has been used as a carbon source in the process of recovery of cook-
ing liquor, whereas lignosulfonic acid had been discarded into rivers, thus
becoming increasingly a public hazard.

It is of interest to modify the chemical and/or the physical properties
of lignin or lignin derivatives by grafting with suitable vinyl monomers.
Some of the characteristic properties of hydrochloric acid lignin graft

* Present address: Wood Research Institute, Kyoto University, Kyoto, Japan.
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products obtained by graft copolymerization induced by 7-radiation have
been reported.1-6 In this case, however, many questions remained un-
solved, since due to the heterogeneous reaction system the products ob-
tained contained both graft copolymer and unreacted lignin molecules.
When lignosulfonic acid is used as backbone polymer, it is possible to
carry out the graft copolymerization in aqueous solution and to remove un-
reacted lignin portions from the reaction products, thus creating more
favorable conditions for a thorough study of the grafting. For this reason
the graft copolymerization of methyl methacrylate onto lignosulfonate by
using the HD 2Fe(l1) redox system was attempted, and it was found that
the graft copolymerization took place very readily and with high efficiency,
even close to room temperature. In the radiation-induced graft copoly-
merization of styrene onto hydrochloric acid lignin, phenolic hydroxyl
groups in the lignin molecule were found to depress radical graftingl as
expected, and the grafted side chains were recognized qualitatively to
combine directly to C5or U6 of the guaiacyl nuclei in lignin molecules.4
The diversity of chemical structure of lignin originates from the different
ways in which the guaiacyl glycerol units may be linked together. The
linkages may roughly be divided into two main groups: i.e., ether linkage
type (C—0—C) and condensation type (C—C). Since only few functional
groups are able to participate in graft copolymerization reactions initiated
by such a mild conditions, as used here, it seems justified to consider only
few groups involved in the guaiacyl glycerol unit as active centers for the
grafting reaction. On initiating graft copolymerization by the A>(2
Fe(ll) redox system, there is a strong possibility that not only oxidation
of ferrous ion to ferric ion with hydrogen peroxide but also participation of
lignosulfonate in the redox system takes place. Therefore the influence of
varying FID2Fe2+ ratio upon grafting onto lignosulfonate becomes ex-
tremely important. The lignosulfonate-methyl methacrylate graft co-
polymers produced by using the HD2Fe(ll) redox system were con-
sidered to differ from those obtained by 7-irradiation with respect to the
number and molecular weight of side branches, and presumably also with
respect to the kind of linkage formed on grafting. It is the purpose of this
paper to study the influence of the ratio HD 2Fe2+ upon the graft copoly-
merization and on the properties of the resultant graft copolymer.

EXPERIMENTAL

Barium Lignosulfonate

Commercial calcium lignosulfonate powder prepared from softwood was
dialyzed by Tailor’s equipment for 4 days, when the removal of ash was
complete. It was then deionized by Amberlite IR-120, neutralized with
barium carbonate, and refined by precipitating two times from ethanol;
the methoxy content was 10.95%, phenolic hydroxyl7 1.72%, Mn9.4 X 103
(as free acid). In order to measure number-average molecular weight, the
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dicyclohexylamine salt of lignosulfonic acid was prepared according to the
method of Tachi and Nakai;8 the results showed Mn = 13 X 104 N =
2.15%.

Graft Copolymerization

Commercial methyl methacrylate was washed successively with satu-
rated aqueous solution of sodium hydrogen sulfite, 5% sodium hydroxide,
and 20% sodium chloride solution and dried over anhydrous sodium sulfate.
The methyl methacrylate was distilled with addition of sulfur, and the
distillate was collected at 42.5-43.5°C/90 mm Hg. In a 40-ml glass tube,
1 g barium lignosulfonate, 1 X 10-4 mole ferrous sulfate dissolved in 5
ml acetate buffer (pH 4.6), 4.7 g methyl methacrylate, and various amounts
of hydrogen peroxide diluted with 5 ml acetate buffer (pH 4.6) were added
in that order. Before addition of the hydrogen peroxide the content of the
glass tube was cooled below 0°C. Immediately after addition of hydrogen
peroxide, the mixture in the glass tube was frozen by Dry Ice-acetone,
degassed in the usual way, and sealed in vacuo. Polymerization was
usually carried out by shaking the sealed ampoules in a water bath con-
trolled at 30 + 0.1°C for the intended time. The results are summarized
in Table I.

Fractionation of Polymer Mixture

The content of the ampoules was poured into 200 ml water containing
0.5% hydroquinone, the suspension being dialyzed through a gel cellophane
tube for 5 days to remove remaining initiators and then fractionated by
alternate extraction as shown in Figure 1L The extraction of the polymer
mixture with solvents (200 ml) by stirring for 3 hr, followed by decantation
of supernatant after allowing to stand overnight was repeated until no
polymer is detectable in the solvent. Each fraction was concentrated,
precipitated from ethanol, washed with petroleum ether, and dried under
reduced pressure. The water-soluble part was unreacted lignosulfonate,

TABLE 11
Elementary Analyses of Fractionated Polymers
Grafting ratio

From From

Analysis ele- lignosul-
mentary
Fraction Polymer c, % .9 analysis content
Water-soluble Lignosulfonate 41.86 451
Water- and Graft copoly- 52.80 6.40 154 158
acetone insol- mer
uble
Acetone-soluble Polyfmethyl
methacry- 59.85 8.23

late)
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Polymerization product

Dialysis, i
extraction with water

Insoluble Soluble

Extraction with acetone
for 3 clays (with

stirring) Unreacted
lignosulfonale

Insoluble Soluble n
Poly (methyl methacrylate)

Extraction with water for A
2 days (with stirring)

Insoluble Soluble —

Extraction with acetone for
115 days (with stirring)

| I
Insoluble [Ye) [V] ] [ ——

Graft copolymer

Fig. 1 Fractionation of polymerization products.

the acetone-soluble part was poly(methyl methacrylate) homopolymer, and
the material insoluble in both water and acetone was considered to be
graft copolymer (see Table I1).

Determination of Grafting Ratio of Graft Copolymer

Grafting ratio was calculated from the lignosulfonate content, which was
determined spectrophotometrically on the acetyl bromide-acetic acid
solution of graft copolymer according to the method of Johnson et al.9
The absorptivity of barium lignosulfonate in solution at 280 mx was 15.2,
which we used throughout our experiments for the determination of the
lignin contents.  When the lignin content of the graft copolymer was a (in
per cent), grafting ratios were calculated as 100(100 —a)/a.

Separation of Poly(Methyl Methacrylate) Branches from Graft Copolymer

The graft copolymer containing one part of lignosulfonate was suspended
in 200 parts of water heated to 75°C, and then 4 parts of sodium chlorite
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and S parts of acetic acid were added to the suspension, which was main-
tained at 75°C for 1hr with occasional stirring. By repeating the oxidation
eight times, separated branches became soluble in acetone. For osmotic
pressure measurements, the separated poly (methyl methacrylate) branches
were refined by precipitation from acetone solution with ethanol. There
were no changes before and after the oxidation in number-average molecular
weight of poly (methyl methacrylate).

Determination of Number-Average Molecular Weight

Number-average molecular weights (M,,) were determined by using a
Mechrolab membrane osmometer, Model 502. Measurements in the case
of poly(methyl methacrylate) were carried out with the use of 1,2-dichloro-
ethane as solvent at 30°C, and in the case of the dicyclohexylamine salt of
lignosulfonic acid, by use of water-saturated 1-butanol at 20°C.

Determination of Apparent Activation Energy of the Graft Copolymerization

Polymerization of methyl methacrylate (5 ml) was carried out in the
presence of barium lignosulfonate (1 g), at 10, 20, 30, and 40°C and at pH
4.6, by use of a redox system consisting of 1 X 10~5mole ferrous sulfate
and 2 X 10~5mole hydrogen peroxide. An aliquot of the reaction mixture
was sampled periodically at given time intervals, and the graft copolymer
was isolated from the polymer mixture by fractionation as described above.
The overall polymerization rates of methyl methacrylate branches were
calculated from the yields of the graft copolymer. The apparent acti-
vation energy was 4.4 kcal/mole which was obtained from the usual
Arrhenius plot of the rate versus polymerization temperature. Periodic
changes of graft copolymer yield and grafting ratio at 20°C are shown in
Figure 2

Fig. 2. Changes of graft, copolymer yields and grafting ratios with time. Graftpoly-
merization conditions: lignosulfonate, 1 g; methyl methacrylate, 5 ml; FeSO(, 10-4
mole; 11202,2 X 10_4mole; 20°C; pH 4.6 (acetate buffer).
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RESULTS AND DISCUSSION

The reaction mechanism of the interactions between hydrogen peroxide
and ferrous ion was suggested by Haber and Weissl01l to be shown in

egs. (1)-(4).

HX>, + Fe2+----mmm- >-OH + OH- + Fe*+ )
OH + Fe2+ —ceeeee >OH- + Fe3+ )]
BOH + HXj - >11,0 + -OOH 3

*OOH + IlaDa--------- » OH + 02+ H2D (42)

mOOH ; 02" + 11+ (4b)
(02 + HiO@----—--—-- >02+ OH- + -Oil (4c)

Ferrous ion is oxidized to ferric ion by hydrogen peroxide, which is
decomposed to hydroxyl radical and hydroxyl ion. The resultant hydroxyl
radical reacts again with ferrous ion to yield ferric ion (2) or reacts with
hydrogen peroxide to produce hydroperoxy radical (3), which liberates
oxygen molecules on successive reactions (4). Reactions (1) and (2)
indicate one mole of hydrogen peroxide reacts with two moles of ferrous
ions. When excess of hydrogen peroxide and vinyl monomer were present,

*OH + NnCHZCH It--------- >HO-(-CH2-CHR-F"CHi—CHR (2a)

Baxendale found that not only did polymerization take place but also
oxygen was not evolved, indicating the occurrence of reaction (2a) and the
depression of reactions (3) and (4). In general, reaction (2) competes
with (2a) in the presence of monomer, and one mole of hydrogen peroxide
oxidizes one or two moles of ferrous ions, depending upon the concentrations
of monomer and ferrous ion and monomer reactivities. In the case of
graft copolymerization of vinyl monomers onto lignosulfonate, however,
the hydroxyl radical is considered to initiate not only polymerization of
methyl methacrylate but also graft copolymerization, presumably by
hydrogen abstraction from lignin molecules. Furthermore, it seems likely
that ferric ion generated by reaction (1) is reduced by lignosulfonate to
ferrous ion, which again forms the HD 2Fe(ll) redox system with the
remaining hydrogen peroxide molecules. Therefore, considerably large
values would be expected for the optimum ratio of HD 2F e2+ (mole/mole)
in order for effective grafting onto lignosulfonate to take place. The
correlation between HZD 2Fe2+ ratio and graft copolymerization was
therefore investigated in the present paper in great detail.

Figure 3 indicates the yields of graft copolymer and poly(methyl meth-
acrylate) homopolymer produced under the conditions presented in Table 1.
With increasing HD 2F e 2+ ratio, the graft copolymer yields increased until
the ratio reached a value of 4, above which the yields became constant.
As shown in Table Il, the grafting ratio of 154 calculated from elementary
analyses of the graft copolymer, homopolymer, and lignosulfonate agreed
with the value of 158 derived from lignin content of the graft copolymer.

Infrared spectra of the graft copolymer show absorbance due to ester
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Fig. 3. Yields of graft copolymer and homo polymer.

carbonyl of poly(methyl methacrylate) at 1725 cm-1, those of benzene
ring at 1605 and 1520 cm-1, and characteristic absorbances of the ester
single bond of poly(methyl methacrylate) at 1270, 1240, 1190, and 1150
cm-1. Thus it was shown that the acetone- and water-insoluble part of
reaction mixture was graft copolymer consisting of lignin and poly (methyl
methacrylate).

With increasing HD 2F e 2+ ratio, the grafting ratio reached its maximum
at a ratio of 4, where the value was 443 (Fig. 4). When the HD 2Fe2+
ratio attained a value of 2 or more, the grafting efficiency exceeded 50%,
meaning more than half the polymerized monomer was grafted to lignin
molecules (Fig. 5). The Mn of poly(methyl methacrylate) branches of
graft copolymer was in the range of 1 X 1(F~2 X 105 as shown in Figure 6,
indicating the Mnof branches is 10-20 times that of lignosulfonate. This
is unreasonable, because the grafting ratio of a backbone polymer having one
branch is more than 1000. It is well known that lignosulfonic acid has
broad molecular weight distribution extending from approximately 103to
103 The explanation of this apparent discrepancy is given when one
assumes that grafting takes place predominantly on large lignosulfonate
molecules owing to its low content of phenolic hydroxyl which is considered
to be located at the end of the lignin molecule. With increasing ratio of
HXD 2Fe2+ the M,, of the side branches is proportionally reduced by in-
creasing termination reactions due to excess of hydroxyl radicals. Mn of
homopolymer produced by the HD 2Fe(ll) (5:1) redox system was 90,000
which was considerably less than M,, (138,000) of branches of corresponding
graft copolymer.

The building unit of lignin molecules has been confirmed to be guaiacyl
glycerol, carrying one methoxyl group per unit. The number of branches
per methoxyl groups was calculated, as indicated in Figure 7. As shown,
the number was actually unchanged above a ratio of 4 for HD 2Fe2+,
meaning that there was a restriction in number of active points in ligno-
sulfonate for graft copolymerization of vinyl monomer under the conditions
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Fig. 4. Grafting ratios of lignosulfonate-methyl methacrylate graft copolymers.

Fig. 5. Grafting efficiencies of (he graft copolymerization.

used. The number is 6 X 10"3OCH3 namely one poly(methyl meth-
acrylate) branch for every 167 methoxyls or approximately for every 167
guaiacyl glycerol units.

The grafting mode of lignosulfonate was considered from the results
described above as follows. TJp to a ratio of 4 for FID 2Fe2+, the grafting
yield and the grafting ratio increase with increasing H2 2F e 2+ ratio owing
to the increase of active points formed on the building units of lignosul-
fonate, and the backbone polymer carries relatively long branches having
Mnof 165 X 104-18.5 X 104 At HD2Fe2+ = 4, the number of the
active centers for grafting reaches a saturation point, and the number of
branches which each building unit of lignosulfonate carries does not change
with increasing the ratio further. On the contrary, the grafting ratio is
depressed when H2 2F e 2+ ratios of more than 4 are used. The fact that
graft copolymer yield is not being reduced may be explained by assuming
that the amount of reactive lignosulfonate increases with increasing amount
of hydroxyl radical. Actually, Figure 8 indicates that the yield of graft
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H202/ F~SO.,, (mole/mole)

Fig. 0. Number-average molecular weights of poly(methyl methacrylate) branches of
graft copolymers.

H202/ F).SO., f (mole/mole)

Fig. 7. Number of branch polymers per lignosulfonate unit.

copolymer increases acceleratively with increasing total amount of 1122
+ Fe2+when HD 2Fe2+ ratio is kept at 4. Namely, increasing amounts
of hydroxyl radical lead to an increase in the graft copolymer yield. There-
fore, the assumption that an analogous reaction will take place when
sufficient amounts of lignosulfonate and excess of hydrogen peroxide are
present is considered to be reasonable (see below). On the other hand,
neither graft copolymer nor poly(methyl methacrylate) is obtained without
lignosulfonate (see Table I), but oxidation of ferrous ion to ferric ion was
observed. This means that lignosulfonate itself accelerates redox poly-
merization very effectively, not only serves as backbone polymer in graft
copolymerization. In addition, the optimum ratio of hydrogen peroxide
to ferrous ion is 4, as shown in Figures 3, 4, and 7, indicating that ligno-
sulfonate also participates in the redox reaction, probably through re-
peating such a cycle in which ferric ion in eq. (1) is reduced to ferrous ion
by lignosulfonate, and the latter forms a new redox system with remaining
hydrogen peroxide. As seen in Figure 9, both the yields of graft copolymer
and of homopolymer increase with increasing ratio of lignosulfonate to
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Fig. 8. Effects of hydrogen peroxide on the graft copolymerization (HD 2Fe2+ = 4).
Amount of hydrogen peroxide used is expressed by logarithm of mole. Graft copolymer-
ization conditions: lignosulfonale, 1 g; methyl methacrylate, 5 ml; 30°C; 30 min;
pH 4.6 (acetate buffer).

LIGNOSULFONATE/HD 2 10 (mole/mole)

LIGNOSULFONATE/METHYL METHACRYLATE, x 103(mole/mole)

Fig. 9. Dependence of polymer yield on the amount of lignosulfonate. Graft co-
polymerization conditions: methyl methacrylate, 5 ml; FeSCh, 10-4 mole; HD 2 4 X
10~4mole; 30°C; 25 min; pH4.6 (acetatebuffer).

methyl methacrylate but remain unchanged after the ratios go up to 3 X
10-3 mole/mole, where the contribution of the lignosulfonate to the poly-
merization reaction would reach a saturation point. It is of interest to
known the apparent activation energy of this very rapidly advancing graft
copolymerization of methyl methacrylate onto lignosulfonate. The
activation energy of 4.4 kcal/mole seems to be too small, and nevertheless,
explains why the graft copolymerization proceeds very easily. Figures 2,
3, and 8 indicate the grafting ratio depends largely upon the ratio HD 2F e 2+

Attempts have been made to graft vinyl acetate and acrylamide, as well
as methyl methacrylate, onto lignosulfonate by using the H22Fe(ll)
redox system. Graft copolymerization has been examined also for the
methyl methacrylate-lignosulfonate system with the use of Ce4+ ion or
benzoyl peroxide systems. In all of the cases, experiments were un-
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successful, as separation of graft copolymer from reaction mixture was
difficult or only homopolymerization occurred. It is noteworthy, however,
that in many cases, the presence of barium lignosulfonate was found to
accelerate polymerization of the monomers, when the U2 2Fe(l I) redox
system was used in aqueous solution.

CONCLUSION

Graft copolymerization of methyl methacrylate onto barium lignosul-
fonate from softwood was carried out in aqueous medium. It was found
that the HD2~Fe(1l) redox system was extremely effective for the purpose.
Particularly, the ratio of HD 2re 2+ was the most important factor de-
termining reaction rates, yields, and composition of the resultant graft
copolymers. In the graft copolymerization system, lignosulfonate was
thought to participate in the redox system as reducing agent, not only
backbone polymer.
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Cross-Termination Rale Constants in
Copolymerizations of Some Methacrylates and Styrene

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

Synopsis

Cross-termination rate constants in the copolymerization of some methacrylates with
styrene were determined. The rate constants obtained decrease with increasing ri
and increase with decreasing r2 The relationship between the cross-termination and
propagation rate constants was discussed on theoretical and experimental bases.

INTRODUCTION

In the preceding paper,1 Arlman’s treatment2 for cross-termination
processes in copolymerization was modified. This modified treatment can
be analyzed for the cross-termination processes (1):

-AA* + *BB Ataabb ( K.i&gab) (la)
-AB* + *AB rtabba (= -~27 ¢ab) (Ib)
-BB* + *AB ~tabba (K Ak ¢ab) (9]
-AA* + *BA rtaaab (= -*M&gab) (1d)

where A and B are monomer units, ktijm (i, j, m, n = A or B) are the
various cross-termination rate constants, and ki is the geometric mean
of two termination rate constants km and ktb in homopolymerizations
(klb = kj:Ib. Relationships between /i(= [B]/[A]) and | (=kt/
kiahktab; an apparent cross-termination rate constant) are
+= Ai+ Kilvp'-i + K-sfii'i (Y Kifr-ifi — (2)
9= Ni + Ki/nrz2 + Ki/r-ifi Ksfp'i « Ki/:r&i 3)
where 0 is calculated by
0- (i +/i/n)(i + iMh)i @

and )i = and r2 = kpyk llk&for the propagation rate constants.

On the application of these equations to the various copolymerization
systems, Ki + K2i\r2 K4 and K, were calculated. Especially, K1 +
Ki/rtfi could be related to nr2by the equation:

Ki + Ktiv2 = 18/rm-t ®)
867
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In this paper, the cross-termination rate constants in copolymerizations
of some methacrylates are analyzed by egs. (2) and (3). The cross-
termination rate constants obtained are mainly discussed by relating them
to the propagation rate constant.

EXPERIMENTAL

Materials

2,2'-Azobisisobutyronitrile  (AIBN), styrene (St), ethyl methacrylate
(EMA), «-butyl methacrylate (nBMA), and isobutyl methacrylate
(iBMA) were commercial products. Phenyl methacrylate (PMA) was ob-
tained from Isequ Co. All monomers were purified by distillation. Their
boiling points were: St, 43°C/20 mm Hg; EMA, 48°C/GO0 mm Hg;
nBMA, f)4°C/14 mm Hg; iBMA, 43.5°C/13 mm Hg; PMA, 75°C/4-5
mm Hg. AIBN was recrystallized three times from ethanol. ~ All materials
were stored in the dark at —2S°C.

Procedures

Al reaction mixtures were prepared and scaled under an air pressure of
about 10-4 mm Hg.

Polymerization rates studied at different monomer feed compositions at
[AIBN] = 0.025 mole/1. were observed by gravimetric determination of
the polymer yield, samples of each run being analyzed at three or more
different times.  After reaction at 60.0 £ 0.02°C (water thermostat bath),
the contents of the ampoule were poured into a large excess of cold meth-
anol. The precipitated polymer was separated by centrifuging, dried in
vacuo, and weighed. In no case was the conversion greater than 10%.
Yields obtained deviated from a smooth curve by less than 2%.

RESULTS

Polymerization rates Rp for given polymerization systems are given in
Table I.  The values of | were calculated by using conventional equation:3

fl[Stlo _  r2+ 2/ilr2+ [i2
Rps[St] ~ (rza2+ 2iraft + /P)12 w
where

r =rilr2

a = ([M0 [St]o)(Rps/Rpm)

where Rpmand Rw (=1.25 X 10-4 mole/1.-sec), respectively, are the bulk
polymerization rates of methacrylates and St and [M]0 and [St]0 re-
spectively, are the concentrations of methacrylates and St in the bulk poly-
merizations. The results obtained are given in Table I.



Values of fh Rp, and / in Various Copolymerization Systems

System
nBMA-St

iBMA-St

EMA-St

PMA-St

System

nBMA-St
iBMA-St
EMA-St
MMA-St
PMA-St

CROSS-PERM INATION RATE CONSTANTS

Copolymerization of Methacrylates and Styrene3

n

0.40
0.40
0.41
0.46
0.60

TABLE |

(Rp, = 1.25 X 10~4mole/l.-sec)

fi

0
0.0727
0.1536
0.243
0.365
1.38
2.07
3.06
5.53

0
0.0736
0.1553
0.246
0.370
1.40
2.10
3.26

0
0.0575
0.0885
0.121
0.192
0.288
1.04
1.63
2.50

0
0.0710
0.150
0.239
0.318
0.555
0.902
1.35
2.03
3.15

Rv X 104

TABLE I
Values of n, =, A'i + Ki/ivr<i, K 3and K f for the

r2

0.56
0.55
0.53
0.52
0.30

an, riare data of Otsu et al.4
bData of Ihe preceding paper.1

5.18
2.28
1.63
1.37
1.17
0.860
0.835
0.800
0.844
4.58
2.95
2.23
1.72
1.17
0.840
0.703
0.861
4.03
2.48
2.20
1.99
1.59
141
0.930
0.933
0.860
18.5
9.65
8.53
6.90
5.80
4.40
3.50
2.90
2.10
1.80

Ki+ Ki/nri

170
95

100
80b
25

k 3

6.0
1.0
4.6
8.5b
1.0

6.57
10.0
12.9
19.3
34.6
46.6
63.0
64.2

3.09

4.59

6.98
15.3
37.9
58.0
67.2

6.22
6.22
6.77
9.44
10.3
26.1
26.4
35.0

1.20
1.82
2.70
3.36
4.64
6.26
8.72
125
14.3



870 K. ITO

1/r2f1
0 2.5 5.0 7.5 10

1000

750

0 | | 1
0 10 20 30 40
f,l/r1

Fig. 1. Relationship between ¢ and fi/r or 1/r.fi in copolymerization of nBMA- St
at 60°C: (@) fi/r vs. ¢; (O) 1/r:f1 vs. ¢.
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Fig. 2. Relationship between ¢ and fi/r; or 1/ryfi or 1/r5f, in copolymerization of iBMA~
St at 60°C: (@) fi/r, vs. ¢; (O) 1/r5f1 vs. ¢.

On the applications of egs. (2) and (3) to the various values in Table I
and the values of r, and r, (Table II), various linear relationships could be
obtained (Figs. 1-4). From these linear relationships, the values of K; +
K,/rir; K3 and K4 were calculated and are given in Table II.
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Fig. 3. Relationship between ¢ and fi/r or 1/rfi in copolymerization of EMA-St at
60°C: (@) fi/r vs. ¢; (O) 1/rafi vs. ¢.
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Fig. 4. Relationship between ¢ and fi/r or 1/r:fi in copolymerization of PMA-St at
60°C: (@) fi/r1 vs. ¢; (O) 1/rof1 vs. ¢.
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DISCUSSION

In the preceding paper,1eq. (5) is experimentally formulated by as-
suming that:

S Y\ ] — A,

constant/rp2

-------- BA* + *BA----—- Kt = constant

In this experiment, eq. (o) is applicable to the copolymerizations of iBMA
(K\ + Ki/rtfi = 21) and EMA with St (Ai + AZ2rir2 = 22), but is not
applicable to the copolymerization of nBMA-St (Ah + AZ2rir2= 38) and
PMA-St (Ai + Ki/riTi = 4.5). Thus, this equation is not always ap-
plicable. Ah + AZ2ri?2 may be qualitatively related to  and r2by the
increase and decrease of Ai + AZ2ri?-2 with the decrease of ri and the
increase of  respectively (Table I1).

K 3 denotes -------- BB* + *AB-------- : here, B is St and A is meth-
acrylate and variable. On the variation of A, A3 values are scattered
(Table Il) and should not be related to n and r2

K4denotes-------- AA* + *BA-------- . On the variation of A, K4values
decrease and increase with increasing ri and decreasing r2 respectively.

In the preceding paper,1Kx is given by

Kx=Lexp{(Lm- L)/RYLm{1- exp{- L/R}Y )

where L is the distance between the radical chain ends for the thermal
energy equalling the coulombic energy of interaction of the net electric
charges, Lmis the value of L for the geometric mean &@b, and R is the
average distance of approach of the radical chain ends for bimoiecular re-
action. This equation is so complex that a linear relationship between Kx
and L over a wide range of L can not be obtained. Further, the experimen-
tal results in the preceding paperland this paper are not valid. Thus, the
examination of the experimental results were not quantitatively carried out
by using Eq. (7).

Following Alfrey and Price,6 the familiar propagation rate constant
given by eq. (8) is determined by assuming that the actual electric charge
*c exists not only on the radical chain end but also on the monomer:

kv = PQ exp {—*c2RykT} )]

where P is characteristic of the radical chain end, Q is the mean reactivity
of the monomer, y is the effective dielectric constant, k is the Boltzmann
constant, and T is the absolute temperature.

In a previous paper,6on assuming that:

1» exp\—L/R) )
the chain-termination rate constant was given by:

kt = const. DL exp{ —L/R,} 00)
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where D is the diffusion constant of the radical chain end. When the
change of L is small, eg. (10) is rewritten:

kt = const. D exp{—L/R\ (1)
By evaluating the distance L by:7
L = *c*/yhT (11)
we obtain:

kt = const. DkP (12)

On the application of this equation to the cross-termination and prop-
agation rate constants for a small influence of the penultimate unit, we
obtain:

12 = const./nr2 (13)

In the past, by using eq. (13), a relationship between the cross-termi-
nation and propagation rate constants has been discussed.89 However,
egs. (8), (12), and (13) are not correct on the following theoretical and
experimental grounds: (!) it may not be possible that an actual electric
charge exists on the monomer; (2) the cross-termination rate constant
depends strongly on the penultimate unit, but the propagation rate con-
stant is independent of it; (3) the change of Kx compares favorably with
the change of r, or r2 This large change can not be evaluated by eq. (13).

In the bulk polymerizations of some methacrylates, the chain termi-
nation rate constant and the propagation rate constant at 30°C are,
respectively: 1011

= const. D X 10_l4r* (14
and
kv = const, 10-07* (15)

where <* is the Taft polar constant. The dependence of the Taft polar
constant on the chain termination constant is larger than the dependence
on the propagation rate constant, and this relationship can not be evaluated
by eq. (12).

At least, eq. (13) can not provide a quantitative interpretation for the
relationship between the cross-termination and propagation rate constants.
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Polymerization of Butadiene and Vinyl Ether with
Catalyst Prepared from ~r-Allyl Nickel Halide
and Organic Peroxide

TSUYOSHI MATSUMOTO,* JUNJI FURUKAWA,
and HIROHISA MORIMURA,
Department of Synthetic Chemistry, Kyoto University, Kyoto, Japan

Synopsis

The ir-allyl nickel halide-organic peroxide system has been found to be active as cata-
lyst for the stereospecific polymerization of butadiene and polymerization of vinyl ether.
Benzoyl peroxide is most effective. The catalyst from 7r-allyl nickel chloride or x-allyl
nickel bromide and benzoyl peroxide yields predominantly cis-1,4 polymer with high ac-
tivity, whereas the catalyst from ir-allyl nickel iodide affords predominantly frans-1,4
polymer. The catalyst system can be divided into two parts, a benzene-soluble and a
sentially insoluble component. It is concluded that the catalyst activity originates es-
benzene- from the insoluble nickel complex which is composed of halogen atom, benzoyl-
oxy group of conjugated structure, allyl group, and nickel. A structure is proposed for
the complex.

INTRODUCTION

The authors have investigated the stereospecific polymerization of bu-
tadiene with various nickel catalysts (reduced nickel on a carrier, Raney
nickel with metal halide, and nickel compound with metal halide-organo-
metal)1-3 and reported a mechanistic study on the polymerization with
7r-allyl nickel halide.4

The present investigation, which was partly reported in letter form pre-
viously,56 is concerned with new metal complex catalysts prepared from
7r-allyl nickel halides and organic peroxides and was employed for the stereo-
specific polymerization of butadiene and the polymerization of vinyl ether.

The reaction product of Tr-crotyl nickel chloride with benzoyl peroxide
was effective as a catalyst for cis-1,4 polymerization and was found to be
composed of nickel atom, benzoyloxy group, chlorine atom, and crotyl
group, in molar ratios of about 1:1:1:0.03-0.05.

Little was reported on the reaction of organic peroxide with transition
metal complex before our previous reports. Hagihara et al. prepared tetra-
ferf-butoxychromium from di-terf-butyl peroxide and dibenzene chromium.7

*0On leave of absence from Japan Synthetic Rubber Co., Ltd., Kyobashi, Tokyo,
Japan.
875
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Dicyclopentadienyltitanium dibenzoate was prepared from dicyclopenta-
dienyltitanium and benzoyl peroxide by Razuev et al.8

Very recently, dicyclopentadienylvanadium was reported by Razuev et
al.9to react with peroxides to yield trivalent and tetravalent vanadium
benzoate. Scott and Wilke reported the preparation of di-fer<-butoxy
nickel and dibenzoyloxy nickel from ethylenebis(triphenylphosphine) nickel
and peroxides.D

No nickel complex having a benzoyloxy group and halogen has been re-
ported, and our investigation might be the first report to preparation of a
stereospecific polymerization catalyst from a transition metal complex and a
peroxide.

EXPERIMENTAL

Materials

x-Allyl or x-crotyl nickel halides were prepared from nickel carbonyl and
allyl or crotyl halides according to the method of Fisher.1l Organic per-
oxides were commercial products and were purified by ordinary methods.
Benzene was freed of oxygen and water by distillation over the metal ketyl
from benzophenone and sodium. Butadiene of BR (butadiene rubber)
grade was provided by Japan Synthetic Rubber Company and dried over
molecular sieves.

Polymerization

Polymerizations were carried out in glass reaction vessels in a nitrogen
atmosphere. Dry butadiene was introduced by distillation to the vessels by
using a vacuum-nitrogen apparatus. Polymerizations were terminated by
addition of methanol containing aqueous hydrochloric acid.

Reaction of x-Allyl Nickel Halide with Benzoyl Peroxide

A benzene solution of benzoyl peroxide was added to x-allyl nickel halide
dissolved in benzene at room temperature with shaking. The reaction
mixture was aged about 30 min at room temperature. A precipitate was
formed within a few minutes after addition of benzoyl peroxide. In the
cases when the reaction mixture was used as catalyst, the above procedure
was done in polymerization vessels. The solid nickel complexes which were
insoluble in benzene were isolated by filtering the above reaction mixtures in
nitrogen atmosphere, followed by washing several times with benzene and
drying in vacuo. They were transferred to polymerization vessels in a ni-
trogen box.

Infrared Spectroscopy, Magnetic Susceptibility Measurement, and
Elemental Analysis of Nickel Complexes

For these measurements, the samples were prepared under nitrogen at-
mosphere in a dry box. The infrared spectra were recorded on a Hitachi
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grating spectrometer EPI-G. Elemental analysis was done with inde-
pendent samples for each element. *

Hydrolysis of Nickel Complexes

Nickel complexes were placed in a flask equipped with two necks, one con-
nected with a gas buret and a vacuum-nitrogen apparatus and the other
closed with a rubber stopper. Aqueous hydrochloric acid was added by a
syringe through the rubber stopper. Gas evolved was identified by vapor-
phase chromatography by using activated charcoal.

Microstructure of the Polymers

The polymers were examined in carbon disulfide solution. The method
of analysis is that reported by Morero et. al.2

RESULTS AND DISCUSSION

Polymerization

Tr-Crotyl nickel chloride itself is poorly active for m-1,4-polymerization
of butadiene, but the addition of organic peroxide was found to enhance the
activity, as shown in Table I.

Benzoyl peroxide was most effective.  In order to clarify whether or not
the peroxide acts as a radical initiator for the polymerization, other radical
initiators were employed. Azobisisobutyronitrile (AIBN) had no influence
on the catalyst activity but decreased the cis-1,4 content of the resulting
polymer. Di-terf-butyl peroxide was much less effective. Lauroyl per-
oxide was quite effective. Thex-efore, benzoyl peroxide in the catalyst sys-
tem does not function merely as a simple radical initiator.

Other oxygen compounds capable of coordinating to the nickel atom, such
as phenol, acetylacetone, maleic anhydride, and silver acetate, were found to
be ineffective.

As described later, the nickel complex from 7r-ci’'otyl nickel chloride and
benzoyl peroxide was found to contain a benzoyloxy group. Unlike benzoyl
peroxide and lauroyl peroxide, other benzoyloxy derivatives such as benzoic
acid, benzoic anhydride, and sodium benzoate were much less active.

This fact suggests that the effective ligand is not benzoate anion but
benzoyloxy radical.

The reaction of ir-crotyl nickel chloride with di-tert-butyl peroxide in ben-
zene afforded a transparent, dark-red solution similar to ir-crotyl nickel
chloride solution, whereas that with benzoyl or lauroyl peroxide yielded a
precipitate. The former solution was subjected to infrared spectroscopy
after aging for 1 hr in a solution of higher concentration than that used for
polymerization. All bands for di-fcrf-butyl peroxide and ir-crotyl nickel

* Magnetic, susceptibility was measured by the Gouy method with a balance
of Bartorius 2514 type and an electromagnet of Nihonkomit.su 100 type.
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TABLE |
Polymerization of Butadiene with Catalysts Systems Containing
7r-Crotyl Nickel Chloride*

Poly-  Poly-
Coctalyst merization  mer cis- irans-

time, yield, 14, 14, 1.2,
No Type mmole hr % % % %
1 - 60 5 76 20 4
2 — 88 6 79 18 3
o Benzoyl peroxide 0.5 14 94 86 10 0
4 Benzoyl peroxide 0.5 1 85 89 7 4
5  Benzoyl peroxide 1.0 1 90 90 7 0
6 Lauroyl peroxide 1.0 n 80 79 16 5
7  Lauroyl peroxide 1.0 3 40 80 15 5
8  Di-ferf-but.yl peroxide 0.5 60 30 77 20 3
9  Di-fert-butyl peroxide 1.0 33 42 76 20 4
10 AIBN 0.3 64 7 45 43 3
11 AIBN 0.5 64 8 0 78 22
12 Benzoic anhydride 1.0 60 35 7 19 4
13 Benzoic anhydride 2.0 3 2 — — —
14 Benzoic acid 1.0 60 10 82 13 5
15  Na benzoate 1.0 60 1 - - -

16 Phenol 1.0 60 1 - — -
17 Ag acetate 1.0 60 u 18 64 18
18  Maleic anhydride 0.6 64 8 74 21 5
19  Acetylacetone 0.5 64 9 78 21 i
20  Acetylaeetone 1.0 64 9 72 24 5

“Conditions: catalyst, [jr-CjIBNiClh, 1.0 mmole (except run 2), 2.3 mmole (run
2); butadiene, 7.2 g; benzene, 16 ml; polymerization temperature, 40°C; reaction
between two components, room temperature, ca. 1i—30 min.

chloride were observed and none of new band could be detected. Therefore,
di-ieri-butyl peroxide hardly reacted with 7r-crotyl nickel chloride.

Further studies were done with benzoyl peroxide. Table 11 summarizes
the results of polymerization by catalysts with various amounts of added
peroxide. The optimum mole ratio of benzoyl peroxide to 7r-crotyl nickel
chloride for activity was 1.0. The ds-1,4 contents of polymers were almost
the same. This means that the same active site was formed, regardless of
the amount of added peroxide, although the molecular weight of the poly-
mer increased with increasing mole ratio.

A precipitate was formed when 7r-crotyl nickel chloride was mixed with
benzoyl peroxide in benzene. The reaction mixture was divided into a ben-
zeneinsoluble and a benzene-soluble part, and the activities of these compo-
nents were investigated, as summarized in Table I1l. The activity of the
system for c?s-1,4 polymerization was found to originate from the solid com-
plex insoluble in benzene. Experiment 4 of Table 111 shows the activity
of the catalyst in a large-scale run. The addition of 1.0 mole of benzoyl
peroxide to ir-crotyl nickel chloride resulted in the quantitative formation of
the active, benzene insoluble complex, whereas a 0.5 mole of peroxide
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TABLE I
Effect of Mole Ratio of Benzoyl Peroxide to x-Crotyl Nickel Chloride*
(CeHe
C022
2 Poly- Poly- hi
[CHT mer- mer cls- irans- (toluene,
NiCl]2 ization yield, L4, L4, 12, 30°C),
No. ratio time hr % % % % dl/g
1 0.50 1.7 35 90 8 2 0.7
2 0.75 1.7 56 91 5 4 0,9
3 TOO 1.7 68 90 7 3 1.1
4 1.25 1.7 42 91 6 3 14
5 1.50 15 0 — — — —

“Conditions: [CJRNICIlh, 0.133 mmole; butadiene, 3.6 g; benzene, 8 ml; poly-
merization temperature, 50°C; reaction between two components, room temperature,
15 min.

yielded a soluble complex together with an insoluble one. The former was
slightly active for m-polymerization, unlike the latter. Consequently, the
activity of the reaction mixture originated from the benzene-insoluble com-
plex for the most part.

Table IV lists the results of polymerization with x-allyl nickel bromide,
which alone yielded trans-polymer with low activity. On the contrary, the
ir-allyl nickel bromide-benzoyl peroxide system initiated cfs-polymeriza-
tion with relatively high activity, although the activity was lower than that
of the x-crotyl nickel chloride-benzoyl peroxide system. The optimum
mole ratio was also 1.0. A brown precipitate was formed when x-allyl
nickel bromide was allowed to react with benzoyl peroxide (BPO) in ben-
zene. The insoluble part isolated yielded a polymer of higher cis content
and higher molecular weight with lower activity than the reaction mixture
itself. The benzene-soluble part separated from the reaction mixture
was almost inactive for the polymerization under the conditions described in
Table IV. The active site in the benzene-insoluble part seems to be the
same both when the mole ratio was 0.5 and 1.0, because polymers obtained
in both cases were of the same microstructure.

The results with 7r-allyl nickel iodide are shown in Table V.

7r-Allyl nickel iodide alone initiated trans polymerization. In contrast to
the case with Tr-allyl nickel bromide, the 7r-allyl nickel iodide-benzoyl per-
oxide system was active for ;raws polymerization, although a precipitate was
formed by the reaction of ir-allyl nickel iodide with benzoyl peroxide. The
benzene-insoluble nickel complex separated from the reaction mixture also
initiated trans polymerization.

The solubility of the complex catalyst prepared from ir-crotyl nickel chlo-
ride and benzoyl peroxide in a polar solvent was studied in relation to the
catalyst activity. It was soluble in methanol, tetrahydrofuran, and methyl
ethyl ketone but insoluble in diethyl ether. The complex seems to be solu-
ble in solvents more polar than methyl ethyl ketone. In Table IV, the
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TABLE 111
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catalyst preparation was carried out in benzene followed by the addition
of polar solvent after aging. With methyl ethyl ketone, the system became
heterogeneous when butadiene was added. Methyl ethyl ketone decreased
the activity markedly, and tetrahydrofuran changed the microstructure of
the polymer from cis to trans. A significant amount of oligomers was not
detected.

TABLE VI
Effect of Polar Solvents*
Poly- Polymer cis- Irans-
merization  yield, 14, 14,

No. Solventl time, hr % % % 12, %
i Benzene i 10 20 7 3
2 Diethyl ether-

benzene (1:1) 2 62 88 8 4
0 Methyl ethyl ketone-

benzene (1:1) 120 26 66 29 5
4 Tetrahydrofuran-

benzene (1:1) 120 ) 0 97 )
5 Methanol-benzeile

(1:1) 120 Trace — — —

“Conditions: [CJLNIiCIlb, 1.0 mmole; butadiene, 7.2 g; benzoyl peroxide, 1.0
mmole; polymerization temperature, 40°C.
bTotal volume, 16 ml.

The results of polymerization of vinyl monomers with the complex cata-
lyst of this investigation are shown in Table VII. The polymerization was
not a radical-type reaction, although peroxide was used as a component of
the catalyst. The systems involving 7r-crotyl nickel chloride or 7r-allyl
nickel bromide were found to be very active catalyst for cationic polymer-

TABLE VII
Polymerization of Vinyl Monomers*
M
(tol-
Poly- Polymer  uene,
merization yield, 30°C),
No. Catalyst system Monomer time, hr % dl/g
i Crotyl NiCI-BPO Styrene 48 35 -
2 Crotyl NiCI-BPO Methyl methacrylate 48 Trace -
0 Crotyl NiCI-BPO Acrylonitrile 48 Trace -
4 Crotyl NiCI-BPO Isobutyl vinyl ether Instan- 100 0.5
taneous
5 Allyl NiBr-BPO Methyl methacrylate 48 Trace -
6 Allyl NiBr-BPO Isobutyl vinyl ether 0.5 95 -
7  Crotyl Nil-BPO Isobutyl vinyl ether 7 1 -

a Jieaction mixture was used as catalyst and mole ratio iff components is 1.0. Condi-
tions are same as in Table IV except that monomer charged was 10 ml.
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ization as well as cis-1,4 polymerization of butadiene. The catalytic ac-
tivity for isobutyl vinyl ether was rather higher than for butadiene. The
polymer was solid and soluble in methyl ethyl ketone. It is noteworthy
that the catalysts for cfs-1,4 polymerization of butadiene, such as nickel on
diatomaceous earth and nickel naphthenate-boron fluoride-triethylalu-
minum, are also active for cationic polymerization of vinyl ethers.1’3

The cationic character of the nickel catalyst for cis-1,4 polymerization seems
to be general.

Structure of Catalyst

The active solid complex separated as the benzene-insoluble part from
the 1:1 reaction mixture of 7r-crotyl nickel chloride with benzoyl peroxide
was subjected to elemental analysis, magnetic susceptibility measurement,
infrared spectroscopy, and hydrolysis by aqueous hydrochloric acid.

The solid nickel complex was insoluble in diethyl ether but soluble in
tetrahydrofuran; this suggests the complex to be a polar metal complex.

Elemental analysis was done independently for Ni, C, H, 0, and CI; the
results are shown in Table VII1.

TABLE VIII
Ni, % c, % H» O, % Cl, %

Found 26.8 41.8 3.2 14.0 15.0
Caled for XiCH®D Z| 27.1 38.7 3.3 147 16.3

It is suggested that the complex is mainly composed of one benzoyloxy
group and one chlorine atom per nickel atom.

The infrared spectrum of the complex is shown in Figure 1. The complex
had no band at 1760, 1220, and 990 ¢ n r 1characteristic of benzoyl peroxide
and no detectable band at 1240, 980, 960, 910, 880, and 817 ¢ nr lassignable
to x-crotyl nickel chloride. The sharp, strong band at 1600 cm-1 and the
sharp band at 1485 cnr lin Figure 1are assigned to C=C stretching of the
aromatic ring. Bands at 720 and 680 cm-1 are assigned to C—H out-of-
plane deformation of monosubstituted benzene, and several bands at 1200-
1000 cnrlto C—H in-plane deformation of monosubstituted benzene.
The bands at about 1550 cnrlmay be assigned to the 0~C-...tO group,
since diacetodiallyldipalladiumBhas a band at about 1575 cm*“1but not
at about 1700 cm“1 Generally, carboxyl groups without hydrogen bond-
ing have a strong band at a wavenumber higher than 1700 cm*“ 1 where this
complex had only a very weak one.

From infrared spectroscopic data, it is likely that the main organic ligand
of the complex is of a conjugated benzoyloxy radical structure (1)
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The magnetic susceptibility of the complex was 21.6 X 107 jit 21°C.
Since the nickel content was 26.7%, this means that two unpaired electrons
exist per nickel atom or that the nickel atom is divalent.

Decomposition of the complex by aqueous hydrochloric acid gave benzoic
acid (63% yield with respect to benzoyl peroxide) and a small amount of
butenes (3.4-4.2% vyield with respect to crotyl radical, calculated from
evolved gas volume). Identification was by infrared and mass spectra and
vapor-phase chromatography.

The analytical data lead to the conclusion that the complex involves
nearly one benzoyloxy group as depicted above, nearly one chlorine atom,
and 0.03-0.05 crotyl group per nickel atom. The fact that the complex is
paramagnetic suggests that its configuration is not square-planar. A prob-
able structure is shown as I1.

(. GH
< Q. ) r Cto
e a

0%,NO

cth,

O—=0O=0 O—IZ>(_.

Infrared spectra of the benzene-insoluble complexes from 1:1 mixtures of
benzoyl peroxide and 7r-allyl nickel bromide or 7r-crot.yl nickel iodide were
almost the same as that of the complex from 7r-crotyl nickel chloride shown
in Figure 1. Hydrolysis by aqueous hydrochloric acid of the complex from
7r-allyl nickel bromide gave also benzoic acid (59% yield with respect to ben-
zoyl peroxide) together with a small amount of propylene 5% yield with re-
spect to allyl radical) but no propane. Nickel content of the complex from
7r-allyl nickel bromide was 21.6%, which is fairly consistent with 22.5% cal-
culated for ChHsC™NiBr. These data suggest that the benzene-insoluble
complex from 1:1 reaction mixture of benzoyl peroxide and 7r-allyl nickel bro-
mide or iodide is of a similar structure to that from ~-crotyl nickel chloride.

The active site in the catalyst is assumed to be the nickel atom (Ni*)
attached to the allyl ligand. It is likely that the allyl ligand exists in a
form of (r-allyl, since the complex prepared from -r-allyl nickel bromide and
oxygen is very active for cfs-1,4 polymerization and contains cr-allyl.66
The cr-allyl form may be stabilized by the electron-withdrawing 7r-interac-
tion of the benzoyloxy ligand with nickel. The nickel atom (Ni*) possesses
10 electrons (3ds4s? and shares four electrons: two with oxygen, one with
chlorine, and one with cr-allyl ligand. Therefore, the nickel atom is capable
of coordination with butadiene bidentately, accepting more four electrons to
form the krytpon shell, contrary to the case of 7r-allyl ligand.
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Fig. 1. Infrared spectrum of the benzene-insoluble complex formed by reaction of t-
crotyl nickel chloride with benzoyl peroxide (Nujol).

Tlie filtrate in experiment 7 in Table 111 was found on the basis of in-
frared data to contain a new nickel complex. It was paramagnetic. Its
structure is now being investigated.

The mechanism of cis polymerization will be discussed in terms of the re-
sults obtained by various catalysts and the quantum chemical calculation in
other papers, in which the role of the benzoyloxy ligand in the present cata-
lyst will be explained.

The authors are thankful to Dr. S. Hashimoto and Mr. T. Matsui for elemental
analysis and measurement of magnetic susceptibility.
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Optically Active Copolyamides by Melt and
Solution Condensation Polymerization
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Faculty of Engineering, Osaka City University, Osaka, Japan

Synopsis

The melt and solution condensation copolymerization of nylon salts which were pre-
pared from d-camphoric acid and adipic acid with hexamethylenediamine were carried
out, and optically active copolyamides were obtained. The copolyamides obtained had
a positive specific rotation. The specific rotations for the copolyamides increased with
increasing content of d-camphoryl units in the copolymers. The optical rotatory dis-
persion of the copolyamides had positive curves and were found to fit the simple Drude
equation. The Xcvalues of the polymers obtained by the melt and solution condensation
polymerization were 241 mn and 245 m/i, respectively.

INTRODUCTION

The copolymerization of vinyl monomers having optically active sub-
stituents has been widely studied. Schuerchl has copolymerized I-a-
methylbenzyl methacrylate and /-a-methylbenzyl vinyl ether with maleic
anhydride to obtain optically active copolymers, which remained to be op-
tically active after the cleavage of optically active side group. Schulz et al.2
studied the copolymerization of styrene and menthyl acrylate and reported
that the specific rotation of the copolymer increased linearly with increasing-
content of menthyl acrylate unit. We carried out3 copolymeiizations of
A-bornyl maleimide with styrene, methyl methacrylate, and vinylidene
chloride with a free-radical catalyst to obtain optically active copolymers.
On the basis of the results that the relation between the specific rotation and
the composition of these copolymers was not linear, it was claimed that the
asymmetric carbon atoms were newly induced in the polymer main chain.

There have been numerous studies4-8 on optically active polyamides.
Overberger and his co-workers56 obtained optically active polyamides by
the ring-opening polymerization of optically active e-caprolactam deriva-
tives and studied their optical behavior. Toy7 prepared optically active
and inactive polycamphorates and polycamphoramides to compare the
melting and crystalline properties of the optically active polymers with
those of the corresponding inactive ones. Iwakura et al.9Dprepared opti-
cally active polyureas and polyurethanes.

In the previous paper,8we mentioned optically active polyamides synthe-
sized at high temperature by condensation polymerizations of the salt pre-
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pared from d-tartaric acid with diamines, such as hexamethylenediamine
and phenylenediamine.

In the present study, melt and solution condensation copolymerizations of
the nylon salts prepared from rf-camphoric acid and adipic acid with hexa-
methylenediamine were carried out, and optically active copolyamides were
obtained.

EXPERIMENTAL

Materials

Commercially available tf-camphoric acid and adipic acid were used with-
out further purification. d-Camphoric acid has mp 1S5-186.5°C and [a]n
+17.0° hi EtOH. Hexamethylenediamine was distilled at reduced pressure
over potassium hydroxide (bp 94-100°C/20 mm Hg).

Preparation of Hexamethylenediamine d-Camphoric Acid Salt and Hexa-
methylenediamine Adipic Acid Salt

Atypical preparation of the hexamethylenediamine d-camphoric acid salt
used in this work is described below.

d-Camphoric acid (14.4 g, 0.072 mole) dissolved in 00 ml of hot dry eth-
anol to saturation was added to 24 ml of hot dry ethanol saturated with <84
g (0.072 mole) of hexamethylenediamine. Precipitation soon occurred on
mixing. After standing overnight at room temperature, the salt was fil-
tered off, washed with cold dry ethanol, and dried in vacua. The salt was
obtained in 83% vyield (18.9 g), mp 253-254°C.

Anal. Calcd for ClfiH3 04N ,: C, 60.75%; II, 10.13%; N, N.X(>%. Found: C,
00.95%; H, 10.48%; N, 8.58%.

Similarly, hexamethylenediamine salt of adipic acid was obtained in 90%
yield; mp 197-19S°C.

Melt Condensation Polymerization of the Nylon Salts

The condensation copolymerizations of the hexamethylenediamine salt of
d-camphoric acid and the hexamethylenediamine salt of adipic acid were
carried out at 260-270°C by the method of melt condensation polymeriza-
tion. The required amounts of nylon salt were placed in a sealed tube with
a side arm to remove water produced; the tube was degassed completely
and sealed off. The tube was placed in an oil bath, and the reaction was
carried out at 260-270°C for 6 hr. After the polymerization period, the tube
was cut and evacuated under reduced pressure to remove water produced in
the reaction system, then sealed off again at a reduced pressure and placed
on an oil bath for Lhr. The polymer obtained was dissolved in formic acid
and the solution was poured into a large amount of water. The polymer
was filtered, washed with hot water, and dried in vacuo.
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Solution Condensation Polymerization of Nylon Salts

The required amounts of the salt and m-cresol were placed in a 50-ml
three-necked flask equipped with a reflux condenser, thermometer, and ni-
trogen gas inlet attachment. The reaction was carried out at 210-220°C
on an oil bath under a nitrogen atmosphere.  After 1 hr, the reaction mix-
ture was distilled to remove m-cresol and water produced. The polymer-
ization was carried further under reduced pressure at 2f>0-270°C on an oil
bath for 2 hr. The polymer was purified as detailed for the melt condensa-
tion method.

Measurements

The D line optical rotation and optical rotatory dispersion were measured
with a Shimadzu model QV-50 polarimeter equipped with xenon source.

The intrinsic viscosity of polymer was measured in 90% formic acid at
25°C with an Ubbelohde viscometer.

Proton magnetic resonance spectra were obtained by a Yarian Model,
00 Mcps, nuclear magnetic resonance spectrometer.

RESULTS AND DISCUSSION
Optical Behavior of Nylon Salts

Hydrolysis of the hexamethylenediamine d-camphoric acid salts was car-
ried out. An aqueous solution of hydrogen chloride was added to an aque-
ous solution of the hexamethylenediamine d-camphoric acid salt to obtain
white precipitates. The products were recrystallized from water, filtered,
and dried in vacuo. The camphoric acid recovered had a melting point of
187-188°C and [a]Dwas +47.0°. The optical rotatory dispersion of the
recovered camphoric acid coincided very well with that of the starting

mole fraction of hexamethylene diamine

d-camphoric acid salt

Fig. 1. Relationship between the specific rotation for the mixture of hexamethylene-
diamine camphoric acid salt, and hexamethylenediamine adipic acid salt and the com-

position.
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d-camplioric acid. The result suggests that the optically active nylon salt
could be prepared without racemization.

The relationship between the specific rotation of mixtures of hexamethy-
lenediamine d-camphoric acid salt and hexamethylenediamine adipic acid
salt and the relative proportion of the salts in the mixture is shown in
Figure 1

The specific rotation of the mixture of nylon salts increased linearly with
increasing content of the optically active component in the mixture. It is
evident from the result that adipic acid does not affect the specific rotation
of the mixture.

Copolyamides by Melt and Solution Condensation Polymerization

The reaction conditions and the results of melt and solution condensa-
tion polymerizations are summarized in Tables | and Il. The polymers
obtained were white or pale brown polymers. The copolyamides became
fibrous and the melting points and intrinsic viscosities increased with in-
creasing initial mole fraction of adipic acid in the monomer mixture. The
melting points and intrinsic viscosities of the copolyamides were somewhat
lower than those of polymers obtained by interfacial condensation copoly-
merizations of d-camphorie dichloride and adipic acid dichloride with hexa-
methylenediamine.1l As the melt and solution condensation polymeriza-
tions were reversible reactions and carried out at high temperatures, poly-
mer of high degree of polymerization was not obtained. On the contrary,
the interfacial condensation polymerization was an irreversible reaction and
carried out at low temperature, and thus no side reactions would occur. It
is thought that the interfacial condensation polymerization is able to yield
polymers having high degree of polymerization.

TABLE |
Melt Condensation Copolymerization of Hexamethylenediamine Adipic Arid Salt
(HAS) and Hexamethylenediamine d-Camphoric Acid Salt (HCS)

Copolyamides

Molar ratio

Molar ratio camphoryl
of nylon unit/adipyl Melting
salts Conver- unitin point, M,

Run HCS/HAS sion, % polymer °C dl/ga [«] Db
1 10:0 53.8 10:0 77-79 0.021 + 14.1°
2 8:2 47.1 6.3:2 85 0.030 +6.1°
3 6:4 48.6 4.7:4 155-156 0.048 +5.8°
4 5:5 59.7 1.8:5 187-190 0.068 +3.2°
5 4:6 66.5 1.6:6 207 0.100 +2.3°
G 2:8 85.7 0.9:8 212-215 0.158 + 1.0
7 0:10 90.9 0:10 232-235 0.728 0

aMeasured in 90% formic acid at 20°C.
bMeasured in 90% formic acid at 20-25°C.
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TABLE 11
Solution Condensation Copolymerization of Hexamethylenediamine Adipic Acid Salt
(HAS) and Hexamethylenediamine d-Camphoric Acid Salt (HCS)

Copolymides
Molar ratio
Molar ratio camphoryl
of nylon unit/adipyl Melting
salts Conver- unit in point,

Run HCS/HAS sion, % polymer °C dl/g* [alnb
8 10/0 44.6 10/0 77~80 0.024 + 14.7
9 8/2 48.0 6.0/2 122— 123 0.045 +8.S
10 Gl4 50.8 4.0/2 169— 171 0.064 + 5.3
11 5/5 63.1 3.3/5 191— 192 0.084 + 8.6
12 416 65.3 2.2/6 210— 211 0.094 +4.0
13 21/8 82.2 1.01/8 227— 229 0.188 + 2.6
14 0/10 91.0 0/10 239—242 0.530 0

aMeasured in 90% formic acid at 25°C.
b Measured in 90% formic acid at 20-25°C.

The molecular weight of the polymers obtained was estimated by using
Taylor’s equation:2

Mw = 13,000m 13

The molecular weight of the polymer having M = 0.728 was 8350 and that
for M = 1.53 was 24,500.

The NMR spectra for poly(hexamethylene adipamide) and poly(hexa-
methylene d-camphoramide) obtained by the melt and solution condensa-
tion polymerizations were measured in formic acid to determine the poly-
mer composition. As shown in Figure 2a for poly(hexamethylene adip-
amide), the proton signals due to—NH—, and the a, and y methylenes of
the hexamethylenediamino unit were observed at 3.5r and 6.6 r —8.6 .. re-
spectively. The proton signals due to a, j3 and y methylenes of the adipyl
unit were observed at 7.6 r, 8.3 r, and 8.3 r, respectively. On the other
hand, as shown in Figure 2c the NMR spectrum of poly(hexamethylene d-
camphoramide) obtained by the melt condensation polymerization coincided
well with that of the polymer obtained by solution condensation polymeriza-
tion (Fig. 2b). The proton signals due to the —NH—and the a, 3 and y
methylenes of hexamethylenediamine unit were observed at 3.5 r, 6.2 r,
7.17 rand 8.6 r, respectively. The signals due to the methyl protons

and other protons were observed at 9.0, 8.7, and 7.9-7.8 r, respectively.
The composition of the copolyamides was determined by the NMR spec-
tra. The ratios of the methyl proton intensity of the d-camphoryl group
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i

Fig. 2. Proton magnetic resonance spectra (60 Mcps) of: (a) poly(hexamethylene
adipamide) and (b) poly(hexamethylene d-camphoramide) obtained by melt condensa-
tion polymerization; (c) poly(hexamethylene d-eamphoramide) obtained by solution
condensation polymerization.

m

Fig. 3. Relationship between the mole fractions (A/f) of d-camphory] unitin the total
acidic units of copolyamide and the initial mole fractions (mi) of d-camphoric acid inthe
mixture of d-camphoric acid and adipic acid: (¢) melt condensation polymerization;
(O) solution condensation polymerization.

(9.0 ©) to the a-proton intensity of the —NH— of the hexamethylenedi-
amine unit (6.2-7.1 r) of the copolyamides of d-camphoric acid and adipic
acid with hexamethylenediamine were calculated. The d-camphoryl unit
content in the copolyamides was determined from the above ratio and the
linear relationship between the mole fractions of d-camphoryl unit in the
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mixture of poly(hexamethylene d-camphoramide) and poly(hexamethy-
lene adipamide) and the ratio of the methyl proton intensity of the cam-
plioryl group (9.0 r) to the a-proton intensity of the —XH— of hexa-
methylenediamino (0.2-7.1 r).

The relationship between the mole fraction (MX of d-camphoryl units
in the copolyamides obtained by the melt and solution condensation poly-
merization and the initial mole fractions (mi) of d-camphoric acid in the
monomer mixtures is shown in Figure 3. The relationship was not a linear
one. It issuggested that the hexamethylenediamine adipic acid salt is more
reactive than the d-camphoric acid dciivative in the condensation copoly-
merization reaction.

Optical Behavior of Copolyamides

The relationship between the specific rotation of the polyamides prepared
from hexamethylenediamine d-camphoric acid salt and hexamethylenedi-
amine adipic acid salt, and the content of d-camphoryl unit is shown in
Figure 4.

Downie et al.B3 synthesized polypeptides from leucine having different
degrees of optical purity and reported that the specific rotation of the poly-
peptide depended on the optical purity of d-(or 1) leucine used. The same-
result was reported by Overberger et al,4who synthesized polymers by inter-
facial condensation polymerization with amines and 2,2'-dinitro-6,6'-di-
methylbiphenyl-4,4'-dicarboxylic acid and 2,2'-dichloro-6,6'-dimethylbi-
phenyl-4,4'-dicarboxylic acid. We obtained a similar result; at each
composition the specific rotation of the copolyamides was increased linearly
with increasing content of camphoryl units, although some deviations were
observed (Fig. 4).

adpfd wnit caphoyl unit
mole fraction
o} .
unit
Fig. 4. Relationship between the specific rotation of the copolyiunides and the mole

fractions of (/-camphoryl unit in the total acidic units of copolyainide: (¢) melt con-
densation polymerization; (O) solution condensation polymerization.
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Fig. 5. Optical rotatory dispersion of copolyamides obtained from d-eamphoric acid
hexamethylenediamine salt and adipic, acid hexamethylenediamine salt by melt con-
densation polymerization.

Fig. 0. Optical rotatory dispersion of copolyamides obtained from d-camphoric acid
hexamethylenediamine salt and adipic acid hexamethylenediamine salt by solution con-
densation polymerization.

It is believed that the optical activity of d-camphoryl units of the poly-
amides is not affected by the adipyl units in the main chain as the adipyl
units are far away from the asymmetric center. The deviations from a lin-
ear relationship are believed to be affected by the molecular weight of the
copolyamides. Generally the specific rotation of a polymer of high molec-
ular weight does not respond to changes in molecular weight, although it
does so easily when the molecular weight is low.

We previously reportedD that the specific rotation of the polyamides
obtained by the condensation polymerization was dependent upon the
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molecular weight and that that of poly (iV-bornyl maleimide)3obtained by a
free-radical polymerization was also dependent upon the molecular weight.
It was considered that the specific rotation of these polymers was depen-
dent upon the endgroups.

The optical rotatory dispersion of the copolyamides obtained by the melt
and solution condensation polymerizations was measured. As shown in
Figures 5 and 6, the optical rotatory dispersion of the copolyamides was
positive and fit the simple Drude equation. The Xvalues for the copoly-
amides were in the range 241-245 m”, suggesting that the chromophore
which caused optical activity was the —CO—NH— group.

The fact that the \cvalues did not depend on the composition of the co-
polyamide also confirms that the adipyl unit in the main chain does not af-
fect the optical behavior of copolyamides.
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Synopsis

The polymerization of d-camphoryl dichloride with polymethylenediamines (n = 2,
3, 5, 6, 7, 9) and eopolymerization of hexamethylenediamine with d-camphoryl dichlo-
I'ide and adipyl dichloride were carried out by the interfacial condensation method, and
optically active copolyamides were obtained. The specific rotation of poly(hexa-
methylene camphoramide) obtained increased markedly with increasing intrinsic viscosity
over the range of 0.05-0.10. The specific rotation for the copoyamides increased linearly
with increasing content of d-camphoryl units in the polymers. The optical rotatory
dispersion of the polyamides and copolyamides had a negative curve which fit the simple
Drude equation. The X values of the polyamides and the copolymers obtained were
265 and 273-285 mu, respectively. In order to investigate the conformation of the
polyamides, the effects of solvent on the specific rotation of the polymers were studied.

INTRODUCTION

Some studies12of optically active polymers prepared by the condensation
polymerization were carried out in order to investigate the physical proper-
ties and the behavior of the polymer conformation in solution.

Overberger et al.3studied the optical rotatory dispersion of optically ac-
tive polyamides which were synthesized from 2,2/-dinitro-6,6'-dimethylbi-
phenyl-4,4'-dicarboxylic acid and 2,2'-dichloro-6,6'-dimethylbiphenyl-
4.,4'-dicarboxylic acid with some amines by interfacial condensation poly-
merization. Toy4prepared optically active and inactive polycamphorates
and polycamphoramides and compared the melting and crystalline proper-
ties of optically active polymers with those of inactive ones. Schulz et al.5
carried out the interfacial condensation polymerization of (+) 2,2'-di-
aminobinaphthyl-1,1' with terephthaloyl chloride and obtained an optically
active polyamide having molecular asymmetry.

In a previous paper,6optically active polyamides were synthesized from
hexamethylenediamine with d-tartaric acid, and the effects of the solvent,
polymerization time, intrinsic viscosity, and pH on the specific rotation of
poly(hexamethylene d-tartaramide) were studied. Recently melt and solu-
tion condensation copolymerizations of nylon salts prepared from d-cam-
phoric acid and adipic acid with hexamethylenediamine, were carried out,
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and optically active copolyamides were obtained.7 It was found that the
specific rotation of the copolyamides increased with increasing content of
d-camphoryl units in copolyamides.

In this paper, we prepared optically active polyamides by interfacial con-
densation polymerization of camphoryl dichloride with polymethylenedi-
amine (n = 2, 3, 5, 6, 7, 9). Interfacial condensation polymerization of
hexamethylenediamine with camphoryl dicliloride and adipyl dichloride
were also carried out. The relationship between the specific rotation of the
copolyamides and the composition was examined. The effects of solvent on
the specific rotation were also investigated.

EXPERIMENTAL

Materials

Commercially available d-camphoric acid and adipic acid were used with-
out further purification. d-Camphoric acid has mp 185-186.5°C and [a]o
+47.0° inEtOH. Hexamethylenediamine was distilled at reduced pressure
sure over potassium hydroxide (bp 94-1000C/20 mm Hg). Commercially
available polymethylenediamine (n = 2, 3, 5, 6, 7, 9) and piperazine were
used without further purification. Benzene was purified by the usual
method.

Preparation of d-Camphoryl Dichloride

A 300-ml portion of petroleum ether solution of 50 g of d-camphoric acid
was placed in a 500-ml three-necked flask equipped with a reflux condenser
and mechanical stirrer. Phosphorus pentachloride (150 g) was added to
the vigorously stirred suspension over a period of 30 min at 0°C.  The stir-
ring mixture was allowed to warm to room temperature for 4 hr. This
reaction mixture was evacuated on the steam bath under reduced pressure.
The residual liquid distilled at 137-138°C/10 mm Hg, yielding 69% (40.8 g)
of d-camphoryl dichloride, [a]D—6.4° (lit,.8bp 140-141°C/15 mm Hg).

Preparation of Adipyl Dichloride

Adipic acid (40 g) was placed in a 300-ml three-necked flask equipped
with a reflux condenser, dropping funnel, and mechanical stirrer. A 200-g
portion of thionyl chloride was added to the flask. After 3 hr, unreacted
thionyl chloride was distilled off from the reaction mixture. The residual
liquid was distilled at a reduced pressure, 110-111°C/10 mm Hg to yield
32.5 gof adipyl dichloride, (lit.9bp 125-128°C/11 mm Hg).

Polymer Procedure

The interfacial condensation polymerization was carried out bv the
method of Morgan.D A benzene solution of camphoryl dichloride and adi-
pyl dichloride was placed in a beaker. Into this beaker was poured
gradually an aqueous solution containing polymethyldiamine and sodium
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bicarbonate at 0°C with stirring with a magnetic stirrer. A white precipi-
tate of polymer formed at the liquid interface. After 24 hr, the precipitates
was filtered and then dissolved in formic acid. The polymer was precipi-
tated in a large amount of water, washed with hot water, and dried in vacuo.

Measurements

The D-line optical rotation and optical rotatory dispersion were measured
with a Shimadzu model QV-50 polarimeter equipped with xenon source.

The intrinsic viscosity of polymer was measured in ethanol or 90% formic
acid at 30°C with an Ubbelohde viscometer.

Proton magnetic resonance spectra were obtained by a Varian Model, GO
Mcps nuclear magnetic resonance spectrometer.

RESULTS AND DISCUSSION
Optical Behavior of d-Camphoryl Dichloride

¢-Camphoryl dichloride used as a optically active monomer for the inter-
facial condensation polymerization was synthesized from ¢-camphoric acid.
This ¢-camphoryl dichloride had a negative specific rotation, but that pre-
pared by Toy4had a value of [a]D +14.0° (in benzene). Its optical rota-
tory dispersion were also measured (Fig. 1). Wredenllhas reported that
¢-camphoric acid was converted to a mixture of ;-camphoric acid ([a]D
+47.8° in EtOH) and ¢-isocamphoric acid ((o 1« —47.6° inEtOH) by heat-
ing with HCL.

To judge from the report, it would be thought that ¢-camphoryl dichlo-
ride was partially converted to ¢-isocamphoryl dichloride by hydrogen chlo-
ride produced by the reaction of moisture with dichloride when ¢-camphoryl
dichloride was distilled. Thus it is thought that the specific rotation be-
comes negative when the mixture is converted to ¢-isocamphoryl dichloride.

200 300 400 500 600
Anmu

Fig. 1. Optical rotatory dispersion of (a) ¢-camphoric acid and (b) camphoryl dichloride.
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The camphoric dichloride obtained was reacted with an aqueous solution
of sodium hydroxide. The camphoric acid recovered had [a]n —9.9° (in
EtOH), mp 173 ~ 175°C.

Anat. Caled for Ci«His0<: C, G0.0%; 11,8.0%. Found: C,02.0%; 11,7.2%.

The specific rotation of the material recovered clearly confirms that cZ-cam
phoryl dichloiide is partially converted to d-isocamphory! dichloride.

Poly (polymethylene Camphoramide) and Its Optical Behavior

The interfacial condensation polymerization of camphoryl dichloride with
polymethylenediamines (n = 2, 3,5, 6, 7, 9) were carried out by the method
of Morgan;D the reaction conditions and results are summarized in Table I.
No relationship between melting point or the specific rotation of these poly-
amides and the number of methylene was found.

TABLE |
Inlerfacial Condensation Polymerization of Camphoryl Dichloride with
Polymethylenediamines*

Number

Polyamides
of meth-
ylenes of vyield, Melting point, El,

Run  diamine % °C dl/gb 1“Joc [M],.
1 2 25 139-178 0.157 -17.1 -38.0
2 21 S1-123 0.052 -9.8 -23.3
3 21 102 149 0.074 -22.9 -60.9
4 6 28 127 111 0.100 -19.4 -54.3
& 7 27 119 161 0.102 -31.9 -93.8
a 9 27 121 170 0.182 -28.4 -91 .1

" Interfacial condensation polymerization was carried out at 0°C in benzene ILO with
NajCOj as a detergent. Diamine, 0.5 mole/l.; NaMth, 1.0 mole/h; dichloride, 0.5
mole/i.

b Measured in ethanol at 30°C.

cMeasured in ethanol at 21-22°C.

In order to investigate the relationship between the specific rotation and
the intrinsic viscosity of polyamides, interfacial condensation polymeriza-
tions of camphoryl dichloride with hexamethylenediamine were carried out.
Various poly(hexamethylene camphoramides) having intrinsic viscosities
in the range 0.055-0.184 were obtained by changing the mole ratio of hexa-
methylenediamine to camphoryl dichloride (Table I1). The relationship
between the specific rotation of (lie poly(hexamethylene camphoramides)
and the intrinsic viscosity is shown in Fig. 2. The specific rotation of poly-
amides increased markedly with increasing intrinsic viscosity over the range
of 0.05-0.10; on the contrary, at intrinsic viscosities higher than 0.10, the
specific rotation was independent of the intrinsic viscosity.
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Fig. 2. Relationship between the specific rotation and 1/[>j] for poly(hexamethylene

eamphoramide).

We have already reported22similar results; the specific rotation of poly-
/V-bornylmaleimide obtained by free-radical polymerization was dependent
upon the molecular weight, especially in the range of low molecular weight.
Schulz and Kaiser18also reported the specific rotation of polymers obtained
by free-radical polymerization was dependent upon its intrinsic viscosity.
It is thought that the specific rotation of these polymers is dependent upon

their endgroups.

Molar ratio
of hexa-

diamine to
camphoryl
Run dichloride

7 0.09

0.21
] 0.49
10™* 0.25
11 0.74
12 0.99
13 1.00
14 1.98
15 3.95
16 9.88

Yield,

31.4
70.3
33.1
S3.3
25,9
36.3
34.7
09.3
23.S
30.0

TABLE Il

Interfacial Condensation Polymerization of Camphoryl Dichloride with

Polymethylenediamines*

Melting
point,
°C

44-78
54-X1
68-99
91-94
87-128
110-138
128-131
130-167
154-196
132-182

Polyamides

bl,

dl/g" 1/[»1 [«In"
0.055 18.2 -5,5
0.050 20.0 —5.5
0.062 16.2 - 11.0
0.066 15.2 -13.0
0.073 13.7 - 12.2
0.079 12.7 -14.4
0.131 7.6 - 21.8
0.141 7.1 -20.4
0.184 5.4 -25.2
0.161 6.2 -20.4

[M b

-14.3
-14.3
-28.6
-35.4
-31.7
-37.4
—be.7
-53.0
-65.5
-53.0

*Interfacial condensation polymerization was carried out at 0°C in benzens-HjO
Na,C03 1.0 mole/s; dichloride 0.05

with the use of Na=Cos; diamine, 0.5 mole/!.;

mole/l.except as otherwise noted.

bMeasured in elhanol at 30°C.

OMeasured in ethanol at 26-27°C.

dDiamine, 0.17 mole/l.;

NajcOj, 0.33 mole/l.;

dichloride,

0.67 mole/l.
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Fin;. 3. Optical rotatory dispersion of poly(hexamethylene camphoramide): (a) run 16,
[2] = 0.161; (e)run 4, [i;] = 0.100; (c) run s, h] = 0.050.

The optical rotatory dispersion of poly(hexamethylene camphoramide)
are shown in Figure 3. The curves showed a negative Cotton effect and
fit a simple Drude equation. The average Acvalues was 265 mix

Copolyamides from Hexamethylenediamine with Camphoryl Dichloride
and Adipyl Dichloride

The reaction conditions and the results of the interfacial condensation
copolymerization are summarized in Table I1l. The copolyamides ob-
tained were white or pale brown powders. The copolyamides became fibrous
with increasing initial mole fractions of adipyl dichloride in the monomer
mixture. The melting point and intrinsic viscosity of the copolyamides in-
creased with decreasing mole fraction of the camphoryl group in the copoly-
mer (Fig. 4).

The melting point and intrinsic viscosity of the copolyamides were higher
than those of polymers obtained by melt or solution condensation poly-
merization.7 From the results that the relationship between the melting-
point and the molecular fractions became linear and did not reach a mini-
mum, it is thought that adipic acid and ¢-camphoric acid are isomorphous.

The melting point and intrinsic viscosity of the copolyamides obtained
were higher than those of polymers obtained by melt and solution condensa-
tion polymerization of nylon salts from hexamethylenediamine with ¢-cam-
phoric acid and adipic acid.7 The interfacial condensation polymerization
was not a reversible reaction and was carried out at low temperature, and
thus side reactions are minimized. It is found that the interfacial condensa-

sation polymerization is able to yield polymers having a high degree of
polymerization.
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nue fraction of canphayl it in total
addic unit of
Fig. 4. Relationship between the melting point of copolyamides and the mole fractions
(Mi) of camphoryl units in the total acidic units of copolyamide.

The molecular weight of the polymers obtained were estimated conven-
tionally by using Taylor’ equationX4for nylon 6 6:

M, = 13000 [¢]+®

The molecular weight of the polymer having [ij] = 0.59 was about 6300.

In order to determine the polymer composition the NMR spectra for
poly(hexamethylene adipamide) (Fig. 5a), copolyamide from hexamethy-
lenediamine with camphoryl dichloride and adipic dichloride (Fig. 5b) and
poly(hexamethylene d-camphoramide) (Fig. 5¢) obtained by the interfacial
condensation polymerization were measured in formic acid. As shown

TABLE Il
Interfacial Condensation Copolymerization of Hexamethylenediamine with
Camphoryl Dichloride and Adipyl Dichloride*

Copolymaides

Molar ratio
of cam- Molar ratio
phoryl di- camphoryl
chloride to Conver- units/adipyl  Melting
adipyl Yield, son, units in point, hi,
Run dichloride g % polymer °C dl/g1 [a]l/
21 10/0 0.83 145 10/0 145-147 0.079 -27.9
22 8/2 1.36 34.6 2.9/2 180-182 0.115 -14.7
23 6/4 1.87 47.4 2.714 197-198 0.231 - 8.1
24 5/5 1.81 46.9 1.8/5 198-200 0.252 -9.5
25 4/6 2.08 55.4 1.6/6 211-212 0.283 -7.8
26 2/8 2.26 62.8 1.2/8 21,5-217 0.458 -3.4
27 o/10 0.73 21.1 o/10 231-233 0.590 0.0

alInterfacial condensation polymerization was carried out at 0°C for 24 hr; hexameth-
ylenediamine, 0.304 mole71,; Na=COs, 0.304 mole/1.; total acid dichloride, 0.152 mole/l.

b Measured in 90% formic acid at 30°C.

cMeasured in 90% formic acid at 25°C.
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Fig. 5. Proton magnetic resonance spectra (60 Mcps) of (a) poly(hexamethylene
adipamide), (b) copolyamides (run 2" prepared from hexamethylenediamine with
adipyl dichloride and camphoryl dichloride; (c) poly(hexamethylene camphoramide).

in Figure 5¢ for poly(hexamethylene camphoramide), the proton signals due
to —NH— and a, /3 and y methylenes of the hexamethylenediamino unit
were observed at 3.5 t, 6.4 t, 8.6 t, and 8.6 r, respectively. The proton sig-
nals due to the a and /? methylenes of the adipyl unit were observed at 7.5
tand 8.3 r, respectively.

There were some differences (8.0-8.4r) between the NMR spectra of
polyamides obtained by melt or solution condensation polymerization and
those for polymers obtained by interfacial condensation copolymerization.7
Camphoryl dichloride prepared from d-camphoric acid with phosphorus
pentachloride was partially isomerized and converted to isocamphoryl di-
chloride. Therefore the NMR spectra of the polyamides obtained by inter-
facial condensation polymerization differed from those from melt or solu-
tion condensation polymerization.

The composition of the copolyamides was determined by the NMR spec-
tral analysis as described in a previous paper.7 The ratios of the intensity of
the methyl proton of the camphoryl group (8.8-9.1 r) to that of the «-pro-
ton of the —NH—of the hexamethylenediamino group (6.6 r) of the copoly-
amides of camphoryl dichloride and adipyl dichloride with hexamethylene-
diamine were calculated. The contents of camphoryl group in the copoly-
amides were determined by using these ratios on the basis of the relationship
to the mole fractions of camphoryl group in the mixture of poly(hexamethy-
lene adipamide) and poly(hexamethylene camphorylamide) and the ratios.

The relationship between the mole fractions (Mi) of camphoryl units in
the total acid unit of copolyamides obtained by the interfacial condensation
polymerization and the initial mole fraction (toi) of camphoryl units in the
mixture of acidic monomers is shown in Figure 6. A linear relation was not
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mi

Fig. G Relationship between the mole fractions (Mt) of camphoryl units in the total
acidic units of copolyamide and initial mole fractions (ini) of camphoric dichloride in the
mixture of camphoric dichloride and adipic dichloride.

found. It is suggested that adipvl dichloride is more reactive to hexa-
methylenediamine than camphoryl dichloride in the condensation copoly-
merization reaction.

Optical Behavior of Copolyamides

As shown in Table 1V, the copolyamides obtained by the interfacial con-
densation polymerization had negative optical activity. At each composi-
tion the specific rotation of the copolyamides depended linearly on the con-
tent of optically active units, as shown in Figure 7. The specific rotation of
the copolyamides increased with increasing mole fraction of camphoryl

TABLE IV
Specific Rotation of Polyamide in Various Solvents*

Poly (hexamet hylene Poly(camphoryl

camphoramide )b piperadine)

Solvents [«]dc [«In™ lI«]nc [«]!>"
Dimethviformamide -17.9 -13.3 -3.9 -2.9
Ethanol -19.4 -15.1 -1S -1.4
Methanol - 20.2 -16.1 -3.3 - 2.6
m-Cresol -20.4 -14.1 -4.7 -3.6
Formic acid -31.4 -24.3 —S.7 -6.7
Dichloroacetic acid -50.7 -36.6 -3.9 — .S

“Interfacial condensation polymerization carried out at 0°C in benzene-ILO with

NaoCCh as a detergent;
mole/w
b Run 4, Table I.

diamine, 0.5 mole/l.;

oMeasured at 25.6-26.5°C.
d [«ld = [«Id [3/(n2+ 2)].

NaaCCh, 1.0 mole/1.;

dichloride, 0.5
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nole fraction of canphoryl wnit in tol
addic unit o agpoiyarrickes
Fig. 7. Relationship between the specific rotation of copolyamides and mole fraction
(Mi) of camphoryl units in the total acidic units of copolyamide.

Fig. S. Optical rotatory dispersion of copolyamides obtained from hexamethylenedi-
amine with camphoric dichloride and adipic dichloride.

units.  This linear relationship for the copolyamides obtained by interfacial
condensation polymerization coincided very well with that for the copoiy-
amides obtained by melt and solution condensation polymerization.

A linear relationship between the specific rotation of copolymers having
optically active centers in the polymer main chain and the mole fraction of
optically active unit has been also reported by Downie et al. b

The optical rotatory dispersions of the copolyamides were negative and
fit a simple Drude equation (Fig. 8). The A values for the copolyamides
were 273-285 irifx and suggested the chromophore which caused optical ac-
tivity was the —NH—C =0 group.
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Effect of Solving on the Specific Rotation of the Polyamides
and Copolyamides

As shown in Table IV, the specific rotation of poly (camp] loryl piperazine)
did not show large variation in various kind of solvents. It is evident that

EtOH CHCIjCOOH
CHCIJCOOH Vol %

Fig. fl. Relationship between the specific rotation for polyfhexamethylene camphor-
amide) (run 4) and solvent composition.

GHjCICH;CI CHCIjCOOH
CHCI]COOH Vol %

Fig. 10. Relationship between the specific rotation for poly(hexamethylene camphor-
amide) and solvent composition: (O) run 4, [n#] = 0.100; (+) run 9, [t = 0.062.
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CHjCICHICI GHCIiCOOH
CHCIzCOOH Vol %
Fig. 11. Relationship between the specific rotation for various polymethylene cam-
phoramides) and solvent composition: (O)n = 9, () n = 6,and (9) n = o, wheren
denotes the number of methylenes of the diamine.

CHCIj CHCIzCOOH
CHCIzCOOH Vol %

Fig. 12. Relationship between the specific rotation of copolyamides and solvent com-
position: (O) run 22; (°*) run 24.

as poly(camphoryl piperazine) is not able to have intermolecular hydrogen
bonding, the specific rotations show similar values in any solvent. On the
contrary, the specific rotation of poly(hexamethylene camphoramide)
changed markedly, especially in dichloroacetic acid (Table 1V). It is
thought that poly (hexamethylene camphoramide) forms hydrogen bonds in
aprotic solvents such as dimethylformamide but in dichloroacetic acid the
hydrogen bonds are destroyed, and thus the specific rotation is low.

It has been reported1 Dthat some polyamides have a helical conformation
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in coil solvents such as chloroform or dichloroetliane. In order to investi-
gate whether the polyamides obtained could retain a helical conformation in
solution, the specific rotation of the polyamides was measured in dichloro-
acetic acid-ethanol (Fig 9) and dichloroacetic acid-dichloroethane mixed
solvents (Fig. 10). If the polyamides were to have a helical conformation,
the specific rotation would drastically change on addition of dichloroacetic
acid, which is a polar sowent and destroys the hydrogen bonding of poly-
amides. As shown in Figures 9 and 10, the absolute value of the specific ro-
tation for the poly (hexamethylene camphoramide) increased linearly with
increasing the addition of dichloroacetic acid, and did not change dramati-
cally. Thus itisthought that the polyamides do not have a helical confor-
mation in EtOH or dichloroetliane.

No difference between the behavior of the specific rotation in mixed sol-
vent of poly(hexamethylene camphoramides) of different molecular weights
was found, as shown in Figure 10.

The solvent effects of some poly (methylene camphoramides) were mea-
sured; results are shown in Figure 11.  In spite of the difference in the num-
ber of methylenes, the specific rotations in mixed solvent showed similar
behavior.

It is evident from these results that the poly(hexamethylene camphor-
amide) aud other poly (methylene camphoramides) do not have a helical
conformation in ethanol or dichloroetliane.

As shown in Figure 1', a linear relationship between the specific rotation
for the copolyamide and the addition of chloroform was obtained. It is
found that the copolyamides also do not have a helical conformation in
chloroform.
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/-Ray-Induced Polymerization of a-Haloacrylic Acids

HARUHIKO WATANABE and MASAO MURANO,
Katata Research Institute, Toyobo Co. Ltd., Otsu, Japan

Synopsis

The 7-ray induced polymerizations of a-chloroacrylic acid, mp 66 °C, and a-bromo-
acrylic acid, mp 7'2°C, were investigated in the temperature range from 35°C to 85°C.
An analysis of polymerization kinetics was made, and results were similar to those re-
ported in the literature for other vinyl monomers. On heating of the polymer ob-
tained, elimination of hydrogen halide takes place, and intramolecular lactone formation
is observed. The rate of lactone formation of poly(a-chloroacrylic acid) obtained in
the solid-state polymerization was found to be higher than that in the liquid state,
because a highly isotactic configuration of polymers tends to be formed in the solid-state
polymerization, and elimination of hydrogen chloride is facilitated with an isotactic fx
helix structure.

Introduction

The radiation-induced polymerization of acrylic acid has been reported
in the literature.1 Morawetz et al. have demonstrated that the poly(meth-
acrvlic acid) obtained in the solid-state polymerization is highly isotactic.2
In the present study, the radiation-induced polymerization of a-chloro-
acrylic acid and a-bromoacrylic acid was carried out in the temperature
range above and below the melting point of the monomers, at an intensity of
5 X 104r/hr. The structure and configuration of the polymers obtained
were elucidated from the infrared absorption spectra and the NMR. The
configuration of the polymer obtained in the solid-state polymerization was
distinguished from that of polymer obtained in the liquid state.

Experimental

a-Chloroacrylic acid and a-bromoacrylic acid were prepared by the halo-
génation of methyl acrylate, successive dehydrohalogenation, and hy-
drolysis with barium oxide.3 The monomers were purified by recrystalliz-
ing three times from petroleum ether solution. The monomers were then
dried in a vacuum desiccator, yielding pure white crystalline compounds:
a-chloroacrylic acid, mp 6G°C, and a-bromoacrylic acid, mp 72°C. Then
i()(-mg. portions of these monomers were sealed under high vacuum in glass
ampoules and irradiated by y-rays from a 1000-Ci 8Co source. Irradia-
tions were performed at do-85°C at intensities of 5 X 104r/hr. The poly-
mer was isolated by rapid extraction of the residual monomer with dry
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ether. The infrared measurements were taken as Nujol paste, and the
NMR spectra were measured in pyridine solution at S0°C.

Results and Discussion

Polymerization studies of a-chloroacrylic acid and a-bromoacrylic acid
initiated by y-rays were performed at temperatures above and below the
melting points of the monomers. Figure 1shows yields for polymerization
of a-chloroacrylic acid in the temperature range of 35°C to 74°C and Figure
2 indicates data for polymerization of a-bromoacrylic acid from 35°C to
85°C. An Arrhenius plot is presented in Figure 3. The vertical dotted
lines indicate the melting point of the two monomers, where the rates of
polymerization were changed abruptly. Figure 4 shows the effect of the
monomer crystalline structure and of the air on the polymerization rate.
It was found that the rate of polymerization of crystals shock-cooled at
—196°C is larger than that for crystals made by recrystallization from the
petroleum ether solution. In the solid state (below the melting point) the
rate of polymerization is not very sensitive to air, that is, the time-conver-
sion curve for solid-state polymerization in the presence of air and at high
vacuum are nearly identical; however, no polymerization takes place in the
presence of air in the liquid state as shown in Figure 4. The results men-
tioned above are the same as those for vinyl compounds having melting-
points above room temperature.l1

When the obtained poly(a-chloroacrylic acid) and poly(a-bromoacrylic
acid) were heated, elimination of hydrogen chloride or hydrogen bromide
was observed, and the formation of polymers is assumed as shown in eq. (1).

0 0
COOH cl COOH I I
1 1 1 c— 0 c— 0
-c— CH,-— C—CH,
cl COOH cl 7
Poly(-d-chloroacrylic acid) 0
| —HC1 \ ~ HCI Butyrolactone
0
! —c--CH—c —
------ —0
| | c=0 0
C—CH
I O é:O
o J— _
¢ —C—-CH—G—
6 Crosslinking
Dilactone

The resulting polymer, having evolved up to 40% hydrogen halide, is soluble
in methanol. It is expected that the intermolecular crosslinking reaction
does not occur, and the dilactone structure indicated could not be assumed
from the restrictions on the bond angles of C and 0 atom. It is considered
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IRRADIATION TIME ( Hour)

Fig. 1. 7-llay-induced polymerization of a-chloroacrylic acid in vacuo at 5 X 10'r/hr.

Fig. 2. 7-llay-induced polymerization of a-bromoacrylie acid in vacuo at 6 X 10ir/hr.

Fig. 3. Arrhenius plots of 7-ray-induced polymerization of «-lialoacrylic acids:
(— O—) a-chloroacrylic acid (activation energy 3.8 kcal/mole in the liquid state, 10.3
kcal/mole in the solid state); (— <+ — ) a-bromoacrylic acid (activation energy 12.2 kcal/-
mole in the liquid state, 12.1 kcal/mole in the solid state).
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IRRADIATION TIME (Hour)

Fig. 4. y-Itay induced polymerization of a-bromoacrylic acid at 5 X 104r/hr: (— 0—)
crystals slowly grown in vacuo; (— 9 — ) crystals slowly grown in air; (— e+ — ) crystals
shock-cooled (—196°C) in vacuo; (— O— )liquid state in air.

Fig. 5. Change of infrared absorption spectra of poly-(a-chloroacrylic acid) on heating:
(G )Poly-a-ehloroacrylic acid (— ) heating 156°C, 6 min; (- ) healing 206°C, 25 min.

on the basis of the results of infrared spectra, solubility, and polymer struc-
ture that the y-butyrolactone ring formation reaction is facilitated, at least
at the initial stage of the reaction. Figure 5 shows the infrared absorption
spectra of polymers formed. An absorption of 1725 cm-1 attributed to the
carboxyl group is converted quantitatively to the 1785 cm-1 absorption of
the y-butylolactone carbonyl group with heating.

Figure 6shows the lactone yield determined by infrared absorption spectra
of poly(a-chloroacrylie acid) and poly (a-bromoacrylic acid) at 156°C in
air.  The rate of lactonization of poly (a-bromoacrylic acid) is several times
larger that of poly(a-chloroacrylic acid). Even at room temperature, hy-
drogen bromide is gradually eliminated from poly(a-bromoacrylic acid),
and the lactone structure is formed slowly. Hydrogen bromide is so fast
liberated from polymer that poly (a-bromoacrylic acid) is unsuitable for in-
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Fig. 6. Rate of lactonization of poly(a:-chloroacrylic acid) and poly(a-bromoacrylie
acid) at 156°C: (— O— ) poly(a-chloroacrylic acid) (80°C, 5 X 104r/hr, 56 min, yield
16.3% ); (— *— )poly(a-bromoacrylic acid) (S0°C, 5 X 104r/hr, 56 min, yield 41.5% ).

Fig. 7. Rate of lactonization of poly(a-chloroacrylie acid) (The value« in the figure
represent heating temperature): (— O— ) polymer obtained in the solid state (55°C,
5 X It)4r/hr, 4.5 hr, yield 17.5% ); (— *— ) polymer obtained in the liguid state (88°C,
5 X 104r/hr, 30 min, yield 12.5% ).

vestigating the kinetics of the lactonization reaction. The rate of lactone
formation of polymers obtained in the solid state is compared with that of
polymer formed in the liquid state at various temperatures, as shown in Fig-
ure 7; the rate of lactonization of polymer in the solid state is greater than
that in the liquid state. It is considered that the rate of lactonization is
influenced by the degree of polymerization and the microstructure of re-
sulted polymer. It was difficult to determine the molecular weight of
poly (a-chloroacrylie acid) directly by viscometry so that this polymer was
esterified with diazomethane and transformed to poly(a-chloromethyl acry-
late), dissolved in chloroform, and intrinsic viscosity measured at 30°C.
Figure 8 shows the relationship between rate of lactonization and the intrin-
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HEATIUG TIME (Min.)

Fig. S. Relationship between intrinsic viscosity and lactone yield of poly(«-chloro-
acrylic acid): (— O— ) polymer obtained in the solid state (50°C, 5 X 104r/hr, 3 hr,
yield 6.0%, [ij] = 1.0); (— I— ) polymer obtained in the solid state (50°C, 5 X 104
r/hr, 45 hr yield 64%, (7h = 2.2); (— « — )polymer obtained in the liguid state (74°C,
5 X 104r/hr, 1.5 hr, yield 24%, [,] = 2.2).

0 20 40 60
POLYMER YIELD (%)

Fig. 9. Relationship between intrinsic viscosity and polymer yield: (— O— ) polymer

obtained in the solid state; (— « — ) polymer obtained in the liquid state.

sic viscosity of polymers obtained in the solid and the liquid state. It is ob-
vious that the rate of lactonization of polymers obtained in the solid state is
larger than that of polymers formed in the liquid state at same degree of
polymerization. Thus the difference of lactone yield between two poly-
mers is attributable to the polymer structure and not the degree of poly-
merization. Figure 9 shows intrinsic viscosity of the methyl esters of poly-
(a-chloroacrylic acid). The molecular weight is proportional to yield of
polymerization in the solid state, as reported in the solid-state polymeriza-
tion of acrylamides,8 however, in the liquid-state polymerization, intrinsic
viscosity decreases with increasing polymer yield.

The polymer configuration was studied by the use of an NMR technique-
To obtain a homogeneous solution for NMR measurement, poly(a-chloro.
acrylic acid) was esterified as mentioned above to give poly(a-chloromethyl
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50C5d0rhx22h  74°C SdovikdSOnin
Yild 28-5%,(1) 13 Yidd 42%,0il 18

3.0 ppm 2.0 3.0 ppm 2.0

Solid State Polymerization Liquid State Polymerization

Fig. 10. N M R spectra of poly(a-chloromethyl acrylate) in pyridine at SO°C, obtahfed

from ethyl ester of poly(<*-chloroacrylic acid).

Isotactic Poly-4 -chloroaci-ylic Acid

Syndiotactie Poly-d- chloroacrylic Acid

Fig. 11. Projection of the !ij helix of isotactic and syndiotactie poly-a-chloroacrylic acid.

Dolled lines show the direction of hydorgen chloride elimination.

acrylate). The stereo regularity of poly(methyl methacrylate) was investi-
gated by NMR spectra of the methyl group,5whereas poly(a-chloromethyl
acrylate) has no methyl group in the a-carbon atom. The degree of stereo-
regularity of poly(«-chloromethyl acrylate) could not be determined di-
rectly; however isotactic and syndiotactie configuration could be distin-
guished by the effect of methylene group. In the chloroform solution we
found no difference in NMR spectra between these two type polymers,
whereas good distinction were made in pyridine solution. Figure 10 shows
typical spectra for pyridine solution at 80°C of poly(a-chloromethyl acry-
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late) prepared from poly(a-chloroacrylic acid). The methylene group
appears at 2.0-3.0 ppm in spectra of polymers obtained both in solid and
liquid state and is affected by the chain conformation. Polymers prepared
in the solid state show four prominent peaks, the other peak being less sharp.
From the theoretical point of view the methylene protons in the isotactic
configuration would be expected because of the effect of the carbonyl group,
to be an AB quartet; and the magnetic equivalence of the methylene pro-
tones in syndiotactic configuration could be expected to appear single peak.
That is, poly(a-chloroacrylic acid) prepared in the solid state is thought to
be predominately in an isotactic configuration.  This result agrees with the
difference between the configuration of poly(methacrylic acid) prepared in
the solid and liquid state.2

Considering the planar zigzag structure, the syndiotactic configuration
should have advantage for lactone formation, whereas poly(a-chloroacrylic
acid) would be expected to be in a 52helix, being similar to poly(methyl
methacrylate)6; lactone formation is facilitated by the isotactic configura-
tion, as shown in Figure 11

In the case of polymerization of methaerylic acid salt,7the degree of iso-
tactic configuration decreases with increasing polymer yield. Because of
the difficulties of determining the extent of isotactic configuration of poly-
(a-chloroacrylic acid), the dependence of isotactic configuration on the poly-
merization time can not be obtained. As shown in Figure 8, the rates of
lactonization are nearly equal in the initial heating stage for polymer ob-
tained in the initial polymerization time and final polymerization time;
however, in the final heating stage, the lactone yield of the polymer obtained
in the final polymerization time becomes smaller compared with that ob-
tained in the initial polymerization time. Because of reasons mentioned
above, it is assumed that the degree of isotactic configuration decreases
with polymerization time.
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Thermal Degradation of Poly (alkyl Acrylates). .
Preliminary Investigations

N. GRASSIE and J. G. SPEARMAN,*
Department of Chemistry, Vniversity of Glasgow, Glasgou’ W.2, Scotland

Synopsis

A qualitative survey of the thermal degradation reactions which occur in poly(ethyl
acrylate), poly(n-propyl acrylate), poly (isopropyl acrylate), poly(n-butyl acrylate) and
poly(2-ethylhexyl acrylate) has been made by using three thermal analytical methods:
thermogravimetric analysis (TG A), thermal volatilization analysis (TVA), and the dy-
namic molecular still (DM S), all combined with infrared and mass spectrometry.
Degradation in poly(isopropyl acrylate), which is a secondary ester, becomes discernible
at 260°C and proceeds in two stages. The other four polymers, which are all primary
esters, are more stable. They degrade in a single-stage process starting at 300°C. The
principal volatile products from the prim ary esters are carbon dioxide and the olefin and
alcohol corresponding to the alkyl group. A roughly equivalent quantity of short-chain
fragments is also formed. From poly(isopropyl acrylate), carbon dioxide and propyl-

ene are the only volatile products in (he first phase of the reaction.

In spite of the fact that the chemical structures of polyacrylates and poly-
methacrylates are so similar, early work suggested that there was a wide di-
vergence in their general thermal degradation characteristics. Thus poly-
(methyl methacrylate) gives quantitative yields of monomerlwhile the pre-
dominating product from poly (methyl acrylate) is a mixture of large chain
fragments.2 In general terms, this was interpreted as being due to the fact
that while the initially formed radicals of polv(methyl methacrylate) de-
propagate in a reverse polymerization process, poly(methyl acrylate) radi-
cals preferentially undergo inter- and intramolecular transfer reactions. It
came to be assumed that polymethacrylates and polyacrylates all behave
typically in these two distinct ways.

Subsequently, the thermal degradations of other members of the two se-
ries were examined in considerable detail. In particular it was observed that
while poly(n-butyl methacrylate) yields appreciable amounts of monomer,
the reaction is by no means quantitative. Monomer production ceases at
30~d0% conversion,3and at higher temperatures a complex series of reac-
tions occurs in which there is evidence of decomposition of the pendant ester
group to give products like butene, methacrylic acid, and anhydride. The
behavior of the polyacrylates as a group was also recognized to be more com-

*Present address: Department of Chemistry, Lhiiversity of Mainz, Mainz, West
Germany.
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plex than originally envisaged. More careful analysis revealed ester de-
composition products like carbon dioxide and the corresponding olefins and
alcohols as well as traces of monomer.2 The behaviorsof the two series were
observed to coincide in the ¢erf-butyl esters, both of which undergo almost
guantitative ester decomposition to isobutene and acrylic and methacrylic
acids, respectively.4'5

Clearly there is considerable overlap in the thermal degradation behaviors
of the two series of polymers, and the purpose of the detailed investigation of
a series of poly(alkyl acrylates) which is described in the present series of
papers is to provide information which will ultimately allow a unified pic-
ture to be presented of the thermal degradation behaviors of these two
closely related series of polymers and to correlate the reactions which occur
with the structures of the polymers.

EXPERIMENTAL

Preparation of Polymers

Ethyl acrylate (B.D.H. Ltd.), m-butyl acrylate (Koch Light Labora-
tories Ltd.), and 2-ethyl-hexyl acrylate (Union Carbide Ltd.) were available
commercially. »¢-Propyl and isopropyl acrylates were prepared by the
method of Rehberg and Fisher,67 which involves ester exchange between
methyl acrylate and the appropriate alcohol in presence of a strong acid as
catalyst.

The polymerization initiator, azobisisobutyronitrile (Kodak Ltd.), was
recrystallized from methanol. The solvents were the corresponding alkyl
acetates (Analar grade) except in the case of 2-ethylhexyl acrylate, for which
benzene (Analar) was used.

Al solvents and monomers were dried over calcium chloride followed by
calcium hydride. All except 2-ethylhexyl acrylate were degassed by the
conventional freezing and thawing technique after which the solvents were
distilled once and the monomers twice, under vacuum, to remove all traces
of inhibitor, into a calibrated reservoir. 2-Ethylhexyl acrylate was too in-
volatile for distillation under high vacuum at ambient temperature. It was
distilled under reduced pressure (85°C/0.S cm Hg) directly into the poly-
merization vessel and degassed as above.

TABLE |
Polymerization Data
Initiator Monomer Molecular
concn, % concn, % Conversion, weight
Ester (w/v) (v/v) % X 101
Ethyl 0.252 20.0 14 0.87
n-Propyl 0.097 19.4 9 2.30
Isopropyl 0.105 18.4 9 0.65
Butyl 0. 105 20.5 10 1.15

2-Ethylhexyl 0. 110 17.3 10 0.253
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Appropriate amounts of initiator, solvent, and monomer were introduced
into dilatometers which were sealed under vacuum. Polymerizations were
carried out at 40 £ 0.1°C to a relatively low conversion. The polymers
were precipitated twice by methanol and finally freeze dried from benzene
solution. Polymerization data are summarized in Table I.

Preparations were designed to produce polymers with molecular weights
of the same order of magnitude. Results in the last column of Table I indi-
cate that this was only partially successful, but, on the other hand, results of
subsequent degradation experiments give no reason to suspect that molecu-
lar weight differences of this magnitude will have any significant influence on
the ultimate conclusions drawn from this work.

A sample of poly (methyl acrylate) was supplied by Dr. I. C. McNeill.

Molecular Weights

Number-average molecular weights were measured by means of a Hew-
lett-Packard high speed membrane osmometer.

Thermal Analysis

The technique of thermal volatilization analysis (TVA) has been de-
scribed by McNeill.8 Samples of polymer (50 mg) were heated at 10°C/min
under vacuum from ambient temperature to ">00°C, the pressure of volatile
products evolved being continuously monitored by means of four Pirani
gauges associated with traps at 0, —45, —75, and —100°C.

Thermal gravimetric analyzes (TGA) were obtained by using the DuPont
950 thermogravimetric analyzer. Samples (10 mg) were heated at 10°C/
min from ambient temperature to 500°C in an atmosphere of nitrogen
(oxygen-free).

The dynamic molecular still (DMS) was a modified form of that originally
devised by Grassie and Melville.9 This provides a convenient and rapid
method for the separation and estimation of the three main types of degra-
dation products, namely, products volatile at ambient temperature, chain
fragments volatile at degradation temperatures, and involatile residue.

Mass Spectrometry

(Meass spectra of volatile products were obtained by using an A.E.l. IMB
10 instrument and an LKR 9000 combined gas-chromatograph mass spec-
trometer. A 10% dinonyl phthalate chromatographic column was used.

Infrared Spectroscopy

Infrared spectra were recorded on a Unicam SP 100 spectrophotometer.

RESULTS AND DISCUSSION

Before embarking on a quantitative study of the thermal degradation of
polyaerylates, it is necessary to determine the temperature range in which
reaction occurs at a conveniently measurable rate. It is also important to
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obtain a qualitative knowledge of the degradation products so that methods
may be devised for their quantitative analysis. The present paper de-
scribes how this was achieved principally by the application of three thermal
analysis techniques: the dynamic molecular still (DAIS), thermal volatili-
zation analysis (TVA), and thermal gravimetric analysis (TGA), coupled
with infrared and gas chromatography-mass spectrometric (GC-MS)
measurements.

Thermal Volatilization Analysis

TVA thermograms of the polymers under investigation, and of a poly-
(methyl acrylate) sample for comparison purposes, are illustrated in Figures
1-6. It is immediately clear that poly (isopropyl acrylate), which is a sec-
ondary ester, behaves differently from the other polymers, which are all
primary esters. Volatilization is discernable in poly (isopropyl acrylate) at
260°C, building up to a maximum at 355°C. A secondary peak occurs at
442°C, and volatile products are still being evolved at 6000C. The other
five polymers exhibit a single main peak followed by a low plateau. They
are also more stable, volatilization becoming appreciable at 300°C in all but
the methyl ester and reaching a maximum in the range 405-415°C. The
methyl ester is appreciably more stable than the others with a threshold at
325°C and a maximum at 438°C.

Thermogravimetric Analysis

TGA thermograms for the ethyl, n-propyl, isopropyl, and «.-butyl esters,
illustrated in Figure 7, confirm the information derived from TVA. The
volatilization of poly (isopropyl acrylate) is obviously a two-stage process
beginning at 265°C and leaving an 8% residue at 500°C. The other three
polymers degrade in a one-stage process beginning at 300°C and leaving less
than 5% of residue at 500°C. The thermograms for the ethyl and n-propyl
esters are identical.

Dynamic Molecular Still

In view of the close similarity in the behaviors of most of the polymers as
revealed by TVA and TGA, these preliminary dynamic molecular still in-

TABLE 11
Molecular Still Degradation Data for Poly(n-butyl Acrylate)

Weight, % of original

Molecular
Total Soluble Short-chain weight of
Temp, °C residue residue fragments Volatiles soluble residue

290 83.2 60.7 121 4.7 32,800
300 61,5 51.9 20.4 18.1 19,500
313 39.5 29.4 28.6 31.9 11,200
324 141 0 41.8 44.1 Insoluble
347 9.0 0 40.8 50.2 Insoluble

355 10.5 0 43.5 46.0 Insoluble
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Fig. 1. TVA thermogram of poly(methyl acrylate) at various trap temperatures: (----)
0°C; (--) -45° and -75°C; (--) -100°C.

Fig. 2. TVA thermogram of poly(ethyl acrylate) at various trap temperatures: (------ )
0 and —45°C; (— ) —75°C; (-—-) —100°C.

vestigations and the identification of the products were concentrated on a
single polymer, namely poly(w-butyl acrylate). In order to achieve a wide
range of extents of volatilization reactions were carried out at increasing
temperatures for a standard time of 2 hr.  Approximately 200 mg of poly-
mer was used in each experiment. Data are presented in Table 1.  Some
of these results are illustrated in Figure 8.
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Fig. 3. TVA thermogram of poly(n-propyl acrylate) at various trap temperatures:
(—-- )0and —45°C; (--) -75° and -100°C.

Fig. 4. TVA thermogram of poly(isopropyl acrylate) at various trap temperatures:
(- )0, -45, and -100*0; (--) -75°C.

Identification of Products

The volatile products from the experiments summarized in Table 11 were
analyzed by mass spectrometry. The spectra did not change significantly
with extent of reaction. Figure 9A shows the spectrum of the products ob-
tained at 355°C. It can be accounted for qualitatively in terms of a mix-
ture of C02 1-butene, and n-butanol, the spectra of which are illustrated in
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Fig. 5. TVA thermogram of poly(n-butyl acrylate) at various trap temperatures: (------ )
Gaud -45°C; (--) -7.3 and -100°C.

Fig. 6. TVA thermogram of polv(2-ethylhexyl acrylate) at various trap temperatures:
(------ ) 0°C; (— )"—45°C; (---) -7.3°C; (— ) -100°C.

Figures 9B, C, and D, respectively. The infrared spectrum of the most
volatile fraction of the volatile products is illustrated in Figure 10, and the
assignment of the peaks demonstrates that it can be accounted for satisfac-
torily as being composed principally of a mixture of GO? and butene. The
less volatile fraction of Ihe volatile products was analyzed by using GC-MS.
The GC-MS chromatogram is shown in Figure 11. The GC-MS mass spec-
tra allowed peaks 1-4 to be assigned to chloroform (solvent), «-butanol,
«.-butyl acrylate, and «-butyl methacrylate respectively. The mass spectra
of the higher molecular weight products were difficult to analyze because,
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Fig. 7. TGA thermograms for (A) poly(ethyl acrylate): (IS) poly(re-propyl acrylate):
(C) poly(re-butyl acrylate); (D) poly(isopropy! acrylate).

Fig. 8. Extent of degradation of poly(n-butyl acrylate) in 2 hr at various temperatures
in the dynamic molecular still: () total weight loss; (A) products volatile at room tem-
perature; (m) short-chain fragments.

involving esters, they rarely gave a significant parent peak and because
peaks above mass 200 were difficult to assign with absolute certainty.

However, Table 11 lists the main peaks of the more important of the later
TABLE 11l
Chromatographic Peak Main mass spectrum peaks
5 134, 117
6 356, 26S, 73
7 428, 341, 73
8 502, 415, 281, 147, 73
9 407, 327, 156, 18
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Fig. 9. Mass spectra of: (A) volatile products of degradation of poly(n-butyl acrylate)
at 350°C; (B) carbon dioxide; (C) 1-butene; (D) n-butanol.

Fig. 10. Infrared spectrum of the most volatile products of degradation of poly(n-
butyl acrylate).

Retention Time, min.

Fig. 11. GC-MS chromatogram of less volatile fraction of the volatile products of de-
gradation of poly (re-butyl acrylate).

components in the cliromatogram. The appearance of a large peak at mass
73 in three of these spectra would indicate that these components contain
butyl ester groups which lose CH3—('1L—CH2—CH2—0+ ions. Compo-
nent 5 has a large parent peak and is thus probably aromatic in character,
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possibly an impurity in the toluene used ‘as solvent to cast the polymer
film.

The TVA trace for poly(?r-butyl acrylate) in Figure 5is in accord with the
occurrence of butene, carbon dioxide, and butanol as the principal volatile
products of degradation. The Pirani gauges associated with each of the
traps are so adjusted that the responses are identical if the products are not
condensed or retarded on passage through the traps. Thus all three prod-
ucts pass through the traps at 0 and —45°C, while butanol is condensed at
—75 and —100°C. The difference between the two curves is associated
with the butanol content of the products. The close similarity between the
TVA thermograms of the n-butyl and n-propyl esters suggests that an ex-
actly analogous set of products, namely, carbon dioxide, propylene, and
propanol, are obtained from poly(n-propyl acrylate). Ethanol, on the
other hand, is known to be only retarded, not efficiently condensed, at
—75°C, resulting in separation of the —75 and —100°C traces. In the
thermogram of poly (methyl acrylate) there is a separation of the 0 and
—45°C traces, although the —45 and —75°C traces are coincident. From
this polymer it is known that carbon dioxide and methanol are the principal
volatile products,6s0 it seems that methanol, in spite of its slightly higher
vapor pressure than ethanol at —45°C, is being retarded at this tempera-
ture. Although the single peak in the same temperature range in the ther-
mogram of the 2-ethylhexyl ester suggests a similar degradation mechanism
with analogous products, their wider range of volatilities accounts for the
complete separation of all four traces.

In the TVA thermogram of poly(isopropyl acrylate) all four traces are co-
incident throughout, indicating that all volatile products in both phases of
the reaction are volatile, even at —100°C. In contrast to the other poly-
mers, therefore, there can be no alcohol formed which would cause separa-
tion of the 0 and —45°C peaks. Infrared and mass spectral measurements
demonstrate that propylene and carbon dioxide are the only volatile prod-
ucts. There are other major differences between the degradation behaviors
of poly (isopropyl acrylate) and the primary esters of which the most strik-
ing is the fact that chain fragments, which are the major product from the
primary esters are not formed from the isopropyl ester.  This fact, together
with TVA evidence, suggests that the first phase of the reaction consists of
ester decomposition of individual units followed, in the second phase, by the
complete disintegration of the residue to highly volatile small molecules.

CONCLUSION

Thermal analysis has demonstrated that poly (isopropyl acrylate), a sec-
ondary ester, degrades at a lower temperature and in a different manner from
the polymers of methyl, ethyl, «-propyl, «-butyl, and 2-ethylhexyl acrylates,
which are all primary esters. These experiments also suggest that a tem-
perature of approximately 265°C would be most suitable for an isothermal
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study of the thermal degradation of poly (isopropyl acrylate) while 315°C
would be more appropriate for the primary esters.

In order that a detailed study of the mechanisms of these reactions might
be carried out it was necessary to devise methods for the efficient separation
and analysis of the complex variety of products and of the residue. In-
vestigations of the primary esters and of the isopropyl ester are described,
respectively, in the second and third papers of this series.1011

One of the authors (J.G.S.) Is grateful to the Science Research Council for a research
scholarship.
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Thermal Degradation of Poly (alkyl Acrylates).
Il. Primary Esters: Ethyl, n-Propyl,
n-Butyl, and 2-Ethylhexyl.

N. GRASSIE, J G. SPEARMAN, and T. |. DAVIS*
Department of Chemistry, University of Glasgow, Glasgow W.2, Scotland

Synopsis

Quantitative analyses of the products of thermal degradation of poly(et,hyl acrylate),
poly(ra-propyl acrylate), poly(»-butyl acrylate) and poly(2-ethylhexyl acrylate) have
been made, principally by the combined application of GLC and mass and infrared
spectroscopy. Data are recorded in mass balance tables. The major gaseous products
are carbon dioxide and the olefin corresponding to the ester group. The minor gaseous
products include the corresponding alkane, the alkane/olefin ratio being of the order of
10-2-10-3, and traces of carbon monoxide and hydrogen. The alcohol corresponding to
the alkyl group is the major liquid product but there are also traces of monomer and the
corresponding methacrylate. Alcohol production exhibits autocatalytic properties.
The chain fragment fractions of the products are colored yellow and have average chain
lengths of 3.2, 3.3, 3.6, and 5.6 for the ethyl, ra-propyl, n-butyl and 2-ethylhexyl esters,
respectively. The infrared spectra are similar to those of the parent polymers but
with well defined differences. Insolubility develops in the ethyl, n-propyl, and n-butyl
esters, but the residual material from poly(2-ethylhexyl acrylate) remains soluble even
at very advanced stages of degradation. All of these products and reaction character-
istics are accounted for in terms of radical reactions with a unique initiation step.

In the previous paperlit has been shown that there is a close similarity
between the thermal degradation behaviors of four poly(primary alkyl
acrylates), namely, the ethyl, n-propyl, n-butyl, and 2-ethylhexyl esters.
Thus they all degrade at approximately the same temperature in a one-stage
process, and the general pattern of volatile products is similar. In this
paper more detailed analyses of the products of reaction are described and
mechanisms of degradation discussed.

EXPERIMENTAL

Polymers

The polymers used were these described in the previous paper.1

*Present address: Department of Chemistry, University of Mainz, Mainz, West
Germany.
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Degradation Techniques

In the previous paperlthe use of the dynamic molecular still technique for
a preliminary separation of reaction products was described. Grassie and
Bain2have discussed its shortcomings when the separation is to be followed
by a detailed product analysis and have described an alternative method,
the “sealed tube” method,3which was particularly successful for the separa-
tion of the products of degradation of styrene-acrylonitrile copolymers.
This method was found to be readily adaptable to the acrylate polymers and
was used throughout the investigations described in this paper.

Degradations were carried out at a standard temperature of 315°C, over a
range of reaction times, on 100-mg samples of polymer. Products were sep-
arated into five fractions, namely, residue, chain fragments, liquids, con-
densable gases, and non-condensable gases.

Gas Liquid Chromatography (GLC)

GLC analyses were carried out by using a Microtek 2000 R research
chromatograph with a flame ionization detector. A 10% dinonyl phthalate
column was normally used, but. silica gel and 40%o silver nitrate-benzyl cy-
anide columns were used for gases other than carbon dioxide and the olefins,
and a 1% Carbowax 20M column was used for the higher molecular weight
products.

Molecular Weights

Number-average molecular weights were measured by means of Hewlett-
Packard high-speed membrane and vapor pressure osmometers.

Spectral Measurements

Mass and infrared spectra were recorded as in the previous paper,land
ultraviolet spectra by using a Unicam SP S00 instrument.

Sol-Gel Separation

The residual polymer was allowed to stand overnight in 10 ml of toluene.
Sol and gel fractions were separated by filtration and estimated by drying
to constant weight.

RESULTS

Major Gaseous Products

The major gaseous products were shown in the previous paperlto be car-
bon dioxide and the olefin corresponding to the ester group in the polymer,
except in the case of the ethylhexyl ester, when carbon dioxide alone ap-
peared in this fraction. The olefin, being less volatile, in this case appears
among the liquid products. Analysis was carried out by the combined
application of a constant volume manometer and infrared spectroscopy.
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U

Fig. 1. Production of (A) carbon dioxide, (m) ethylene, and (¢) ethanol during degrada-
tion of poly(ethyl acrylate).

Fig. 2. Production of (A I carbon dioxide (m) propylene, and (¢) K-propanol during
degradation of poly(n-propyl acrylate).

Fig. 3. Production of (A) carbon dioxide, (m) 1-butene, and (¢) ra-butanol during de-
gradation of poly(»-but.yl acrylate).
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Fig. 4. Production of (A) carbon dioxide (m) 2-ethyl-l-hexene, and (¢) 2-ethyl-I-
hexanol during degradation of poly (2-ethyl-hexyl acrylate).

The data are recorded in the mass-balance tables (Tables I-1V) and Figures
1-4 illustrate the course of the reaction in terms of the proportions of mono-
mer units involved. The amounts of carbon dioxide produced from the
ethyl, »j.-propyl and »j.-butyl esters are similar. Only about one third as
much is liberated from the 2-ethylhexyl ester. The amounts of olefins pro-
duced seem to vary as the number of /3-hydrogen atoms in the alkyl group.
Thus most is produced from the ethyl ester and least from the 2-ethylhexyl
ester, while the »».-propyl and »j-butyl esters behave similarly in this respect.
From each polymer the molar ratio of olefin to carbon dioxide is of the order
of unity over an appreciable part of the reaction.

TABLE 1
Mass Balance Table for Degradation of PolyfEthyl Acrylate) at 315°C
for Various Lengths of Time

Products, wt-% of initial polymers

1h- 2 hr 4 hr 8 hr 16 hr 32 hr
Residue 9S.0 92.9 83.4 67.2 45.4 38.0
Insoluble 44.2 31.1 39.0 12.8 33.1 30.1
Soluble 49.S 00.8 45.6 50.8 7.2 5.1
Chain fragments 2.1 3.8 4.7 9.3 14.3 15.3
Total liquids 0.4 1.0 6.3 15.0 254 26.7
Alcohol 0.3 0.9 3.5 12.0 20.2 22.4

Monomer 0.00 0.02 0.18 0.19 0.26 0.32

Methacrylate 0.00 0.02 0.05 0.08 0.11 0.26
Remaining liquids 0.1 0.1 2.6 2.7 4.8 3.7
Condensable gases 1.9 4.5 10.3 15.0 16.1 18.5
Carbon dioxide 0.7 2.6 6.6 9.7 10,2 12.1
Ethylene 1.2 1.9 3.6 5.3 5.9 6.4
Noncondensables 0.1 0.1 0.2 0.3 0.9 0.9
Total volatiles 4.5 9.4 215 39.6 56.7 61.4

Total products 102.5 102.3 104.9 106.8 102.1 99.4
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TABLE 11
Mass Balance Table for Degradation of Poly (»-Propyl Acrylate) at 315°C
for Various Lengths of Time

Products, wt-% of initial polypier

1lhr 2 hr 4 hr 8 hr 16 hr 32 hr

Residue 99.2 95.0 84.5 67.5 34.9 24.8
Insoluble 31.7 12.9 21.6 12.8 16.9 24.7
Soluble 66.3 73.7 58.9 56.5 20.0 0.0

Chain fragments 2.2 4.6 6.0 8.7 23.4 27.4

Total liquids 0.5 6.2 4.8 14.1 22.2 29.2
Alcohol 0.0 11 2.2 121 19.3 24.3
Monomer 0.00 0.00 0.02 0.08 0.18 0.23
Methacrylate 0.00 0.00 0.01 0.05 0.11 0.20
Remaining liquids 0.5 5.1 2.6 1.9 2.6 4.5

Condensable gases 3.5 4.8 7.4 11.7 15.7 17.3
Carbon dioxide 2.0 2.4 3.3 6.8 9.6 10.3
Propylene 15 2.4 4.1 4.9 6.1 7.0

N oncondensables 0.0 0.0 0.1 0.6 0.5 0.6

Total volatiles 6.2 15.6 18.3 35.1 61.8 74.5

Total products 105.4 110.6 102.7 102.6 96.7 99.3

TABLE 11

Mass Balance Table for Degradation of Poly(»-Butyl Acrylate) at 315°C
for Various Lengths of Time

Products, wt-% of initial polymer

1lhr 2 hr 4 hr 8 hr 20hr 24 hr 32hr

Residue 90.8 84.6 74.6  67.2 55.8 35.2 33.9
Insoluble 5.3 6.0 5.6 13.1 29.6 33.6 33.9
Soluble 85.0 78.6 69.0 54.1 26. 2 16 0

Chain fragments 7.7 4.1 11.1 115 16.3 17.1 21.7

Total liquids 0.4 2.2 10.6 9.8 19.8 28.7 29.6
Alcohol 0.2 16 2.6 9.0 17.6 19.6 20.7
Monomer 0.00 0.04 0.08 010 0.16 0.20 0.20
Methacrylate 0.00 0.00 0.03 0.04 0.05 0.03 0. 05
Remaining liquids 0.2 0.6 7.9 0.7 2.0 8.9 8.6

Condensable gases 1S 4.0 51 9.4 14. é 15. 4 15.5
Carbon dioxide 0.5 19 2.0 4.2 8. 9.1 96
Butylene 13 2.1 3.1 5.2 6.5 6.3 59

N oncondensables 0.1 0.0 0.2 0.5 Li 11 i.2

Total volatiles 10.0 10.3 270 31.2 52 0 62.3 68 .0

Total products 1003 949 1016 984 1078 975 101.9

Minor Gaseous Products

The gaseous products from the ethyl, n-propyl, and «-butyl esters were
analyzed by gas chromatography on asilica gel column. The products from
the n-butyl ester were also analyzed on a silver nitrate-benzyl cyanide col-
umn. Typical chromatograms are illustrated in Figure 5.  Carbon dioxide
and carbon monoxide are not detected by the flame ionization detector used.
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TABLE IV
Mass Balance Table for Degradation of Poly(2-Ethyl Hexyl Acrylate)
at 315°C for Various Lengths of Time

Product; wt-% of initial polymer

1 hr 2 hr 4 hr 8 hi’ 10 hr 32 hi-

Residue (soluble) 84.0 78.1 G9.4 57.2 41.1 15.8
Chain fragments 14.7 19.7 23.8 27.3 36.2 57.0
Total liquids 0.0 0.9 4.8 13.2 20.0 23.9

2-Ethyl- 1-hexanol 0.0 0.9 3.6 9.1 14.3 17.3

2-Ethyl-1-hexene 0.0 0.0 1.2 4.1 5.7 6.0
Carbon dioxide 0.2 0.2 0.9 1.9 2.0 2.1
N oncondensables 0.0 0.1 0.0 0.3 0.8 1.0
Total volatiles 14.9 20.9 29.5 42.7 59.0 84.6
Total products 98.9 99.0 98.9 99.9 100.1 100.4

In each case the olefin peak was by far the largest. Next in size was that
of the corresponding alkane. Assuming the areas of the peaks to be ap-
proximately proportional to the concentrations of these substances, the al-
kane-olefin ratio always lay in the range 10“--10~3 A small shoulder on
the 1-butene peak in Figure 5B is attributed to m-2-butene.

The amounts of gases volatile at —196°C were always very small and
were only analyzed for the n-propyl ester at an advanced extent of degra-
dation. The mass spectrum is shown in Figure 6. By far the largest peak
was at mass number 28 and was attributed to carbon monoxide which has
small subsidiary peaks at 16 and 12. The small peak at mass number 2
was attributed to hydrogen. It was deduced that carbon monoxide is the
principal noncondensable product and that the molar ratio carbon mon-
oxide-hydrogen is approximately 70.

Retention Time, min.

Fig. 5. GLC of the gaseous products of degradation of poly(n-butyl acrylate): (A) an
a silica gel column; (B) on a silver nitrate-benzyl cyanide column.
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Fig. 6. Mass spectrum of the gases, noncondensable at 1!)6°C, produced during de-
gradation of poly(n-propyl acrylate). The peak at mass number 28 has a height of 1000
on (die same scale.

Liquid Products from Ethyl, n-Propyl and n-Butyl Esters

The liquid products were subjected to quantitative GLC analysis. A
chromatogram typical of all three polymers is illustrated in Figure 7, from
which it is clear that alcohol is the major product with smaller amounts of
the monomer and the corresponding methacrylate. It was confirmed for
each polymer that the corresponding methacrylate is a genuine degradation
product and was not present in the monomer used to prepare the polymers.
Results are presented in Tables I-HI.

Evolution of alcohol in terms of the proportion of monomer units involved
is illustrated in Figures 1-3. Unlike olefin and carbon dioxide production,
alcohol production exhibits induction or autocatalytic characteristics.

Fig. 7. GLC of the liquid products of degradation of polyfethyl acrylate).

Liquid Products from Poly(2-Ethylhexyl Acrylate)

Two large peaks in the chromatogram of the liquid products from
poly(2-ethylhexyl acrylate) were identified by their retention times as
2-ethyl-l-hexene and 2-ethyl-I-hexanol. The results of quantitative GLC
analysis are presented in Table IV and Figure 4.
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Chain Fragments

From the ethyl, /i.-propyl, and //-butyl esters this fraction was made up of
all the material collected from the sealed tube except the residue, gases and
those liquids which distilled under vacuum at ordinary temperature. In
the case of the 2-ethylhexyl ester it also included the acrylate and meth-
acrylate monomers which are of relatively low volatility.

Infrared spectra were run in carbon tetrachloride solution when the yield
was sufficient.  In every case the spectra are similar to those of the parent
polymers with the following minor differences. The carbonyl peak and the

TABLE V
Molecular Weight of Chain Fragment Fraction
Poly- Poly- Poly- Poly-
(ethyl in-propyl in-butyl (2-ethylhexvl
acrylate) acrylate) acrylate) acrylate)
Molecular weight 317 379 470 1020
Chain length 3.2 3.3 3.6 5.6

(monomer units)

peaks in the 1500-1000 cm-1 region show a general broadening which in-
creases with time of degradation. Two shoulders at about 1700 cm-1
and 1715 enr' appear on the carbonyl peak at 1730 cm™1 and the C—O
single bond peak at 1100 cm*™1becomes more diffuse. Owing to the small
amounts of material available the chain fragment fractions from all the
degradations of each polymer were combined and the molecular weight deter-
mined using vapor pressure osmometry. Results are presented in Table V.

A chromatogram of chain fragments from the w-butyl ester is presented in
Figure 8, which also includes a chromatogram of a mixture of n-alkanes for

Fig. 8. GLC, of (A) chain fragments produced during degradation of poly(n-butyl
acrylate) and (B) a mixture of Ci§ Cm, G, Cz and Cx n-alkanes for comparison.
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comparison. This confirms the order of molecular weight measured di-
rectly.

The chain fragment fraction is usually yellow in color, the intensity in-
creasing with time of degradation. However, all attempts to obtain sig-
nificant ultraviolet or visible spectra were unsuccessful.

The amounts of this fraction produced from the various polymers during
the course of the reactions are included in Tables I-1V.

Residue

The progress of volatilization in the four polymers is clear from the data
in Tables I-1V. Insolubility develops in the residual polymer during deg-
radation of the ethyl, n-propyl, and n-butyl esters. No insolubility was
ever found in degraded poly(2-ethylhexyl acrylate).

Molecular weight data for the soluble residues from the four polymers are
recorded in Table VI.  Chain scission is clearly rapid in all cases.

TABLE VI
Molecular Weight of Soluble Residues

Degg?]da- Molecular weight X 10 3

time, hr Ethyl »-Propyl »-Butyl 2-Ethylhexyl
0 870 2300 1150 253
1 87.5 11.2 36.5 17.0
2 53.6 5.06 24.9 —
4 L 3 5.14 21.0 9.70
8 4.16 — — 4.80
10 — — 1.082 —
14 L 3 — 0.672
16 — — r« 2.80
32 — 0.524 — 1.02

The insoluble part of the residue was found to be insoluble in all common
organic solvents and in 0.1ill sodium hydroxide even after prolonged treat-
ment. Elemental analysis reveals that as degradation proceeds, the car-
bon content rises and the hydrogen and oxygen contents fall.

Since alcohol and olefin must be products of decomposition of the ester
group, the data in Tables I-1V referring to alcohol and olefin formation and
total volatilization would suggest that after 32 hr only a very small propor-
tion of the ester groups in the residue is intact. One should therefore expect
to observe quite significant changes in the infrared spectrum during degra-
dation. The changes which occur in all four polymers are in fact qualita-
tively similar and are exemplified by the behavior of poly (n-butyl acrylate).
Since the polymer develops insolubility the reaction was carried out between
sodium chloride disks so that the sample could be transferred directly to the
infrared spectrophotometer. Because of the different environment care
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must be taken in comparing these results with the other data reported
above. However, a comparison of the infrared spectra of poly (2-ethyl-
hexyl acrylate), which remains soluble, degraded in both ways and measured
in one case in chloroform solution and in the other as a solid between sodium
chloride disks, shows no significant differences apart from the fact, as ex-
pected, that the peaks tend to be sharper and the maxima better defined in
the solution than in the solid spectra.

The 900-1900 cm-1 regions of the infrared spectrum of undegraded and de-
graded poly(fl-butyl acrylate) are compared in Figure 9. The principal

Fig. 9. The 900-1900 cm 1region of the infrared spectra of (------ ) undergraded and
(--) degraded poly(n-bulyl acrylate).

Fig. 10. Carbonyl region of the infrared spectrum of poly(«-butyl acrylate) during
progressive degradation: {A) undergraded; (B) 4 hr; (C) 8 hr; (D) 16 hr.
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changes are the development of a clear shoulder on the carbonyl peak at
1760 cm-1, a general increase in absorption between 1650 and 1550 cm-1
and the appearance of anew peak at 1563 cm-1. There is a shift in the car-
bonyl maximum from 1730 to 1720 cm-1 and in the C—O stretch region
from 1165 to 1175 cm-1. Outside the 1900-900 cm-1 region there are no
significant changes. Changes in the carbonyl absorption during the course
of degradation are illustrated in more detail in Figure 10.

Mass Balance

As the mass balance tables (Tables I-1V) show, all of the initial weights of
the polymers are accounted for in the analyses described above. There re-
mains the portion described as “remaining liquids” which is the difference
between the total liquids and amounts of the individual materials estimated.
The most likely substance to avoid detection and yet be weighed in the lig-
uid fraction, is water. The yield of water remains uncertain since quantita-
tive analyses were not carried out, but it should be expected to be less than
the maximum values of 4.8%, 4.5%, and 8.9% found for the ethyl, «.-propyl
and «-butyl esters, respectively. There is, however, no smooth relation-
ship between yield and time of degradation as in the other entries in these
tables. A likely explanation is that at least part of this material is chain
fragments. The amount of these which would find their way into the liquid
fraction would depend upon such variables as temperature of distillation
and the pressure in the system when distillation was carried out.

Preliminary Conclusions

The characteristics of the production of olefin and alcohol are quite dif-
ferent, so that one may reasonably presume that they are formed in quite
distinct ester decomposition processes. Olefin production almost inevi-
tably implies the formation of carboxyl groups or carboxyl radicals whose de-
composition could yield carbon dioxide. Thus carbon dioxide production
should be expected to occur concurrently or subsequent to olefin production
in a ratio carbon dioxide/olefin not greater than unity. However, since
carbon dioxide production generally exceeds that of olefin, there is probably
a third ester decomposition reaction operating. The characteristics of the
formation of the other main product, chain fragments, are similar to those
of olefin and carbon dioxide so it may be that the production of these ma-
terials is part of a complex series of radical processes with a common initia-
tionstep. The formation of hydrogen, carbon monoxide, the corresponding
methacrylate monomer and the development of color must also be accounted
for.

DISCUSSION

Madorsky4 has suggested that, because little monomer is formed, the
mechanisms of the thermal degradation reactions which occur in poly-
(methyl acrylate) do not involve free radicals. Indeed, small ester mole-
cules do not normally undergo bond scission to give free radicals at tern-
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peratures below 400°C.56 In a polymer environment, however, and par-
ticularly when a radical stabilized by resonance or inductive effects can be
formed, there is overwhelming evidence that free-radical mechanisms may
operate below 300°C. Indeed, at temperatures above 280°C degradation
mechanisms not involving radicals are rare.

The initial step in the degradation of the primary polyacrylates is there-
fore likely to be scission at some unspecified point in the polymer molecule.
Cameron and Kane7-9 suggest that these initially formed radicals would re-
move tertiary hydrogen atoms from the polymer backbone to give the rela-
tively stable radical, I,

~~r~ n "o~

0~ CrOR 0/C ~OR
[

and that all the major decomposition reactions in poly (methyl acrylate) are
initiated by this radical. Evidence that this theory may reasonably be ex-
tended to other poly (primary acrylates) is provided by their closely similar
TVA thermograms (Figs. 1, 2, 3, 5, 6 in the previous paper) and the general
comparabilities of their patterns of reaction products. It would be diffi-
cult to explain how such a variety of products could be formed in a one-stage
process, as revealed by TVA, unless all the reactions have a common
precursor.

Production of Olefin and Carbon Dioxide

Carbon dioxide and olefin are evolved from these polymers in a molar ra-
tio close to unity, at least in the early stages of the reaction. It therefore
seems probable that a reaction of the type (1) is operative.

H H
CH, 1 CH, |
Vo — NC—
1 1 I 1)

CH CH CH, CH
| vV /H
CH CH CH H—
I\ I\ /A [\
R R R R , R R
JCH,
<-}( ~CH-
"0
| + CO + CH,=C* 0)
CH, R,
CH

I\
R R
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There is no evidence for autocatalytic production of olefin so competition
with reaction (1) by reaction (2), which was proposed by Grant and Gras-
sie0to account for the autocatalytic decomposition of poly(£erf-butyl meth-
acrylate), is assumed to be negligible.

| Ok
-CH  CH- /
——CH  CH-——-
1 1 + chZ ccT
P R
H— C— CH2 HcC % </ XOH
R 'Kk

Although reaction (1) is represented as being catalyzed by a radical on a
neighboring monomer unit, there is no reason why any available radical
should not be the initiator.

Further evidence for reaction (1) is the fact, that there appears to be a di-
rect relationship between the production of olefin and the number of /3-hy-
drogen atoms on the alkyl group. Thus the yield of olefin decreases in the
order ethylene > propylene = 1-butene > 2-etliyl-1-hexene (Figs. 1-4) and
the initial rates of production show a corresponding trend.

In the infrared spectrum of the residue from poly (2-ethyl-hexyl acrylate),
asmall peak is observed at 1810cm- *.  This is indicative of anhydride struc-
tures so there may be some tendency for olefin elimination to occur unac-
companied by carbon dioxide production in this polymer. The carbonyl
radical in reaction (1) may, for example, attack a neighboring ester unit to
produce an anhydride ring and eliminate an alkoxyl radical. This must be
a minor reaction, however, and there is no evidence of anhydride formation
from any of the other primary esters.

Carbon dioxide production exceeds that of olefin at longer reaction time.
Reaction (3) represents a mechanism which may account for this. It was
first suggested by Fox and his colleaguesll and later used by Grassie and
TorranceR and Cameron and Kane7'9to explain the production of carbon
dioxide in degradation systems involving methyl acrylate units.

H COOClb CHA_‘ oH CIOOCHS
'\ U o o
+ co.
ch3
Cr cr

It is rather an unusual type of reaction, involving shift of an alkyl group,
and it may therefore be thought to become less likely as the size of the alkyl
group increases. This may explain why, in the present work, it is only ob-
served at later stages of degradation and only in polymers which have de-
veloped insolubility. The restrictions on the movement of the side group
which results from extensive crosslinking may tend to hold the alkyl group
close to the polymer radical and hence encourage reaction. Previously, 79’12
evidence for this reaction was provided by the existence of methyl mcth-
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acrylate monomer among the degradation products. In the present work,
no corresponding «-substituted acrylate monomers were found although
in each case a trace of the corresponding methacrylate was identified. It is
believed that this may be due to reaction at chain terminal structures.

Production of Alcohol

Cameron and Ivane: s have suggested four possible mechanisms for (lie
production of a methoxyl radical from poly (methyl acrylate). Two of these
are represented in reactions (4) and (5)

CH2 Oh
-CH [e) ——CH c
I I +  -OCR, (4)
0:9/\-8/(:\ och3 (./ ~0A~ XOCH3
ch3
COQOCH, cooch3
CH—c—CH,~ CH— C—CH-
; + DCH3 (5)
0=C~"~OCH1J 0=C
CH— CH— CH- CH,— CH— CH2—

The other two involve formation of a ketene and of a vinyl ketone. The
ketene-forming reaction was discounted in the present work because absorp-
tion was not detected at 2160 cm.. in the infrared spectrum of the residual
polymer. Similarly, only a very slight increase in absorption was observed
in the 1695-1600 cm.: region:s which is characteristic of the carbonyl of
«/3-unsaturated ketones.

Reaction (4) produces a y,5-unsaturated 5-lactone ring system (intra-
molecular reaction) or an ester (intermolecular reaction) and reaction (5)
produces a nonenolizable d-ketoester which can be in a six-membered ring
(intramolecular reaction) or acyclic (intermolecular reaction). Although,
at first sight, reaction (4) seems the less likely of the two, it receives strong
support from infrared data. As shown in Figure 10, a shoulder develops at
1760 cm.. which is at a higher frequency than most carbonyl absorptions
and suggests the presence of a lactone. A s, 7-unsaturated - -lactone (1)
might be formed by radical coupling,

but this would absorb at rather higher frequency (1805-1785 cm-1).13
The normal absorption for 5-lactones is 1750-1735 cm-1 but, with ; s-un-
saturation in the ring, this would move to higher frequency so that the ob-
served absorption at 1760 cn r lagrees well with the product in reaction (4).
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Carban-carbon double bond absorption is normally much weaker than
carbonyl absorption. However, in this case the polarity of the bond will be
greater because of the presence of two carbon-oxygen bonds at one end and
two carbon-carbon bonds at the other end. This should cause enhanced
absorption in the carbon-carbon double bond region between 1680 and 1620
cm-1. There is a general increase in absorption in this region as degrada-
tion proceeds but no clear peak can be distinguished.  However, the car-
bonyl absorption overlaps into this zone at later stages of degradation so no
firm conclusions about the structure can be drawn from absorption in this
region.

The other route suggested for alcohol formation [reaction (5)] yields a
saturated ketone which would absorb in the region 1720-1700 cm-1. This
is slightly lower than the absorption of ester carbonyl so that the presence of
ketonic structures in the degradation residue may explain the shift in the
carbonyl peak to lower frequency as degradation proceeds. This shift is
observed in the residues from all the primary esters and is most marked in
poly (ethyl acrylate) which would be expected to lose all of its ester groups at
long times of degradation. Thus it may be concluded that there is strong
infrared spectral evidence for lactone formation during degradation of poly
(primary acrylates) while changes in infrared spectra are in accordance
with, but do not prove, the formation of ketonic groups.

Shaw and Trotman-Dickenson¥ found that methoxy radicals in the gas
phase have a stability between that of a methyl radical and of a chlorine
atom. In view of the known radical nature of many polymeric reactions,
therefore, it seems not unreasonable that methoxyl radicals could be formed
in a degrading polymer system at 315°C. It has also been shownbthat, in
the gas phase, the alkoxyl radicals have stabilities in the order CHY m>
CH3CHA « > CHHZACH2CHA > (CH32ZCHCHZ m Thus it may be ex-
pected that alcohol elimination reactions will be less likely to occur in poly-
mers with fewer /3-hydrogen atoms in the ester group, and this will account
for the decreasing yield of alcohol in the primary acrylate polymers in the
order ethyl > n-propyl > n-butyl > 2-ethylhexyl (Figs. 1-4).

McBay and Tucker® have shown that in solution, in the temperature
range 110-155°C, the alkoxyl radicals can react either by hydrogen abstrac-
tion from a solvent molecule to give alcohol or by disproportionation with
another alkoxyl radical to give equal yields of alcohol and aldehyde.
Rust, Suebold, and Vaughan, bstudying the reaction of alkoxyl radicals with
cyclohexene in the gas phase at 195°C, showed that both hydrogen abstrac-
tion and disproportionation occur, and that the hydrogen abstraction/dis-
proportionation ratio decreases in the order CHY- > CHXHD- >
CHHXHZCHD ¢ > (CH32ZCHCHD «.  In the present work no aldehyde
was recovered in spite of the fact that the tertiary hydrogen atoms in poly-
acrylates should be expected to be rather less reactive than the allylic hydro-
gens in cyclohexene. On the other hand, disproportionation of pairs of al-
koxyl radicals may be under strict diffusion control in the viscous polymer
medium.
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One striking feature of the production of alcohol is its apparent autocata-
lytic characteristics. The mechanisms proposed for alcohol production are
all initiated by the same polymer radical (1) as are the other component
parts of the overall reaction, and since no other part of the reaction is auto-
catalytic, there is no obvious direct chemical route by which the products of
the alcohol elimination reaction might facilitate further production of alco-
hol. Alternatively, the answer may be associated with the changes in the
physical nature of the polymer molecule brought about by elimination of
alcohol. Both reactions (4) and (5) involve either the formation of a ring
(when they occur intramolecularly) or of a crosslink (when they occur inter-
molecularly). These new structures would decrease the flexibility of the
polymer molecules and this should be expected to encourage reactions in-
volving six-membered rings such as those proposed for alcohol production
[egs. (4) and (5) ], carbon dioxide production alone [eg. (3) ] and intramolec-
ular transfer, at the expense of reactions such as the production of olefin
[eq. (2)] or the simultaneous production of olefin and carbon dioxide [eq.
(1)] which involve ten-membered rings. This explanation of autocatalysis
must be regarded as highly speculative, however, since no systematic in-
vestigation of the influence of chain flexibility, in isolation, on reactions in
polymers has been reported.

Production of Short Chain Fragments and Chain Scission

The large amounts of chain fragments produced (Tables I-1V) and flic
rapid decrease in molecular weight (Table VI) indicate a considerable de-
gree of chain transfer. Cameron and lvane78suggested that intramolecular
transfer predominates in the degradation of poly(methyl acrylate) since
this favors the production of small chain fragments. They described as
“unbuttoning” the process whereby a radical moves along the polymer
chain eliminating small polymer molecules in contrast to “unzipping,”
in which monomer units are progressively eliminated as in the degradation of
poly(methyl methacrylate). The main feature of interest in the “unbut-
toning” reaction as it occurs in the present work is that it increases in im-
portance, relative to the ester decomposition reactions, as the size of the
alkvl group increases. There are probably twb principal reasons for this.

Firstly, as the length of the alkyl group increases the polymer becomes
less polar so that attractive forces between neighboring molecules, or seg-
ments of the same molecule, become smaller. Thus it is to be expected that
with higher homologs, larger chain fragments will volatilize rather than be
retained in the hot zone where further chain scission or ester decomposition
may occur. That this factor is important is borne out by the data in Table
V, which demonstrate that the molecular weight and even the chain length
of the short chain fragment fraction increases with the length of the alkyl
group.

Secondly, both the olefin and alcohol elimination reactions become less
likely as the availability of the /3-hydrogen atoms in the ester group de-
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creases. This effect will increase the short chain fragment/ester decompo-
sition product ratio as the number of /3-hydrogen atoms decreases.

Crosslinking Reactions

Crosslinking certainly occurs in the ethyl, propyl, and butyl esters, which
become insoluble, and may occur to some extent in the 2-ethylhexyl ester,
although scission predominates since the polymer remains soluble. Cross-
linking may be the result of radical coupling between adjacent chains or the
intermolecular forms of the alcohol elimination reactions [egs. (4) and (5)].
The residue is insoluble in alkali which would be expected to cause hydroly-
sis of the ester formed in reaction (4). On the basis of the experimental
data available it is not possible to choose between the other two alternatives.
Insolubility appears to develop faster in the lower homologs.  This is prob-
ably a steric effect since the bulky ester groups should be expected to inhibit
intermolecular reactions.

Minor Degradation Reactions

The residual polymer from all the poly (primary acrylates) becomes pro-
gressively more intensely colored as degradation proceeds. Unfortunately,
all the good solvents for the polymer absorb in the ultraviolet region and no
significant spectra could be found in the visible region. It is presumed,
however, that the color is the result of conjugation involving principally
carbon-carbon double bonds, but possibly also carbonyl groups. Carbon-
carbon double bonds will be formed in the polymer as in reaction (4) or as a
result of transfer. Once the first double bond is formed it will tend to
weaken adjacent carbon-hydrogen bonds so that a reaction rather like the
loss of hydrogen chloride from poly(vinyl chloride) will occur.  Thus hydro-
gen will be liberated from sequences of adjacent acrylate units resulting in
carbon-carbon conjugation in the polymer backbone. This kind of reac-
tion has previously been discussed in some detail.22 It certainly occurs in
polyethylene7polystyreneBand methyl acrylate/methyl methacrylate co-
polymersRand it has been suggested that it may be a general reaction of
ethylenic type addition polymers. These conjugated sequences do not ap-
pear to run to great length as there is no obvious bathochromic shift as
degradation proceeds. Very little hydrogen is observed among the degrada-
tion products so that the reaction is comparatively unimportant.

The presence of traces of the corresponding methacrylate monomer
among the degradation products of each of the polymers cannot be ac-
counted for in terms of the reaction suggested by Cameron and Kane9to
account for methyl methacrylate in the products of degradation of poly-
(methyl acrylate). A comparable reaction in poly(methyl acrylate), for
example, would give methyl ethacrylate. It seems more likely that the
methacrylates result from reactions at unsaturated chain ends [eg. (7) ]

CH,—CH—CH,—C=CH, »CH.-CH + CH—C-=CH>

| | | ] (7)
coaoall COOR COOK COOR
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the bond j3 to the double bond being particularly vulnerable to attack.

From each polymer, acrylate is formed in rather greater amount than
methacrylate and probably arises by depropagation from an acrylate termi-
nated polymer radical although this is known to be only a very minor reac-
tion in polyacrylates.

Carbon monoxide is another minor product from all the polyacrylates
studied. It must obviously be derived from the ester group and the most
likely source is through liomolytic scission of the acyl-oxygen bond

~vCH~v «-ell*» -CH»
| |
C e > HO- + C- e > + 8)
/N /
(@] Qil 0
CcO

The carbonyl radical is very unstable®and will decompose immediately to
give carbon monoxide.

One of the authors (J.G.S.) is grateful to the Science Research Council for a research
scholarship.
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Thermal Degradation of Poly (alkyl Acrylates).
I1l. A Secondary Ester: Isopropyl Acrylate

X. GRASSIE and J. G. SPEAK ALAN,* Department of Chemistry,
University of Glasgow, Glasgow W.2, Scotland

Synopsis

A quantitative analysis of the products of the thermal degradation of poly (isopropyl
acrylate) has been made principally by the application of GLC and mass and infrared
spectrometry. The major products are carbon dioxide and propylene. The carbon
dioxide/propylene ratio is very low in the initial stages but converges to approximately
0.6 late in the reaction. There is some tendency to autocatalysis in the production of
propylene. Carbon monoxide and isopropanol are very minor products, and there is no
chain fragment fraction as in the degradation products of the poly(primary acrylates).
Changes in the infrared spectrum of the polymer during degradation are in accordance
with the formation of these products and the products and reaction characteristics are
accounted for mechanistically.

In the first paper of this serieslit was demonstrated, principally by
thermal analytical and spectroscopic methods, that there is a fundamental
difference between the thermal degradation reactions which occur in a
number of primary poly(alkyl acrylates) on the one hand and poly (iso-
propyl acrylate)—a secondary ester—on the other. The essentially
identical nature of the reactions in all the primary esters was emphasized by
the results described in the previous paper.2 In the present paper a simi-
lar analysis of the products of reaction of the isopropyl ester is described and
the mechanism of degradation discussed.

EXPERIMENTAL

The poly (isopropyl acrylate) was that described in the first paper of this
series.1 The degradation reaction was carried out at a standard tempera-
ture of 265°C, ahd the degradation and analytical techniques were exactly
as described in the previous two papers.12

RESULTS

Major Gaseous Products

Yields of carbon dioxide and propylene were measured as described in the
previous paper. Results are presented in Table I. Figure 1 illustrates
*Present address: Department of Chemistry, University of Mainz, Mainz, West
Germany.
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Fig. 1 Production of (A) carbon dioxide and (m) propylene during degradation of poly-
(isopropyl acrylate).

Fig. 2. Molar ratio carbon dioxide/propylene formed during degradation of poly(iso-
propyl acrylate).

the course of the reaction in terms of the proportions of monomer units in-
volved. Figure 2 shows how the carbon dioxide/olelin ratio is very low in
the initial stages of degradation and converges to approximately 0.6 later
in the reaction. There is some tendency to autocatalysis in the production
of propylene, but the effect is small compared with the same effect in poly-
(ferf-butyl acrylate).34

Minor Gaseous Products

A trace of material not condensable at —196°C was identified as carbon
monoxide by the methods described in the previous paper.2

Liquid Degradation Products

A small amount of liquid product was recovered after long degradation
times. Gas-liquid chromatographic (GLC) analysis on both dinonyl
phthalate and Carbowax 20M columns gave a single peak with a retention
time corresponding to isopropanol. Quantitative analysis demonstrates
that there remains a substantial amount of liquid product not accounted
for. This discrepancy is probably due to the presence of water.
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TARLE |
Mass Balance Table for Degradation of Poly(jsopropyl Acrylate) at 265*0
for Various Lengths of Time

Products, wt-% of initial polymer

1lhr 2 hr 4 hr 8 hr 14 hr 30 hr

Residue 96.2 95.7 87.3 71.5 59.2 47.7
Insoluble 29.8 75.4 87.3 715 59.2 47.7
Soluble 66.7 20,3 0 0 0 0

Total liquids 0 0 0 14 1.0 1.6
Alcohol 0 0 0 0.3 Os 0.3
Remaining liquids 0 0 0 1.1 1.3 1.3

Condensable gases 2.1 50 13.1 30.1 39.3 50.7
Carbon dioxide 0 15 3.6 10.0 15.6 19.7
Propylene 2.1 3.5 9.5 20.1 23.7 31.0

N oncondensables 0.1 0.1 0.1 0.2 0.3 0.4

Total volatiles 2.2 5.1 13.2 31.7 41.2 52.7

Total products 98.4 100.8 100.5 103.2 100.4 100.4

Residue

The polymer rapidly becomes insoluble and brittle during degradation
and a yellow colouration develops. The amounts of soluble and insoluble
residue at various degradation times are presented in Table I, and the
weight loss can be almost completely accounted for by the amounts of
carbon dioxide and propylene liberated. Infrared and NMR spectral
measurements show that the soluble residue obtained at very short, deg-
radation times is not significantly different from the original polymer.
Elemental analyses of the insoluble residue after 8 and 30 hr are presented
in Table 1. Yields of carbon dioxide and propylene suggest that after 30
hr degradation the residue should be essentially a terpolymer with a molar
composition, isopropyl acrylate/acrylic acid/ethylene of 15.9/33.1/51.0.
This ignores the possible formation of acrylic anhydride structures by
elimination of water from pairs of acrylic acid units. The composition of
the residue based on this estimate is also included in Table I1.

TABLE 11
Elemental Analysis of Poly(isopropyl Acrylate) Residues
Degradation 0, %
time, hr c, % H, % (difference)
0 63.14 8.82 28.03
8 57.44 7.24 35.32
30 (measured) 64.60 6.01 29.39
30 (calculated) 63.3 8.8 27.9

With carbon dioxide and propylene evolved in the molar ratio C02C 3H6
= 0.6 the elemental composition of the residue should change very little,
and, indeed, after 30 hr the composition of the residue is close to that of the
original polymer. The lower ratio in the early stages of reaction is re-
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Fig. 3. The 900-1900 cm-1 region of the infrared spectra of (——) undegraded and (- -)
degraded poly(isopropyl acrylate).

Fig. 4. Carbonyl region of the infrared spectrum of polyfisopropvl acrylate) during
progressive degradation: (A) undegraded; (B)4hr; (C) 8 hr; (D) 14 hr.

fleeted in the higher carbon content after 8 hr.  The low hydrogen content
at long degradation times is surprising but may be related to the develop-
ment of coloration.

A sample of the colored residue remaining after 30 hr was shaken with a
mixture of benzene and O.lil/ sodium hydroxide. The residue dissolved
slowly in the aqueous layer, coloring it yellow.
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Infrared spectral changes during degradation are in accordance with
ester group decomposition. Thus the absorption at 29S0 cm“1 (C-H
stretch in methyl groups) decreases faster than absorption at 2938 cm-1
(C-H stretch in methylene groups). The 1900-900 cm-1 region of the
spectra of undegraded polymer and polymer degraded for 30 hr at, 265°C
are compared in Figure 3. Changes in the carbonyl region in the earlier
stages of reaction are illustrated in Figure 4. A peak is seen to develop at
1762 cm-1 and a shoulder at 1810 cm*'. Considerable changes also occur
and a new peak develops at 1135 cm-1 in the C-0 stretching region. After
14 hr a broad peak at 3400 cm*“ 1suggests the presence of water, and it is
believed that the increased absorption between 1650 and 1550 cm-1 cul-
minating in the appearance of a new peak at 1575 cm-1 after 30 hr is as-
sociated with the action of water on residual acid to produce carboxylate
ion.

Preliminary Conclusions

The products of degradation of poly(iso-propyl acrylate) at 265°C
demonstrates that the principal reaction is ester decomposition which
liberates propylene quantitatively and up to 60% of the theoretical yield
of carbon dioxide. Cross-linking occurs simultaneously, resulting in rapid
insolubilization of the residue. Comparatively, other reactions occur to a
negligible extent in contrast to the behavior of the poly (primary acrylates).

DISCUSSION

The degradation characteristics of poly (iso-propyl acrylate) are quite dif-
ferent from these of the primary esters.2 It degrades, for example, at a
very much lower temperature and in a two-stage rather than a single-stage
reaction.1 The present paper is concerned primarily with the first stage.
The major degradation product is the olefin and to this extent the reaction
is similar to those of poly(ferf-butyl acrylate)34 and poly(ferf-butyl meth-
acrylate).6 A non-radical molecular mechanism was proposed for ester
decomposition in these two materials. On the other hand, Grassie and
MacCallum6proposed a radical mechanism for the ester decomposition re-
action which occurs to some extent in poly(w-but,yl methacrylate). No
direct evidence is presented in this paper regarding the precise mechanism
of the olefin elimination reaction but it may well be an example of a re-
action in which the mechanism can vary, being molecular in absence of
radicals but radical when radicals are available from accompanying re-
actions. Another example of this duality of mechanism which is relevant
to the present discussion concerns the decarboxylation reaction. In small
organic molecules in a polar medium, decarboxylation will usually occur by
an ionic mechanism through the carboxylate ion,7

0

—C—C/ -Ce + @02

oe
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hut. in a nonpolar medium at higher temperatures a radical mechanism is
considered more likely, as in reaction (2).

C
d ya
H 0 0 (2)

—C— + CO02

Although, as with poly(ierf-butyl acrylate) and poly(terf-butyl meth-
acrylate), quantitative yields of olefin are recovered and insolubility de-
velops in the residue from poly (isopropyl acrylate), there are also consider-
able differences in behavior compared with the tertiary esters. Poly(iso-
propyl acrylate) decomposes only very slowly at 195°C, at which tem-
perature the tertiary esters give high vyields of iso-butene and water.
Schaefgen and Sarasohn4found a molar ratio of isobutene to carbon dioxide
of about 25/1 in the degradation products from poly(terf-butyl acrylate).
Poly (iso-propyl acrylate) on the other hand, gives High yields of carbon
dioxide. For example, after "10hr at 265°C the molar ratio of propylene to
carbon dioxide is 1.7/1, and by this time 84% of the alkyl groups have been
eliminated as olefin and 51% of the carbonyl groups as carbon dioxide.
The TGA thermogramldemonstrates that the rate of weight loss slows
down after 59% volatilization. This corresponds closely to the loss of all
the alkyl groups as olefin and R0% of the carbonyl groups as carbon dioxide.
Water is also produced with a yield of about SO mole-% after 30 hr, but
this figure should be regarded as approximate since it was not estimated
directly.

Grant and Grassie,5 Weir,3and Schaefgen and Sarasohn4 all observed
autocatalytic behavior in the elimination of olefin from the tertiary butyl
esters. They accounted for this by showing that the elimination of olefin
is catalyzed by neighboring acid groups so that a chain reaction occurs in
which sequences of adjacent ester groups decompose. They proposed the
molecular mechanism shown in eq. (3).

CH, CE,
CH,  CH,
lownai
— "C— CH;,
1 1 + CR,=(T
o/tfeA o [,
H— CRr-~C~ HO/ '\ oHy S0
CH, CH3

Figure 1 demonstrates similar behavior in poly (isopropyl acrylate), al-
though it occurs to a very much smaller extent. This is not surprising,
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since the molecular chain reaction will be severely curtailed by the de-
composition of carbonyl groups to form carbon dioxide.
In the light of these results three routes to ester decomposition seem

chemically feasible.

In routes 1 and 2 the initial step will be elimina-

tion of an olefin molecule either by the generally accepted cyclic molecular
mechanism [eq. (4)]8-10o0r its radical equivalent [eq. (5)].

0, H
A
-cf
0- R~
‘Q
CH;
H
R + . —
i
on 00,H;
c— T
d + CH,=CH «—

H < /\>

/OH
+ "c=o *)
“ C- + RH
o N " h,
|
(5)
c
10 0,
( 0
Hk AMACH
CH, \

In route 1the acid group formed in this way will catalyze decomposition of
a neighboring ester group as in reaction (3), or in a similar reaction involving

radicals.
reaction (6).6

NaH2
-CH "CH - CH,
c=o0 -CH CH-
e
0 > N y
(2
CH ____ H
CH, CH,

Route 2 is the simultaneous elimination of olefin and water as in

+ H,0 + CH3—- CH=CH, (6)

Route 3 results in the simultaneous elimination of carbon dioxide and pro-

pylene as in reaction (7).
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H H
x 'C
0"N x /™o
(I'|| C.«7

+ C02 + CH=CH—CH3 (7)

The acid groups formed in route 1 may remain unreacted in the residue, de-
compose to give carbon dioxide as in reaction (2) or couple with other acid
groups on the same or another molecule to give anhydride structures,
eliminating water and forming crosslinks.

The residue from poly(isopropyl acrylate) is insoluble in organic sol-
vents, even polar solvents like dimethyl formamide (DMF), but soluble in
sodium hydroxide solution. Uncrosslinked poly(methacrylic anhydride)
is soluble in DMF.1L It was therefore concluded that the development of
insolubility in the isopropyl ester is probably due to crosslinking through
anhydride groups. The data in Table | suggest that after 1D hr at 265°C
the residual polymer has the following molar composition, isopropyl
aerylate/2 (acrylic anhydride)/acrylic acid/ethylene = 16/16/17/51.
The factor of two associated with the acrylic anhydride units is due to the
fact that one anhydride unit is derived from two original ester units.

The infrared spectrum (Fig. 3) is in good qualitative agreement with this
estimate of composition. In association with their investigation of the
degradation of poly(methacrylic acid) and the structure of the product,
anhydride, Grant and Grassiellstudied the influence of anhydride structure
on the position and magnitude of the twin carbonyl absorptions which are
typical of all anhydrides. Using these two characteristics, they were able
to distinguish in particular between succinic (five-membered ring), glutaric
(six-membered ring) and butyric (acyclic) anhydrides. The carbonyl ab-
sorptions in Figure 3 occur at 1762 and 1810 cm”1compared with those of
glutaric anhydride at 1756 and 1802 cm-1. In addition, the lower fre-
guency absorption is more intense, an indication of cyclic rather than
acyclic structures. Thus it is concluded that in the residue from poly-
(isopropyl acrylate) the anhydride structures are predominantly formed by
reaction of adjacent units (I)
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although it is necessary to assume a small proportion of intermolecular
anhydride structures (11) to account for the development of insolubility.

~CtL— CH— CH,
"0
C
IN)
-CH,— CH—CIT

Acid groups normally absorb in the carbonyl region at 1795-1700 cm-1.18
The acrylic acid units remaining in the polymer could therefore account for
the broadening towards lower frequency observed in the carbonyl absorp-
tion at 1730 cm“1at long degradation times. The carboxyl ion peak at
1575 cm* 1is probably caused by ionization of acid groups by the sodium
chloride disks or by hydrolysis of some anhydride or ester groups by traces
of water.

In view of the rapid development of insolubility it was difficult to obtain
satisfactory films for the measurement of ultraviolet or visible spectra for
the investigation of the yellow coloration which develops during degrada-
tion. By comparison with the methyl methacrylate-methyl acrylate co-
polymer system coloration is believed to result from carbon-carbon con-
jugation in the polymer backbone as a result of the liberation of hydrogen
in a radical chain process [eq. (8)].

C11+—-C—CH2—CH—C1>—CH-------- >—CIL—C—CII--ClI—Cll2—C11~ + H-
I ! ! | I I
COOCIL, COOCTL COOCIL COOCH3COOCIR COOCIL

“'(Cll. -C CH -6 -CH, (lI'" + Ho- (8)
| | |
COOCHs COOCHa COOCIL

It was previously suggestedBthat this may be a general reaction in vinyl
and acrylic polymers and may thus be used in the present instance as addi-
tional evidence for radical involvement in the reaction mechanism.

One of the authors (J.G.S.) is grateful to the Science Research Council for a research
scholarship.
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Synthetic Thermally Reversible Gel Systems. VII

HOWARD C. HAAS, RUBY L. MACDONALD, and
ALAN N. SCHULER, Research Laboratories,
Polaroid Corporation, Cambridge, Massachusetts 02139

Synopsis

Polymethacrylylglycinamides (PMG), like polyacrylylglycinamides (PAG), form
thermally reversible aqueous gels, but higher molecular weights and/or concentrations
are required and the melting points of the gels are lower. The heats of crosslinking for
aqueous PMG gels fall in the range of —5to —10 keal/mole of crosslinks, the same as for
aqueous PAG gels, implying that the crosslinks are chemically similar. PMG and PAG
are incompatible with each other but both are individually compatible with some types of
gelatin.  The solubilities of PMG and PAG are similar.  Various reagents, however, af-
fect PMG and PAG gels in quite different manners.  Aqueous PMG solutions, just out-
side conditions required for gelation, are rheopectic. Intrinsic viscosities [»] of PMG in
2M NaCNS are about 2.5 times those inwater.  The Huggins’ k' value for PMG in 2M
NaCNS has a value of 0.39-0.40, and both it and [I] are essentially temperature-inde-
pendent over the range 25-4,5°C. In water at 25°C for PAIG, K’has an average value of
about 1.4. With increasing temperature, for HQ, there is a considerable increase in [7]
which is accompanied by a decrease in the value of k/. Osmotic molecular weight mea-
surements on unfractionated PMG in HD at 40°C yield x/c versus c plots having essen-
tially zero slope, implying a value of close to zero for the second virial coefficient, a value
of about 0.5 for the polymer-solvent interaction parameter, and a condition close to a 6
condition. An approximate viscosity-HU relationship for polydisperse PMG is
[HB NeONs. Bc = 1.7 X 10“@Af,15  The low value of K and high value of the exponent
do not result from large differences in polydispersity but rather from a stiff, rodlike con-
figuration in solution.  This steric hindrance to rotation also manifests itself in the ex-
treme brittleness of PMG films and in a AHpfor homopolymerization of only —6 kcal/-
mole. The infrared spectra of MG monomer and PMG are recorded as well as the den-
sity and refractive index for PMG. PAIG has a glass transition at 226°C by DTA and by
TGA, thermal decomposition sets in at about 300°C. From copolymerization with
acrylic acid, values of 1.66 and +0.06, respectively, were obtained for the resonance factor
Q and the electrical factor c for MG monomer.

Previous papers in this series have been largely concerned with poly-
acrylylglycinamidel (PAG), where X = H in the structural formula I,

X

-fCHj—(Ii-K
c=0
Nil

|
ch2—c—nh?2
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Homopolymers, many copolymers and more complex interpolymers of
acrylylglycinamide (AG) form thermally reversible aqueous gels. Similarly,
polymethacrylylglycinamide (PMG), where X = CHS is also capable of
forming thermally reversible gels in water. It is well known that an
«-methyl group can greatly influence the polymerization behavior of a
monomer and the properties of the resulting polymer. This paper de-
scribes a preliminary investigation of PMG with the ultimate aim of under-
standing the effect of a-methyl substitution on dilute solution properties
and thermally reversible gel formation in this polymer class.

The preparation of PMG homopolymers is described and the infrared
spectra of the monomer and polymer are given. Heats of polymerization
of AG and MG have been measured. The density, refractive index, solu-
bilities and results of DTA and TGA measurements on PMG are also re-
ported. Copolymerization of IMG with acrylic acid has been studied, and
the % r2values for this system and Q and e value for MG calculated. Dilute
solution viscosity behaviors of PMG in HD and 2M NaCNS are compared,
and an approximate molecular weight-viscosity relationship for polydis-
perse PMG was obtained by osmometry. By measuring the melting-
points Tmof aqueous thermally reversible PMG gels, a value was obtained
for the heat of crosslinking, AHc The qualitative effects of various re-
agents on PMG gels are presented. Other observations are made on the
compatibility of PMG with PAG and with gelatin and on the gelation be-
havior and rheological properties of PMG solutions.

Preparation of PMG Homopolymers

Methacrylylglycinamide (MG) was synthesized by reacting methacrylyl
chloride with glycinamide.l Somewhat better yields are obtained if meth-
acrylic anhydride is used, particularly when it is reacted with glycinamide
which has been liberated from its hydrochloride with sodium methoxide in
methanol at a lowrtemperature. Pure MG, obtained by several recrystalli-
zations from 10:1 acetone-methanol has a melting point of 139-140°C.
Its infrared spectrum (KBr pellet) is given in Figure 1

Fig. 1. Infrared spectrum uf nicthaerylylglycinamide monomer (MG).
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MG can be conveniently polymerized in aqueous solutions using the ther-
mal decomposition of KZ2 8for initiation. Samples of PMG for this in-
vestigation were made using the conditions and amounts of reagents speci-
fied in Table I.  All polymerizations were carried out in glass tubes which
were frozen and then alternately evacuated and flushed with nitrogen three
times before they were finally sealed off under vacuum. Various poly-
merization temperatures and amounts of isopropanol were used to obtain
different molecular weight liomopolymers.

TABLE |
llomopolyinerization of MU Monomer
Isopro-
Mono-  Water, panol, Initiator, Polymerization = Time, Yield,
Sample mer, g ml g mla temp, °C hr g
1 10.0 40.0 20.0 10 75.0 + 0.1 33 6.4
2 10.0 50.0 8.0 10 U u 7.1
4 10.0 58.5 15 10 “ I 7.5
5 10.0 60.0 0 10 a 1 7.8
9 10.0 60.0 0 10 50.0 + 0.1 21 7.5
10 10.0 60.0 0 10 25.0 + 0.1 50 Insol.
n 10.0 60.0 0 10 60.0 + 0.1 21 7.8

aA solution of 0.100 g of K2S208 in 100 nil H20.

After polymerization, the tubes were opened, if necessary the contents di-
luted with water, and the polymers isolated by precipitation into methanol.
The PMG homopolymers were purified by reprecipitation from water into
methanol followed by washing with warm methanol and drying under vac-
uum overnight at 35°C.  Sample 10 swells but is insoluble in water and hot
dimethylsulfoxide. In this respect, the behavior of MG is similar to that
of AG, which often produces crosslinked polymers if polymerized in the ab-
sence of alcohol. The tendency for the formation of insoluble polymers is
much greater with AG, however, as evidenced by the factthat PMG samples
5,9, and 11 are water-soluble. Analysis of a typical sample of PMG gave:
C, 50.43%; H, 7.12%; N, 15.84%) (theory: C, 50.70%; H, 7.09%; N,
19.70%). As with PAG, nitrogen analyses below the theoretical value2
are generally obtained. An infrared spectrum of PMG (cast from H>0 on
an AgCl disk) is given in Figure 2

By using the Model 900 duPont differential thermal analyzer and a heat-
ing rate of 20°C/min, the heat of polymerization AHp of MG was found to
be —5.5 + 0.6 kcal/mole (20% MG in dimethylformamide containing 0.5%
benzoyl peroxide based on monomer) and —0.1 + 0.0 kcal/mole (20% MG
in dimethyl sulfoxide containing 1% azobisisobutyronitrile based on mono-
mer). Under similar conditions, values obtained for the homopolymeriza-
tion of acrylylglycinamide are —17.7 + 0.8 and —20.6 + 1.2 kcal/mole.
The low value of AHv for MG is characteristic of a 1,1-disubstituted ethyl-
ene which yields a very sterically hindered polymer.
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Fig. 2. Infrared spectrum of polymethacrylylglycinamide (PMG).

Properties of PMG Homopolymer

PMG is a colorless polymer very similar in appearance and solubility to
PAG. It is soluble in HjO, aqueous 2M NaCNS, hot dimethyl sulfoxide,
and hot glacial acetic acid. It is considerably swollen by warm pyridine
and m-cresol and is insoluble in the lower alcohols, acetone, dimethylform-
amide, and tetrahydrofuran.

Films of PMG cast from water on to glass or polyester are very brittle,
considerably more so than those of LAG. A him of PMG cast on a mercury
surface was used to determine the density at 25°C by a suspension method
in carbon tetrachloride-hexane. The value obtained, 1.346 g/cc, is below
that of PAG (d = 1.378 g/cc).3 The refractive index of PMG is 1.555,
comparedto = 1542 forPAG.2

By employing a Model 900 duPont differential thermal analyzer, identi-
cal DTA profiles were obtained on PMG samples 9 and 11 of Table I. The
samples were measured as dry powders under a nitrogen atmosphere and
with a heating rate of 10°C/min. A glass transition is found at 226°C.
TGA indicates that a stepwise thermal decomposition begins at about
300°C. The Tgof PAG was found to be 1S2°C with thermal decomposition
setting in at 260°C3(cf. Fig. 3).

Some polymer-polymer compatibility experiments have yielded the fol-
lowing results. When a 10% aqueous solution of gelatin (Atlantic, bloom
225, pH = 4.6) is mixed with a 10% solution of PMG (sample 9), a hazy
one-phase solution or gel (depending on the temperature) results. On dry-
ing, a him is obtained which, except for a slight haze, appears to be a com-
patible mixture of the two polymers. When 10% solutions of PMG and
PAG are mixed there is considerable haze and accompanying phase separa-
tion and the appearance of the resulting dry him shows that the two poly-
mers are distinctly incompatible.

An interesting property of some PMG samples deserves comment. It
has been observed that when some viscous aqueous solutions of PMG (just
outside conditions required for gelation) are stirred, they increase in vis-
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Fig. 3. Differential thermal and thermogravimetric analyses on PMG.

cosity and set to agel. Gelation seems to be accompanied by an increase in
haze. In qualitative experiments, the viscosity increase and subsequent
gelation appear to occur at constant shear rate and a finite time is required
for reversion. Following current terminology,4 the system is rheopectic.
The PMG solutions have the stringiness which, according to Pryce-Jones,5
necessarily indicates dilatancy. Dilatancy, a somewhat similar phenom-
enon, an increase in viscosity with increasing rate of shear with no time
dependency, has been explained6 as follows. During shear, the collision
frequency between groups of different polymer molecules increases, causing
the formation of local networks and ultimately a gel. It is believed that an
increase in collision frequency as well as perhaps a change in molecular di-
mensions as a result of shear could also be invoked to explain rheopexy.

Aqueous Thermally Reversible PMG Gels

Depending on such factors as molecular weight, concentration, and tem-
perature, aqueous solutions of PMG will form thermally reversible gels.
PMG does not form gels as readily as PAG; in general, higher concentra-
tions and/or molecular weights are required, and the melting points of the
resulting gels are lower. When an attempt was made to use sample 4 to
measure AHc very viscous hazy aqueous solutions resulted on cooling,
rather than sharp-melting gels. Adqueous gels of PAG or PMG, like gelatin,
can be clear or slightly hazy. This haze generally disappears with increas-
ing temperature and when the temperature is lowered, the haze increases.
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With decreasing temperature the order of development of haze is PMG
PAG > gelatin. The presence of NaCNS in small quantities decreases the
amount of haze in PAG and PMG gels.

To study the effect of various reagents on gelation, a 5% aqueous solution
of PMG (sample 9) was prepared and allowed to gel at room temperature.
The different reagents (in amounts specified in Table 11) were stirred into
15 ml. ofthe gel and the effect observed at room temperature and after cool-
ing to approximately 0°C.

TABLE 1l
Effect of Reagents on PMG Gels

Gelation state

At room After cooling
Reagent added temperature to 0°C
2o (12 drops) Gel dissolves Gel re-forms
Acetic acid, glacial (12 drops) Gel dissolves Gel re-forms
Formic acid, glacial (12 drops) Gel dissolves Gel re-forms
Aqueous 10% NaOll (7 drops) Gel dissolves Gel re-forms
Hydroquinone solid
Small amount No effect —
Large amount Gel dissolves Gel re-forms
NaCNS solid, small amount Gel dissolves Gel re-forms
Urea, solid No effect -
Phenol Gel dissolves Gel re-forms
MG monomer, solid Gel dissolves Gel re-forms
1M lig(aeetale):, several drops Immediate ppt. —
1M solutions of BaCh, ZuSOs, AgN03 Gel dissolves Gel re-forms
CrCL, CoCl2, reda or NaCl (12
drops)
11/ AIRHOda (12 drops) Gel contracts; —
syneresis

Some similarities and some interesting differences exist between the be-
haviors of PAG2and PMG gels toward different substances. In general,
the tendency of a dissolved gel to re-form on cooling appear greater in the
case of PMG, but since the experiments are qualitative and gel formation is
so dependent on concentration, Mw; etc., this cannot be said with certainty.
A similarity is that addition of water, glacial acetic acid, formic acid, many
aqueous salt solutions, and solid NaCNS cause both PAG and PMG gels to
revert at room temperature to viscous liquids. Also with both gels, mer-
curic acetate causes immediate precipitation and A»(S04)3results in a stif-
fening of the gel accompanied by syneresis. Urea, which disrupted a PAG
gel, has little effect on a PMG gel; phenolic reagents (phenol and hydro-
quinone), which dissolve a PMG gel, cause the formation of a precipitate
with PAG. Aqueous alkali and AIG monomer dissolve PMG gels, whereas
AG and aqueous alkali result in PAG gels becoming more rigid. No at-
tempt will be made here to explain these results, since each specific reagent-
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polymer interaction would have to be studied and individually understood.
Similarly, opposite effects have been observed between the homopolymers of
acrylic (PAA) and methacrylic (PMA) acids when various reagents have
been added to dilute solutions of these polymers.7 The observed changes in
reduced specific viscosity are interpreted in terms of intramolecular bonding.
Urea, for example, decreases the viscosity of PMA and increases that of
PAA. In a way this parallels the effect that urea has on PMG and PAG
gels. A recent paper8discusses the zwitterion character of aqueous urea
and how it mechanistically disrupts both hydrogen and hydrophobic bond-
ing. The effect of various additives on the ability to form gels of alginic
acid, acrylic acid-acrylic ester copolymers, and phthalated ethyl cellulose
has been studied by Yudelson and Mack.9

The melting points of aqueous gels of sample 9 and of another sample of
PMG prepared from monomer which was synthesized by the vinyl azlactone
method0 were measured. The gels were conditioned in a refrigerator at
6°C for 18 hr prior to measurement, which was carried out as described
previously.2 The melting point data are given in Table Ill. PMG gels,
when cooled to 6°C, become very hazy and some syneresis occurs; as a
probable result there is some scatter in the data, particularly in that of sam-
ple 9. Heats of crosslinking were obtained from log c versus 1/Tmplots
following the thermodynamic treatment of Eldridge and Ferry,1l which
predicts that for thermally reversible gels

log c = (AHJ2.303RTn) + constant @)
TABLE 111
Melting Points of Aqueous PMG Gels
Sample 9 PMG (azlactone method)
Congu, g/1. T, °C Concn, g¢/1. Tm °C
40 24.7 40 10.6
60 26.3 60 21.8
0 35.5 el 29.3
100 40. 1 100 34.6
aH' = —6.1 kcal/mole AHc = -9. 2 kcal/mole

The values obtained for AH cfor aqueous PMG gels fall within the range of
—b5 to —12 kcal/mole of crosslinks obtained previously23for aqueous PAG
gels. It is probable, therefore, that the nature of the thermally reversible
crosslinks in both gels are similar, and that like PAG, PMG gels are non-
crystalline. A heat of crosslinking of —8 + 0.4 kcal/mole crosslinks has
been obtained for aqueous thermally reversible gels of phthalated ethyl
cellulose and ethyl acrylate-acrylic acid copolymers.9 These amorphous
polymers would also be expected to yield noncrystalline gels containing
relatively noncomplex thermally reversible crosslinks.
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Dilute Solution Behavior of PMG

Dilute solution viscosity measurements were made on the samples of
Table | with water, aqueous 2iff NaCNS, and dimethylsulfoxide (DAIS)
as solvents. The measurements were made at 25°C by employing a Can-
non-Ostwald-Fenske viscometer. Solvent flow times were in excess of 100
sec. Intrinsic viscosities were obtained from f\sJ ¢ plots by extrapolation to
zero concentration and Huggins’ k' values2were obtained from the slopes.
These results are presented in Table IV and the water and thiocyanate data
in Figures 4 and 5.

Intrinsic viscosities in 2M NaCNS are considerably higher than those in
water. With PAG, this is true for low and medium DP polymers but with
very high DP polymers, aggregation even in dilute solution results in higher
values for [7]in H.O than in 2M NaCNS.13 Huggins’ k' values for PMG
in 2iff NaCNS are characteristic of flexible polymers in a thermodynami-
cally good solvent. Water is not a good solvent for either PMG or PAG,
but for PAG, k' for water is close to zero whereas for PMG very high values

Fig. 4. Dilute solution viscosity behavior of PMG samples in ILO, 25°C.
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Fig. 5. Dilute solution viscosity behavior of PMG samples in 2M NaCNS, 25°C.

are obtained. This is another example where for polar polymers there is lit-
tle correlation between k' and solvent power,4 particularly when large
differences in rigidity can also be present. Intrinsic viscosities in dimethyl
sulfoxide are somewhat higher than those in 2M NaCNS, and the k' values
are comparable. What is surprising is that sample 11 has a value for [7]
of 3.4 in dichloroacetic acid, a solvent which effects the helix-coil transition
in synthetic polypeptides.

TABLE IV
Dilute Solution Viscosity Behavior of PMG, 25°C
Water 2M NaCNS DMS
Sample M, dl/g k’ M, dl/g k' M, dl/g k'
1 0.196 1.22 0.473 0.335 0.67 0.356
2 0.228 1.38 0.547 0.431 — —
4 - - 0.646 0.397 — -
5 0.248 1.40 0.670 0.374 0.91 0.435
n 0.512 1.22 1.30 0.361 1.62 0.339
9 0.612 1.50 2.02 0.486 — —
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Intrinsic viscosities of PMG (sample 9) have been measured in HD
and 2M NaCNS at various temperatures. These data are given in Table V.

TABLE V
Temperature Dependence of Viscosity for PMG
ILO 217 NaCNS
Temp, °C &, dl/g k' M, dl/g k'
25 0.62 1.61 2.24 0.405
35 0.93 1.04 2.30 0.386
40 1.12 0.73 2.33 0.390
45 1.21 0.71 2.33 0.401

For water, the large increase in [I7] with increasing temperature and the rela-
tive insensitivity of [77] in thiocyanate to temperature are additional evi-
dence that water is a poor and thiocyanate a good solvent for PMG. PAG
shows an increase in [77] in both solvents with the larger increase being
found with water. The Huggins’ k' value for PMG in 2M NaCNS is tem-
perature-independent, which is the generally observed behavior. The very
high value of k' for HD at 25°C and its large temperature dependence is
usually found when aggregation is present.  This would appear superficially
contrary to the observation that much higher viscosities are found in 2M
NaCNS, but Morawetz5points out that the type of aggregate formed deter-
mines whether [77 decreases, increases, or remains unchanged. The very
low value of k* inHD for PAG and its temperature independence as well as
the temperature dependence of k’ for PAG in 2M NaCNS sre difficult to
understand. If k' results are interpreted in the light of generally observed
behavior®bregarding aggregation, one would expect PMG to form gels more
readily than PAG, and this is opposite to the observed behavior. When
bW NaON\B is plotted against “Jh-o for 20°C (Fig. 6), a reasonably linear
relationship is obtained for the four lower DP samples, with sample 9 falling
off the plot. The intrinsic viscosities in 271/ NaCNS at 25°C are 2.5 times
those in HD.

Number-average molecular weights have been obtained on samples 1, 2, 5,
and 11 by membrane osmometry.* Previous osmotic measurements on
PAG3with 2M NaCNS as the solvent involved so many difficulties, includ-
ing pitting of the stainless steel parts of the osmometer, that we decided this
time to use water. Triton X-100 (1%) was added to the water to improve
wetting. A Schleicher and Schuell Co. B-19 membrane was employed. A
temperature of 40°C was selected for the measurements, since at this tem-
perature k' has essentially leveled off, and osmotic measurements on gela-
tinZ7 show it to be molecularly dispersed at 38°C. Low osmotic pressures
coupled with somewhat unstable membrane dissymmetries in water have re-
sulted in scatter in the ir/c versus c plots (see Fig. 7), and the extrapolated
data of Table VI are based on 3 out of 4 concentrations.

* Measurements by DeBell and Richardson, Inc., llazardville, Conn. 06036.
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Fig. 6. Plot of intrinsic viscosities in 112 vs. 2M NaCNS, 25°C.

TABLE VI
Osmotic Pressure Data and Mnfor PMG Homopolymers
M, dl/g
hd, 2M NaCNSs, we (e-- 0),
Sample 25°C 25°C ml-atm/g X o
1 0.196 0.473 0.285 90.2
2 0.228 0.547 0.245 105.0
5 0.248 0.670 0.225 114.0
n 0.512 1.30 0.145 177.0

There is also some scatter among the slopes of the w/c versus cplots (Fig. 7)
but the general flatness indicates that the second virial coefficient is very
close to zero and the polymer solvent interaction parameter is about 0.5.
Water at 40°C is close to being a 9 solvent for PMG.

In Figure 8 the log-log plots of [r] (HD, 25°C) and P (2M NaCNS,
25°C) versus Mnare presented for PMG. A plot of log [7] (2M NaCNS.
25°C) versus Mn for PAG3is included for comparison. Equations which
relate [i]Jand Mnare:

For PMG:
[vIreO,2icG = 0.68 X 10 )
bITIMNEONS BC = 1.7 X 10-8Kihi5 3)

For PAG:
[VImNeONS BC = 1.30 X 10 ?AiINI&@ @)

There is some question as to whether PMG in HD at 25°C is molecularly
dispersed, so the viscosity-molecular weight relationship for water should be
taken with reservation. The high k' for PMG in water and its large tern-
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Fig. 7. Dilute solution osmotic pressure data for PMG samples, 1120, 40°C.

Fig. 8. Plots of log [71 vs. log Mn for PAG and PMG.

perat.ure dependence may indicate aggregation. On the other hand, the
much larger intrinsic viscosities in 2M NaCNS, the increase in [F] for water
with temperature, and the reasonbly good linearity of the plot of log ]
versus log M nplot for water argue against- aggregation. The very high val-
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ues for the exponents which almost approach those obtained for helicesi819
also require discussion. Equations (2)-(4) were obtained on unfractionated
polymers and are therefore only approximate expressions. Accurate values
for K and a can be obtained only if the molecular weight distributions for all
of the samples are the same. If the distributions of higher molecular
weight samples are broader than those of lower DP and molecular weights
are expressed as number averages, the value of a will be too high and that of
K too low. This may contribute to some extent to the value of 1.5 which
we have obtained, but we do not believe it to be the main cause for the high
value of the exponent.  All of the PMG samples were prepared in much the
same manner so that we would not expect grossly different distributions.
Furthermore, measurements on polydisperse PAG samples where chain
transfer with monomer and/or polymer seems to be more prevalent and
could lead to even broader distributions of molecular weight at high DP
gave an exponent of only 0.52 [cf. eq. (4)]and a very typical value for K.
Values similar to those we observe for PMG are not unheard of. Values of
1.25-1.35 for aand 1.1 to 4.4 X 10-8 for K are reported for poly-W-p-carb-
ethoxyphenylmethacrylamide).D It is not unreasonable that for PMG
0

the steric hindrance to rotation resulting from the a-methyl and —C—CH?2
—CONHo groups could lead to a stiff, rodlike configuration in solution.
This would account for the extreme observed brittleness of PMG in the solid
state and for the low heat of homopolymerization. The larger excluded
volume associated with a rodlike configuration compared to a more spherical
configuration for a particle of the same molecular weight could result in
fewer intermolecular interactions and other conditions being equivalent ex-
plain the decreased tendency of PMG to form gels when compared to PAG
and also the lower melting points of the PMG gels.

If the relationship for water is realistic, it is indeed unusual to
have a situation where two different solvents yield the same value for a yet
show vastly different intrinsic viscosities. It is probably fortuitous, but if
it is assumed that two CNS- anions are associated with each difunctional
amide side chain of PMG and this new effective molecular weight substi-
tuted into eq. (2), the calculated [?%] for HD is almost identical with that
measured in 2M NaCNS. This would not explain the much higher vis-
cosities in DMS compared to water. Viscosity results for DMS lead to
value of 1.27 for a. We do not discount entirely the possibility that PMG
in solution exists in some partially helical conformation. We are now pre-
paring polymethacrylyl-l-alaninamide to determine whether there might
be some abrupt change in optical rotation as a result of a conformational
helix-random coil change.

Copolymerization of MG

Copolymerization of MG (monomer 2) and acrylic acid (monomer 1) has
been studied at 60°C. The data are presented in Table VII. All copoly-
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Fig. 9. Copolymerizalion curve for MG (monomer 2) with acrylic acid.

merization tubes contained, in addition to the monomers, 5 mg of azobisiso-
butyronitrile as the initiator, and 15 ml of 1:1 water-ethanol by volume.

TABLE VII
Copolymerization of N-Methacrylylglycinamide (M2) and Acrylic Acid (Mi)
Monomer  Monomer Time, Conversion,
2,9 |‘g 207+ min % A, %b Vi2&
0.475 2.109 0.102 21 4.17 6.83 0.212
1.427 1.685 0.300 20 12.85 10.92 0.387
2.380 1.201 0.501 13 4.05 15.23 0.633
3.329 0.720 0.701 13 4.12 17.52 0.803
4.282 0.239 0.901 6 3.24 18.25 0.865

aMi is the mole fraction of monomer 2 in the monomer mixture and mi the mole frac-
tion of monomer 2 in initial copolymer.
b Analyses by Clark Microanalytical Laboratories, Urbana, lllinois.

If the best theoretical copolymerization curve is fitted to the data of Table
VIl (Fig. 9), values ofn = 0.4 and r2= 15are obtained. The high conver-
sion at a M2value of 0.3 has led to a copolymer too rich in acrylic acid, and
hence this point falls below the curve. Similarly, inability to obtain theo-
retical values for nitrogen in PMG homopolymers interferes at high .MG
copolymer contents. By employing the Alfrey-Price2l2scheme for mono-
mer reactivity factors and values of Q = 1.15 and e = 0.77 for acrylic
acid,Bvalues for the resonance factor Q and the electrical factor e for MG
are 1.66 and +0.06, respectively. For the AG (M2-acrvlic acid (Mi) Sys-
tem,2ji = 0.55 and r2 = 0.40, which yield Q = 0.81 and e = —0.46 for
V-acrylylglycinamide. If methyl acrylate is compared with methyl meth-
acrylate and acrylamide with methacrylamide, B it is seen that a-methyl
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substitution raises the value of the resonance factor and makes e algebrai-
cally more negative. In the glycinamide series, a substitution raises the
value of Qbut the electron density of the double bond seems to be higher in
AG than MG. This majr be a consequence of choosing acrylic acid as the
comonomer, where the possibility of partial protonation of the glycinamide
monomers in aqueous solution exists, or may result from inherent inade-
quacies of the Alfrey-Price treatment.

References

1 H. C. Haas and N. W. Schuler, J. Polym. Sci. B, 2, 1095 (1964)

2. H. C. Haas, R. D. Moreau, and N. W. Schuler,./. Polym. Sci. A-2, 5, 915 (1967).

3. H. C. Haas, C. K. Chiklis, and R. D. Moreau,./. Polym. Sci., A-I, 8, 1131 (1970).

4. W. H. Bauer and E. A. Collins, in Rheology, Vol. 4, F. R. E|r|ch Ed., Academic
Press, New York, 1967, Chap. 8.

5. J. Pryce-Jones, J. Set. Instr., 18,39 (1941).

6. J. Eliassaf, A. Silberberg, and A. Katchalsky, Nature, 176,119 (1955).

7. J. Eliassaf and A. Silberberg, J. Polym. Sci., 41,33 (1959).

8. S. It. Erlander and It. Tobin, J. Macromol. Sci.-Chcm., A2, 1521 (1968).

9. J. S. Yudelson and It. E. Mack, J. Polym. Sci. A, 2, 4683 (1964).

10. L. D. Taylor and T. E. Platt, J. Polym. Sci. B, 7, 597 (1969).

11. J. E. Eldridge and J. D. Ferry, J. Phys. Chem., 58, 992 (1954).

12. M. L. Huggins, J. Amer. Chcm. Soc., 64,2716 (1942)

13. H. C. Haas, It. L. MacDonald, and A. N. Schuler,./. Polym. Sci.,[A-I, 8, 3405 (1970).

14. W. It. Moore, J. Epstein, B. M. Tidswell, and A. M. Brown, J. Polym. Sci., 23,
23 (1957).

15. H. Morawetz, Macromoleculcs in Solution. Interscience, New York, 1965, pp. 368-
369.

16. W. R. Moore, Progr. Polym. Sci., 1, 1 (1967).

17. J. Pouradier and A. M. Venet, /. Ckim. Phys., 47, 11 (1950).

18. P. Doty, J. H. Bradbury, and A. M. Holtzer, J mAmer. Chcm. Soc., 78, 947 (1956).

19. C. Tanford, The Physical Chemistry of Macromoleculcs, Wiley, New York, 1961,
pp. 408-09.

20. G. M. Chetyrkina, V. G. Aldoshin, and 8. Y. Frenkel, Vysolcomot. Socdin., 1, 1133
(1959).

21. T. Alfrey, Jr., and C. C. Price,,/. Polym. Sci., 2, 101 (1947).

22. C. C. Price, J. Polym. Sci., 3, 772 (1948).

23. J. Brandrup and E. Il. Iminergut, Eds., Polymer Handbook, Interscience, New

York, 1966, p. 11, 341.

Received May 27, 1970
Revised October 29, 1970



JOURNAL OF POLYMER SCIENCE: PART A-l VOL. 9, 975-981 (1971)
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Reaction with Phosphorus-Containing Reactants
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Synopsis
Crosslinked products of the form:
Ii Ii I
YC-C+ and -f¢-CY
) A A
It—R =0 It—R =0
: &

have been formed from the interfacial condensation of phosphorus diacid halides with
poly(vinyl alcohol). Product yield and amounts of phosphorus reactant included in the
product increases as the amount of base increases. Product stability in aqueous systems
decreases in the order neutral > base > acid.

Introduction

Modifiention of polymers has been accomplished by allowing portions of
the chain to undergo chemical reactions.1 Much work has been done with
poly(vinyl alcohol) (PVA) via reaction at the hydroxide group. Much
of the work has concerned itself with the melt and/or solution esterifica-
tion,2-6sulfonation,6-7 and phosphorylation10-14 of the hydroxide group.

Volgina et al.1l reacted PVA with phosphorus-containing halogen reac-
tants such as trichloroethyl phosphate in dimethylformamide ; subsequent
heating to 200°C led to products which did not support combustion and
smoldering and which were water- and rot-resistant. BraceRreported the
formation of dialkyl poly(vinyl phosphate) flame-retardant textiles from
the phosphorylation of PVA with a mono-acid chloride phosphate by the
solution method. Motozato et al.134reacted PVA with phosphorus oxy-
chloride in an organic solvent. Hydrolysis of the products gave fibers with
cation-exchange capacity.

*To whom correspondence should be directed.
t A project SEED operation “Catalysts” student supported during the 1970 summer.
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Much work has been reported on the synthesis of poly(phosphate esters)
and poly(phosphonate esters) by the interfacial technique.1518 This work
excluded the use of polymers containing hydroxide groups.

Recently, work has been done by the interfacial technique to form polyes-
ters of PVA of the form 1.1924 This work has been restricted to the use of
hydrocarbon acid chlorides. \We report the extension

H H

of the method to include the synthesis of phosphonate and phosphate esters
through interfacial condensation with poly (vinyl alcohol) t-o produce prod-
ucts of forms 11, 111, and V.

I H H H H
P(Ji ' pcl pcl c%/v
: ] )

H 6 H A i o

1
I—P=0 R-P=0 1—P=0
1
i Cl A
n i v

. the interfacial method, two fast-reacting monomers are dissolved i

of immiscible liquids, one of which is gimorally water. Polymer
tion occurs at or near the liquid interface. It is a simple system, often pro-
ducing high yields of products rapidly at or around room temperature. It
offers a direct route to poly(phosphonate and phosphate esters) of forms
11 1V by utilizing commercially available reactants.

Experimental

Poly(vinyl alcohol) was purchased from Matheson, Coleman, Bell (Nor-
ward, Ohio) and used without further purification. The acid chlorides were
used as obtained from Aldrich Chemical Co. (Milwaukee, Wisconsin).
Polymerizations were carried out in a 1-pt Kimax emulsifying jar placed on
a Waring Blendor (Model 1001 or 1040). The jar was vented by placing a
glass tube, inserted in a cork stopper, through a hole in the jar cap. A sec-
ond hole in the cg> contained a separatory funnel. The PVA in water,
along with any added base, was initially added to the reaction jar. The cap
was screwed on the jar. The organic phase containing the acid chloride
and organic solvent was added to the separatory funnel. The blender was
turned on and the funnel stopcock opened, the organic phase thus being al-
lowed to fall freely into the reaction jar. Timing began when all the organic
phase had entered the reaction vessel. After the desired period of time, the
blender was turned off.
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The aqueous phase was separated and filtered. The filtrate was washed
with portions of water and then added to about 500 ml of distilled water.
The mixture was stirred for about 1-3 days to dissolve any unreacted poly-
viny| alcohol) which may have precipitated from the reaction mixture along
with the product.* The contents were filtered and the product collected
as the filtrate and dried under vacuum (about 10mm Hg).

The amount of phosphorus reactant included in the product was deter-
mined for some of the products (Table I). Given portions of the aqueous

TABLE |
Properties as a Function of Reactant*
Phosphorus NaOH added, Weight of PVA in
reactant mole product, g product, %
POCh-CeHs 0.0 0.06 75
POCh-CeH, 0.023 0.06
POCVCG®y 0.046 1.48 66
POCh-CsHs 0.150 1.90 50
POCb-CFL-CI 0.0 0.01
POCh-CHj-CI 0.023 0.02
POCh-OCJR 0.0 0.01
POCL-OCelF 0.023 0.06
PSCh-CTL 0.0 0.18 70
PSCl2CéH, 0.023 0.44 66
PSCL-CTL/ 0.046 0.83 56
PSCh-GJT, 0.023 0.30
POCL-CJT 0.0 0.18
POCI2C2Hs 0.023 0.28

aReaction conditions: 1.00 g (0.023 mole) of poly(vinyl alcohol) (limiting viscosity
number of about 30 in water at 25°C) in 50 ml of water (plus added base) plus 0.023 mole
phosphorus reactant in 50 ml of carbon tetrachloride at 25°C, 17,500 rpm no-load stir-
ring rate for 2 min.

b Calculated as described in Experimental section.

“See Table II.

dSee Table 1.

phase (combined with the wash and digestion water) were evaporated under
vacuum.f Water was added to the solid; this dissolved the salt, unreacted
NaOH, and hydrolyzed acid chloride but not the poly (vinyl alcohol), which
takes about a day to go into solution. The mixture was filtered and the
solid poly(vinyl alcohol) weighed. From knowledge of the unreacted
poly (vinyl alcohol) the amount, of poly (vinyl alcohol) incorporated in the
product was calculated.

Softening ranges were measured by using a Fisher-Johns melting point
apparatus at an approximate heating rate of 2°C/min. No softening point

* Repeating the reaction procedure but without the phosphorus reactant generally
yielded portions of jelled poly(vinyl alcohol) which dissolved in water after several hours.

f The agqueous phases were found to turn brown and give inexact results if heat (>60°C)
was employed to help evaporation, possibly due to the presence of hydrolyzed acid chlo-
rides (which are soluble in water) and/or unreacted base.
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wavenumber cm

Fig. 1 Infrared spectrum of the product from condensation of poly(vinyl alcohol) with
phenylphosphonic dichloride.

was observed for any of the products to a temperature of 300°C. The ma-
terials generally turned from white to cream to brown in color in the range
of 140-260°C, indicating some degradation and/or change in structure.

Infrared spectra were obtained as KBr pellets for the solids and two KBr
pellet-plates for liquids® by use of a Beckman IR-12 or a Perkin-Elmer
237B spectrophotometer. The spectra were consistent with inclusion of the
phosphorus portion of the acid chlorides in the PVA chain. A representa-
tive spectrum appears in Figure 1

The products were insoluble in all solvents, indicating crosslinking. This
is expected, since the acid chlorides employed are difunctional.

Results and Discussion

Modification of poly (vinyl alcohol) by reaction with diacid chlorides con-
taining phosphorus has been accomplished. The products can contain at
least three types of linkages, structures I, 111, and IV. Form |1l results
from initial attack by the phosphorus reactant without subsequent reaction
with the second halide. The presence of some P-Cl endgroups in the prod-
uct results from the interfacial reaction between phenylphosphonic dichlo-
ride and hydroquinone.1518 The P-CI frequency is assigned the region
587-435 cm-1.8 Spectra of the products generally show a band in the re-
gion 560-570 cm-1 which is attributed to the presence of the P-CI group.
The products give a positive Beilstein test for halogen. Thus the presence
of units of form I11 is believed to occur. Form I11 could result from either
of the following reaction pathways: (1) diffusion away from the aqueous
phase by the acid chloride after initial reaction of the first acid chloride;
(2) entrapment of the acid chloride either through precipitation of the prod-
uct and/or entanglement in the growing chain.

Form 11 could result from hydrolysis of the acid chloride either before or
after the initial phosphonation or phosphorylation.  The products generally
exhibit weak or no bands in the infrared region assigned to the P-OH group
(2700-2550 cm-1.Z
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The presence of units of form IV is indicated by the crosslinked nature
of the products.

Several trends are apparent (Table ). As the amount of acid acceptor
(NaOH) is increased, product yield and amount of phosphorus reactant in-
cluded in the product increases. The vyield trend is presumably a conse-
guence of a greater efficiency of acceptance of the acid as the amount of base
is increased. (Hydrogen chloride is formed as a condensation product and
can protonate alcohol groups, thereby inactivating the alcohol functional

TABLE 11
Stability of Products*

Poly (vinyl alcohol) product with
phosphorus reactants

Liquid POCIrC®Hib PSCIu-CeHs™"

Formic acid (98-100%) — —
Glacial acetic acid
p-Xylene
Acetonitrile
Triethylamine
Agueous NaCl (sat.)
Methylene chloride
Benzene

Nitric acid (70%)
Distilled water
Sulfolane-Wd
Isoproponal alcohol
Bromobenzene
Carbon tetrachloride
Tetrahydrofuran
2-Chloroethanol
Pentane
Acetophenone
Methanol

HZ0, (98%0)

HCI (3M)

1150, (3M)
Acetone

Petroleum ether
Dimethyl sulfoxide
NaOH (O.1Af)
NaOH (l.OAf)
NaOH (3.0M) -
Ethyl acetate +

+ + +
o+ o+ o+

+ + +
o+

|+ + + + + +
|+ + + + + + + + +

o+ 4
:

L+ o+ o+ o+
+ 4+ + 4+ + 4+

“The test samples were composed of about 0.02 g of product in 3 ml of liquid. The
samples were shaken occasionally. Instability (—) was indicated by the disappearance
of the solid in the given liquid; stability (+) was indicated by the absence of signs of deg-
radation of the product.

b Product properties given in Table I, see footnote c.

cProduct properties given in Table I, see footnote d.

d A gift from the Stauffer Chemical Co., Dobbs Ferry, N. Y.



980 CARRAHER AND TORRE

group toattack by the acid chloride. The reaction presumably occurs via a
bimolecular pathway where the phosphorus is the site of nuclophilic at-
tack by the alcohol.) The trend should only be accepted over the tested
range, since an increase in base concentration should also increase the rate of
acid chloride hydrolysis via attack by the hydroxide ion. Over the tested
range the acid acceptor role of the base seemingly increases relative to its
role as an acid chloride-hydrolyzing agent.

The amount of poly (vinyl alcohol) component (and thus the amount of
phosphorus component) was calculated as indicated in the experimental
section and appears in Table I. The increase in phosphorus component as
amount of base increases is also indicated by an increase in infrared bands
due to the phosphorus reactant relative to those attributed to the poly-
vinyl alcohol) portion. Quantitative determination of the amounts of
phosphorus-containing component was not made, since there was doubt as
to the constancy of the baseline throughout the various spectra.

The trend can be explained by considering the requirements for crosslink-
ing. There is a point for each given polymer beyond which insolubility in
good solvents (and in fact, all solvents) occurs.* Insolubility presumably
can occur with a small amount of crosslinking. The formation and precipi-
tation of crosslinked material follows a tight reaction schedule.  In low-base
(or no-base) systems, HC1 can more effectively protonate near-by alcohol
groups, preventing the inclusion of greater amounts of the phosphorus re-
actants before precipitation occurs and ending the growth of the chain. In
systems with more base, the base is more effective in deprotonating and/or
acid-acceptor activity, permitting a higher amount of the phosphorus reac-
tant to be included in the precipitating product.

The stability trend (Table Il) of neutral > base > acid water solutions is
somewhat different than that (neutral > acid > base) observed for
linear poly (phosphonate esters) and poly (phosphate esters).8 The reason
for the difference in trend is not now known. Differences in wetting,
permeability, etc. may be responsible.

Crosslinked products have been formed from the interfacial condensation
of phosphorus diacid halides with poly (vinyl alcohol). Product yield and
amount of phosphorus reactant included in the product increases as the
amount of base increases over the tested range.
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Production of Organometallic Polymers by the
Interfacial Technique. XX. Synthesis of
Polyoxystannyloxyalkylenes

CHARLES E. CARRAHER, JR.,* and GARY A. SCHERUBEL,
University of South Dakota, Chemistry Department, Vermillion,
South Dakota 57069

Synopsis

Polyoxystannyloxyalkylenes of low to intermediate molecular weight were synthesized
in low to high yield by a modified nonaqueous interfacial technique.

R

—S+—O0—R—O0—

I
R

At least some of the products possess Sn—Cl, Sn—OH, and R—OH endgroups. The
aqueous stability of the products is in the order neutral » basic > acidic.

Introduction

We have been interested in the synthesis of organometallic polymers by
means of the interfacial technique.1-6 Synthesis can be accomplished at
or below room temperature, which minimizes thermally induced side
reactions and allows the use and/or synthesis of thermally unstable
products. Modified, nonaqueous interfacial systems were devised for use
with nucleophilic agents as diols and diamines because of preferential
hydrolysis of the organometallic halide rather than the desired ammonolysis
or alcoholysis.

We recently reported the interfacial synthesis of polystannylalkylene-
(arylene)diamines (1) by using a modified interfacial system.6 We now
wish to report the first synthesis by any method of polyoxystannyloxy-
alkylenes (Il) by using another modified interfacial system. The modified
system used in this study substitutes for the aqueous-phase liquid diol
which acts as a reactant and forms an interface with the second stannane-
containing phase. It has previously been successfully employed in the
synthesis of polyalkyloxysilanes.78

The interfacial technique offers a direct pathway to the synthesis of
such products by use of commercially available reactants.

*To whom correspondence should be directed.
983
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R R H H
X—§n—X + HN—R—NH2 W (sh— R r— b @
R R
I
R R
1 , HX
X—sln—x + HO—R—OH * —Sn 0—R—Ofr )
R R

Experimental

Detailed description of the polymerization sequence is given elsewhere.7
Generally the organic phase,* containing a known amount of organo-
stannane reactant, was added to stirred liquid diol containing triethylamine.
The polymer separates from the liquid phases as a white tacky solid and
was separated from the liquid phases by use of suction filtration. The salt,
triethylamine hydrochloride, is washed from the product with water.

Fig. 1. Infrared spectra of (a) diphenyldichlorostannane, (b) 1,4-butanediol, and (c)
polyoxy (diphenylstannylene)oxytetramethylene.

* The terms organic solvent or organic phase are used to describe the non-diol phase or
solvent.
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Fig. 2. Infrared spectrum of polyoxy(di-n-butylstannylene)oxytrimethylene.

Fig. 3. Infrared spectrum of polyoxy(di-ra-butylstannylene)oxy-2-butenylene.

Infrared spectra were obtained by using KBr pellets for solids and
using two KBr pellets for liquids (the reactants) on Beckman IR-12 and
Perkin-Elmer 237-B spectrophotometers. The spectra and elemental
analysis were consistent with a repeating unit having the structure II.
Representative spectra appear in Figures 1-3.

Viscometry was conducted in dioxane at 30°C by using a Cannon-
Ubbelohde semimicro viscometer. Softening ranges were obtained by
using a Fisher-Johns melting point apparatus at a heating rate of 5C°/
min and are defined as the range between the beginning of melting and the
point at which melting is complete.

Results and Discussion

Synthesis of polyoxystannyloxyalkylenes by the modified technique is
general for liquid diols (Table 1). The products represent low to inter-
mediate molecular weight chains DPr in the range of 3-1209 and are
obtained in low to high yields.

Reaction conditions are constant with regard to volume of diol rather
than to molar amount of diol. The limiting reagent in each system
is stannane, which is held constant from system to system. This was done
for several reasons. If molar quantities of reactants are used and an



986 CARRAHER AND SCHERUBEL

TABLE 1
Polymer Properties as a Function of Reactant*
Reac- Soft-
Diol  tion ening
content, time, Yield, Vsp/c, range,
Stannane Diol mole  sec % mllgh °C
Diphenyldichlorostannane ~ 2-Butenediolc 0.023 15 8 15 >300
Diphenyldichlorostannane 1,4-Butanediol 0.022 15 58 29 >300
Dibut.yldiehloro.stannane 1,4-Butanediol 0.022 15 52 — 190-198
Dibutyldichlorostannane 2,2'-Oxydiethanol ~ 0.021 30 2 —  220-227
Dibut.yldiehloro.stannane Ethylene glycol 0.037 30 90 3 198-205
Dibutyldichlorostannane 1,3-Propanediol 0.026 30 1 — 105-109

“Reaction conditions: 0.0030 mole stannane in 50 ml hexane, 2 ml of diol, 0.0000 mole
of triethylamine; 17,500 rpm tirring rate at 30°C.

bViscosity in dioxane, 1%.

0A gift from GAF Corp., New York, N.Y., 10020.

attempt, is made to hold the molar amount constant as diol is changed, the
volume of the diol phase is varied. An analogous study showed that
rate of polymer formation with silanes was consistent with the rate expres-
sion (3):

Rate = k[ethylene glycol]'/3[silane] 3

Equation (4) is derived if one assumes a model consisting of spheres
of diol reactant in a “sea” of organic solvent.  (Other necessary assumptions
are given in ref. 10.) This is consistent with

Rate = k(spherical area of ethylene glycol) [silane] 4

the rate expression given in eq. (3), since spherical area is proportional to
(concentration)\a Thus volume of the diol phase may be critical in
determining reaction parameters. In addition, the nature of the diol
may be critical in determining product trends. This is difficult to assess
in such systems, since not only would diol volume vary but also the surface
tension, viscosity, solubility, etc. of the diol phase would vary as the diol
reactant varied. Work is in progress to determine the effect of varying the
nature of the stannane on the reaction parameters.

A soluble base (triethylamine) was the acid acceptor. It has been
shown in studies involving the nature of the acid acceptor in the production
of polyalkyl(aryl)oxysilanes, that systems with soluble bases are superior
to systems with no added base or solid insoluble added base with respect to
acid-acceptor properties. This is demonstrated by an increase in product
yield and molecular weight in systems11 2with soluble base.

Many polymers containing Group IV elements are hydrolytically
unstable. Degradation is often catalyzed by the presence of acid or base;
e.g., 1g of polyoxy-1,4-phenyleneoxy(di-n-butylstannylene) (111, LVN in
dioxane of 7 ml/g) undergoes complete hydrolysis in less than 1 min
stirring (17,500 rpm) in 50 ml 1V HCL In IV NaOH hydrolysis is
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slower, about 10 min being required for partial hydrolysis of the product.
This observed difference in rate of hydrolysis can be explained by con-
sidering that the site of attack by the hydroxide ion is at the more sterically
encumbered tin whereas attack by the proton occurs at the more open
oxygen.

The products exhibit relatively good hydrolytic stability in neutral
water if “unwetted.”

Both yield and molecular weight remain approximately constant over
short stirring times but decrease at long stirring times (Table II). A
similar study was made in the synthesis of polyoxyethyleneoxy(diphenylsil-
ylene).7 Yield increased with molecular weight, remaining constant as
stirring time increased. The two systems are the same except the silane
system employed an insoluble base (NaOH) as the acid acceptor whereas
the present systems employed a soluble acid acceptor (triethylamine).
As noted above, the tin products undergo acid- or base-catalyzed degrada-
tion. In the silane systems the insoluble base was (presumably) not
effective in promoting degradation. In the stannane systems it is possible
that degradation of the tin polymer, catalyzed by the soluble base, occurs
more rapidly than does polymer formation, resulting in the observed
trend.* (It must be noted that such base-catalyzed degradation should
also be promoted by the reactant base diol.)

TABLE 11
Polymer Properties as a Function of Reaction Time*
Reaction
time, sec Yield, % \splc, nd/g
15 85 15
30 90 16
120 78 16
300 69 10

aReaction conditions: 0.0030 mole of diphenyldichlorostannane in 50 ml hexane, 2 mi
(0.023 mole) of 2-butene-1,4-diol, 0.0060 mole triethylamine; 17,500 rpm stirring rate at
30°C. Softening ranges of all products greater than 300°C.

JViscosity in dioxane, 1%.

The tin products are generally soluble in dioxane, p-cumene, and methyl
ethyl ketone but insoluble in such solvents as dimethyl sulfoxide, dimethyl-

*The relative decrease observed between decreases in yield compared with molecular
weight may indicate apathway of degradation but the system has not been widely enough
studied to make such speculation profitable.
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formamide, carbon tetrachloride, benzene, acetone, toluene, and chloro-
form. The analogous silicon products exhibit a wider range of solubility.
Thus the general order of solubility range is Si > Sn, which is consistent
with the order Si > Ge > Sn observed for other Group IV condensation
polymers.9

There are four possible endgroups. They are Sn—Cl, Sh—OH (resulting
from hydrolysis of Sn—Cl endgroups in the isolation procedure), R—OH,
and Sn—NEt, or similar species resulting from attack of the triethylamine
on the tin halide ending chain growth. The presence of triethylamine groups
is generally indicated by the presence of characteristic bonds in the 2770-
2700 and 1320-1240 cm-1 regions.22 Spectra of products obtained
in the present study (Figs. 1-3) do not exhibit infrared-detectable inclusion
of triethylamine groups.

Spectra were obtained in the 200-800 cm-1 region by using the Beckman
IR-12 spectrophotometer. The Sn—cCl stretching region is in the 320-350
cm-1 range.134 Spectra of the products generally exhibit bands in the
325-335 cm-1 region. They also generally give positive Beilstein tests for
halide. The presence of at least portions of Sn-Cl endgroups is established.

It is difficult to distinguish between the presence of Sn—OH and R—OH
groups since their characteristic absorption ranges overlap (3400-3500
cm-1 for Sn—OHH4and 3100-3400 cm-1 for R—OH). Some of the products
exhibit two bands which indicated the presence of both groups. Other
products exhibit broad spectral bands which may result from the presence
of both groups. It is tentatively concluded that at least some products
have both Sn—OH and R—OH endgroups.

The low molecular weight found for the product with ethylene glycol
(Table 1) may be due to the formation of cyclic material having the
structure IV. This is not totally true, since the product exhibits infrared
detectable R—Oil (and possibly Sn—OH) endgroups.

Low to intermediate molecular weight polyoxystannyleneoxyalkylenes
were synthesized by the interfacial technique. The system is limited to
the use of only those diols which are liquid at or near room temperature.

This work was supported in part by an American Chemical Society Petroleum Re-
search Foundation Grant, 1338,G3.

This paper was abstracted in part from the thesis submitted by G. A. Scherubel to the
University of South Dakota.
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Preparation and Structure of Chlorinated
Poly (vinyl Flouride)*

R. BACSKAI, L. P. LINDEMAN, and J. Q. ADAMS, Chevron Research
Company, Richmond, California 94802

Synopsis

The low-temperature chlorination of poly(vinyl fluoride) (PVF) proceeds readily in
CCL suspension. The rate of chlorination is high initially, but the reaction slows down
considerably when the chlorine content of the polymer reaches 40-50%. At long reac-
tion times, polymers containing 62% chlorine (1.88 chlorine atoms per monomer unit)
can be obtained. As the degree of chlorination increases, the solubility of PVF in or-
ganic solvents increases. Polymer crystallinity and polymer softening point decrease
with chlorination. Polymers containing 40% chlorine appear to be completely amor-
phous by x-ray analysis. In this respect, PVF differs from poly(vinyl chloride) (PVC),
where chlorination increases the softening point, and it resembles polyethylene where
both crystallinity and softening point decrease with chlorination. 1= NMR analysis of
the polymers indicates that up to a degree of chlorination of 1 chlorine atom per monomer
unit, 50% of the substitution occurs on the a-carbon of the PVF molecule. This result is
very different from the predominant /3-chlorination of PVC reported by several workers.
The chemical selectivity observed in the chlorination of PVF is in qualitative agreement
with the results of free-radical chlorination of organic compounds and can be rationalized
by considering the size and the electronic properties of the fluorine atom. The results of
'H NMR analysis are also in support of a polymer structure where the chlorine atoms are
distributed between a- and /3-carbons. Based on a comparison of the 1 and '"H NMR
data, the average composition of chlorinated PVF at the 1 chlorine atom per monomer
unit level can be represented as: CaoH20F100Clio = (CFEMCHFIMCHCIMICCIF);»-
(CCI2I3

INTRODUCTION

There are numerous reports in the literature dealing with the halogéna-
tion of high molecular weight polymers.1 Much of the work has been
aimed toward the modification of some physical property of the base
polymer, such as solubility,2 stiffness,la shape retention at elevated tem-
perature,34 etc. Other investigations explored the possibility of intro-
ducing reactive sites by halogénation in order to prepare crosslinkable
products.l6 The chlorination of poly (vinyl chloride) (PVC) has attracted
particular attention, mainly because of the higher solubility2 and the
increased softening point34 of the product. Both of these features are

*Presented in part at the International Symposium on Macromolecular Chemistry of
the IUPAC, Toronto, Canada, September 1968, and at the Fourth Western Regional
Meeting of the American Chemical Society, San Francisco, California, November 1968.
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important from the practical point of view. The structure of chlorinated
PVC was also studied in great detail,513 but there is considerable dis-
agreement among the various investigators with regard to the distribution
of chlorine atoms in the polymer chain.

The chlorination of poly (vinyl fluoride) (PVF), a reaction not investi-
gated previously, provides an interesting opportunity to prepare and study
a polymer having both fluorine and chlorine substituents in its main chain.
Although there are many reports on the physical properties of chlorinated
polymers, it is difficult to predict how the properties of PVF will be af-
fected by chlorination. The fact that chlorination reduces the softening
point of polyethyleneD but increases that of PVC34 serves to illustrate
this point. In this work, the synthesis of chlorinated PVF and some
physical properties of the products is described. An analysis of the
distribution of chlorine atoms in the polymer, based on 11 and & NMR
studies, is also discussed in detail.

EXPERIMENTAL

Materials

The PVF used in this investigation was obtained from the Diamond
Alkali Company, and it was designated Dalvor 720 fluorocarbon resin.
This polymer, a fine, white powder, is soluble in V,V-dimethylformamide,
A'jA-dimethylacetamide, and dimethyl sulfoxide at 110°C.

Anal. Caled for (CII,-CIIF),: C, 52.17%; 11,6.56%; F, 41.27%. Found: C,
51.66, 51.80%; 11,6.43,6.60%; F, 39.3%.

The infrared spectrum of the polymer between 000 and 1400 cm-1, ob-
tained on a film cast from V,V-dimcthylformamide solution onto a sodium
chloride plate, was identical to that reported by Koenig and Mannion. %4

PVC (Geon 103 EP), was obtained from the B. G. Goodrich Chemical
Company. Analysis showed 56.0% Cl [calculated for (CIF-CIICI),,,
56.75% ClI].

Polymer Characterization

The degree of chlorination $ of PVF, defined in this work as the number
of chlorine atoms in 100 monomer units, was determined from the elemental
analysis of the polymers. The two independent equations [egs. (1) and
(2) ] were used in the calculations.

40.040%
e o SR, 1
3545 - 0.3440% N,
240,000 - 4,604C%
34.44C% (2)

Typical calculations are summarized in Table I.
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TABLE |
Calculation of the Degree of Chlorination 4>in Chlorinated PVF
Elemental analysis %£a
Sample Cl, % p G From % Cl  From % C Mean
PVF 51.73 — - -
1 1.53 51.45 2.0 1.9 2.0
2 6.03 49.11 8.3 8.3 8.3
3 10.04 47.27 145 13.9 14.2
4 14.7 44.87 22.3 21.8 22.1
5 30.05 37.68 55.1 51.4 53.3
6 40.0 31.96 84.9 84.5 84.7
7 60.1 22.92 187.2 170.6 178.9
8 61.75 22.58 200.7 175.2 188.0

aNumbev of chlorine atoms in 100 monomer units.

In the case of chlorinated PVC, used for comparison, the degree of
chlorination was calculated from eq. (3).

6'2.5C1% - 3,550

3
355 - 0.3450% )

For chlorinated PVC, $ measures the number of additional chlorine
atoms in 100 monomer units.

Reduced specific viscosities were measured in V,.V-dimethylacetamide at
110°C and 0.1 g/100 ml polymer concentration.

d1l NMR, spectra were obtained on a Varian HA-100 spectrometer.
The polymers were dissolved in hexadeuterodimethylsulfoxide (approx-
imately 11 wt-%), and the measurements were carried out at 110°C;
5% benzene was added for internal lock signal. The chemical shifts
(reported in ppm) are all downfield relative to TMS, the dimethyl sulfoxide
solvent impurity being used as a standard (5 = 2.50 ppm). Relative
proton counts were calculated from the electronic integral.

19 NMR spectra were obtained on a conventional Varian wideline
NMR spectrometer at 40 MHz to avoid bothersome side bands which were
present in the 100 MHz high-resolution spectra. The polymers were
dissolved in V.V-dimethylformamide (approximately 18 wt-%), and the
measurements were carried out at 40-60°C. Chemical shifts were measured
by conventional audio side banding of the 40 MHz transmitter. Chemical
shifts are reported in ppm, upheld relative to internal CF3COOH standard.
The areas under the absorption curves were obtained by computer in-
tegration of the experimental first-derivative spectra. An indefinite
integration was performed twice, the first giving the absorption curve;
the second giving the area under the absorption curve.

Preparation of Chlorinated PVF

The chlorination apparatus, consisting of a three-necked, 500-ml Pyrex
flask equipped with stirrer, condenser, thermometer, and gas inlet tube



99t BACSKA1l, LINDEMAN, AND ADAMS

was charged with 10 g PVF and 150 ml CCh- The stirrer was started,
and nitrogen gas was bubbled through the polymer suspension. After 10
min the nitrogen was shut off, and chlorine gas was introduced at a rate of
170 ml/min. At the same time the reaction mixture was illuminated with
a 275-W General Electric sunlamp placed at a distance of 5 cm from the
flask. The introduction of chlorine was continued for 20 min, and during
that time the temperature inside the flask rose from 21°C to 49°C.  Follow-
ing that, the flask was purged with nitrogen, and the polymer suspension
was poured into 500 ml of methanol. The precipitate was filtered, washed
on the filter with methanol, and dried at 50°C in a vacuum oven. The
polymer yield was 10.38 g (Cl = 6.03%, j4R/c = 1.06 dl/g).

RESULTS AND DISCUSSION
Polymer Preparation

The chlorination of PVF in CCl4suspension proceeds readily under the
conditions described in the experimental part.  Chlorine replaces hydrogen
in the polymer, and HC1 is evolved. The results, summarized in Figure 1,
indicate that initially the reaction is fast, but it becomes considerably
slower at higher conversions. A similar decrease in the rate of chlori-
nation was previously observed by Fuchs and Louis7 in a study of the
chlorination of PVC. Although we have found that the initial rates of
chlorination of PVF and PVC are about the same, it is interesting to note
that more than one chlorine atom per monomer unit can be incorporated
relatively easily into PVF. With PVC this takes place only under drastic
conditions? or, according to other reports, not at all.9 It is known that
PVC is chlorinated preferentially on the methylene group, and after the
incorporation of one chlorine atom per monomer unit the polymer consists
mainly of 1,2-dichloroethylene repeating units.7-13 Further chlorination
of PVC would lead to the formation of CC12 groups, which is probably
prevented by the bulky chlorine substituents. Since PVF is chlorinated
about equally readily both on the CH2 and CH groups (this will be dis-
cussed later), substitution of one chlorine atom per monomer unit will
still leave about 50% of the CH2and CHF groups of the starting polymer-
unchanged. Thus, further substitution may occur without the formation
of CC12groups.

As the degree of chlorination of PVF increases, the reduced specific
viscosity of the polymer decreases. This behavior is again similar to that
of PVC. Whether this decrease in the reduced specific viscosity results
from chain scission cannot be ascertained at present, since the molecular
weight-solution viscosity relationship is not known.

Tire suspension chlorination of PVF can also be carried out at higher
temperature or in reaction media other than CC14 Such experiments are
summarized in Table 1I. The data show that the degree of chlorination is
increasing at higher temperature. If part of the CCl4is replaced with
concentrated aqueous HC1, the reaction becomes faster; the chlorination
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Fig. 1. Suspension chlorination of PVF and PVC in CCh. Polymer, 10g; CCL, 150 ml;

21-o0l°C; 170ml Clj/min.

proceeds also readily in benzene. In CS2 the chlorination is extremely
slow. This is probably caused by the reduced reactivity of Cl2complexed
with CS25

TABLE 1l
Suspension Chlorination of PVF in Different Reaction Media“
Time of Tempera- 4,
chlor- ture of Cl/100
Reaction ination, chlorina- Cl, vsplc,  Mmonomer

Sample medium min tion, °C wt-% dl/g units
4 CCh 90 21-40 14.7 0.73 22
9 CCh 60 77 16.27 0.82 25
10 Benzene 240 80 42.9 0.76 95
n CSj 1440 46 4.16 5
12 CCh-conc. LICE 30 21-46 9.2 0.85 13
13 CCh-conc. HCIb 60 25-43 20.09 0.91 32

“Reaction conditions: 10 g PVF', 150 ml reaction medium, 170 ml CL/min.
b 100 ml CCh + 50 ml concentrated aqueous HC1 (37-38% HC1).

Polymer Properties

Solubility. PVF is soluble only in strongly polar solvents such as Ar,N-
dimethylacetamide or dimethyl sulfoxide at elevated temperatures, usually
above 100°C. Chlorination increases the solubility of PVF, and polymers
containing 30% or more chlorine are soluble in IV,IV-dimethylformamide at
room temperature. At even higher degrees of chlorination (60% CI), the
product becomes soluble in the reaction medium, CCh, as well. The in-
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Fig. 2. X-ray diffraction spectra of PVF and chlorinated PVF.

creased solubility of the polymer allows the casting of films from organic
solvents at room temperature.

Crystallinity, Softening Point. The investigations of Natta and co-
workersBhave shown that PVF is crystalline in spite of being essentially
atactic. We have found that as the degree of chlorination increases, the
crystallinity of the products decreases. The powder x-ray diffraction
spectra of representative chlorinated PVF’s are shown in Figure 2. It
can be seen that the sample with 40.0% chlorine shows no crystallinity,
indicating that the polymer is completely amorphous. The decrease in
the crystallinity of the chlorinated products is probably caused by ran-
domly distributed chlorine atoms along the chain having different steric
requirements than the hydrogens they replace.

A probable consequence of the reduced crystallinity is the lower softening
point of chlorinated PVF compared to PV F; this allows the melt processing
of chlorinated PVF at a lower temperature. Softening point data on
compression-molded sheets are summarized in Figure 3. The results
show that as the degree of chlorination increases, the softening point of the
products decreases.

In this connection it is interesting to note that a similar decrease of the
softening point has been reported in a study of polyethylene chlorination.D
On the other hand, chlorination increases the softening point of PVC34as
shown in Figure 3. Therefore, it appears that crystallinity, present
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Fig. 3. Effect of chlorination on the softening point of PVF and PVC. Softening point
by Vicat method (ASTM D1.525-58T). PVF stabilized with 2% Ferro 203 (a cadmium
octoate solution with organic inhibitor) and compression-molded at 182°C. PVC data
from Rier.4

both in PVF and polyethylene, and not chemical similarity, such as found
in PVF and PVC, determines the polymer softening point after chlorination.

Structure of Chlorinated PVF

When PVF reacts with chlorine, substitution may take place on either
of the two carbon atoms of the polymer repeating unit. The nomenclature
to be followed in this discussion distinguishes the incorporated chlorine
atoms on the basis of their relative position with respect to the fluorine
atom of PVF. Thus, substitution of the CHF or CH2 groups will be
referred to as a- or /3-chlorination, respectively.

Ch
—CH2—CHF-mememimen >—CH2—CFCl— or —CHC1—CHF—

a-chlorination /3-chlorination

The principal goal of the structure analysis to be presented here is to
determine the relative frequencies of a- and /3-chlorinations and to describe
the average composition of the chlorinated PVF chain. Others have made
similar attempts with the analogous PVC which yielded contradictory
results. Thus, on the basis of infrared analysis in the CH2and CH stretch-
ing vibration region, it was reported that PVC is exclusively /3-chlorinated.9
(In this case, a- or /3-chlorination refers to the position of the added chlorine
atom with respect to the chlorine atom of PVC.) The other extreme
possibility, 100% a-chlorination, has been claimed as the result of x-ray



993 BACSKAI, UNDKMAN, AND ADAMS

diffraction measurements56 and the chemical reactivity of chlorinated
PVC.IrB There are also several reports, representing the intermediary
opinion, that PVC is chlorinated in both a- and /3-positions with /-chlo-
rination predominating. This conclusion, which appears the most prob-
able, is based on infrared investigations in the CH2 bending vibration
region781 and on proton magnetic resonance measurements.12 8

F NMR Analysis

The analytical method employed in this work to determine the relative
amounts of a- and ~-substituted chlorine atoms in chlorinated PVF is
based on the qualitative and quantitative evaluation of the & NMR
spectra of these polymers. As it is expected, the 1 resonance in chlorinated
PVF, depending on the molecular environment, occurs at different magnetic
fields. The first derivative of the 1 NMR absorption curve of PVF
and that of a typical chlorinated PVF is presented in Figures 4a and 4b.
By integrating the derivative curve, one can obtain the more familiar
absorption curve. This is shown for chlorinated PVF in Figure 4c.

The resonance in the PVF spectrum at 100.0 ppm is in good agreement
with that reported earlier,®and it is assigned to structure I. The same
structure, represented by the high field resonance at 94.8 ppm, is present
in chlorinated PVF as well. The slight downfield shift of this resonance,
compared to PVF, is probably caused by the /3-chlorine substitution.
A similar downfield shift of the 1 resonance, due to /3-chlorine substitu-
ents, can be observed by comparing the NMR spectra of polytrifluoro-
ethylene and polytrifluorochloroethylene.9

H Cl

F F
I I
Based on comparison with model compounds, the additional downfield
resonance in the spectrum of chlorinated PVF can be assigned to the a-
chlorinated structure IF  This assignment is reasonable because the shift
of 1F resonance to lower magnetic field, due to substitution of an «-
hydrogen with a more electronegative halogen atom, has been observed
previously.1920 Although in chlorinated PVF and in polytrifluorochloro-
ethylene2l the resonance corresponding to structure Il occurs at 26.8
ppm and 50.2 ppm, respectively, this difference is probably caused by the
fact that (3-fluorine substituents shift the 19 resonance to higher magnetic
field. 19D
In Figure 4c the areas under the absorption curve at high and low
magnetic field are proportional to structures | and I, respectively. There-
fore, by determining these areas, the relative amounts of | and Il can be
calculated. A summary of such calculations on a series of chlorinated
PVF’s is presented in Table 11l. The data show that the «-chlorinated
structure 11 (low field 1 resonance) increases with the degree of chlorina-
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ppm

Fig. 4. 40 MHz 19 NMIt spectra of PVF and chlorinated PYF : (0) PVF first deriva-
tive curve, S3°C; (b) chlorinated PVF (60.1% Cl, 4 = 17S.9), first derivative curve,
55°C; (c) chlorinated PVF (60.1% Cl, 4 = 178.9), calculated absorption curve.

Fig. 5. Change of low-field 1% resonance with degree of chlorination.



1000 BACSKAI, LINDEMA\, AND ADAMS

tion. If the results are plotted, as shown in Figure 5, the data points, up
to a degree of chlorination of one chlorine atom per monomer unit, lie
fairly close to the solid straight line drawn with a slope of 45°. From
Figure 5 one can see that, if the degree of chlorination is 100, the amount
of low field 1F resonance (structure Il) is approximately 50%. Since at
this composition there is one chlorine atom for each fluorine atom in the
polymer, the above result indicates that 50% of the chlorination occurs in
«-position and, consequently, 50% in O-position.

TABLE 111
Quantitative 1 NMR Analysis of Chlorinated PVF

I% resonance

45 CI/100
Sample Monomer units High field, 943 Low field, %a
PVF 0 100 0
3 14.2 93.2 6.8
4 22.1 S7.4 12.6
5 53.3 66.7 333
6 84.7 54.5 45.5
7 178.9 35.2 64.8
8 188.0 22.8 77.2

aPer cent of total 1F resonance.
Selectivity of Chlorination

The fact that the ratio of « to O-chlorination in PYF is close to one
points to considerable chemical selectivity operating in this system. In
the absence of directive forces, and considering only the number of hydrogen
atoms available for substitution, the expected a- to O-chlorination ratio
would be 1:2. The 1F NMR analysis corresponding to this “statistical”
chlorination is represented by the broken straight line in Figure 5. Al-
though at higher degrees of chlorination less than 50% of the chlorine atoms
is substituted in the «-position, even in those cases the «-substitution is
higher than it would be expected in a “statistical” chlorination.

The selectivity favoring «-chlorination in PYF is actually in good
agreement with results of free-radical chlorination of organic compounds.
Thus, comparing the chlorination of aliphatic compounds, Fredricks and
Tedder2 reported relative reactivities of 0.92 and 0.54 at the CHF fa-
carbon) and CH2 (0-carbon) groups of 2-fluorobutane, respectively.
These values are lower than the relative reactivity of 1, determined at the
CHo group of n-butane. To explain these results, the British workers
suggest that in free-radical chlorination the chlorine atom is electrophilic;
and, although fluorine deactivates by electron withdrawal in both «-
and 0-positions, it also stabilizes the incipient radical by conjugation in the
«-position.  This will result in an increase of the relative reactivity of the
«-position. These arguments are also applicable to the chlorination of
PVF, where the O-position is relatively more deactivated than in 2-fluoro-
butane, due to the presence of two adjacent CHF groups.
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The selectivity, favoring a-chlorination, appears to be even slightly
higher for a reaction carried out in benzene (sample 10 in Table II; low
field 1F resonance = 59.5%). This is probably caused by the reduced
reactivity of Cl2complexed with benzene.b

On comparing the chlorination of PVF with PVC, it is interesting to
point out that the latter reacts predominantly in the O0-position.7~13
Apparently, in the case of PVC, steric interference from the bulky chlorine
atoms effectively hinders the reaction in the «-position. Since fluorine
atoms are much smaller than chlorine atoms, steric effects in the chlorina-
tion of PVF probably play an unimportant role in determining the polymer
structure.

JH NMR Analysis

Additional information regarding the structure of chlorinated PVF
can be obtained from the study of the high resolution 'H NMR spectra.
The 11 NMR spectra of PVF and typical representatives of chlorinated
PVF are presented in Figure 6. For our purpose, the sharp peaks at 2.5
and approximately 3.3 ppm can be disregarded; they are caused by solvent
impurities. The spectrum of PVF consisting of CH2 and CH protons
centered at 21 and 4.9 ppm, respectively, is identical to that reported
previously by Bovey and co-workers.Z In the chlorinated PVF’s an
additional resonance centered around 3.5 ppm appears. On the basis of
comparison with model compounds, we assign this resonance to CH2
groups represented by structures 111 and IV.

H g cl cl

-G—CHr-C —G—ClU—¢ —

Foy .
1" v

In these structures the CH2 group, compared to PVF, is flanked by
additional halogen atoms which cause the proton resonance to appear at
lower magnetic field due to deshielding. This effect can clearly be seen
also in PVC,B poly(vinylidene fluoride)1 (CH2 resonance at 2.92 ppm),
and in halogenated cyclobutane derivatives24® (CH2 resonance in cyclo-
butane at 1.96 ppm, in I-chloro-2,3,3-trifluorocyclobutene at 2.82 ppm,
and in [Il2-trichloro-2,3,3-trifluorocyclobutane at 3.36 ppm). It is
significant, however, that even in highly chlorinated PVF there remains a
resonance at 2.1 ppm, indicating the presence of CH2groups with structure
V.

H 1]
-C—CIL—C—
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The resonance at 4.9 ppm in chlorinated PVF is assigned to CHF and
CHC1 groups; this becomes broad and shifts to lower magnetic field in the
highly chlorinated samples.

A quantitative evaluation of the H'-NAIR spectra is summarized in
Table 1IV. The data show that the amount of high field CH2 charac-
teristic of structure V, decreases, and the amount of low field CH2 charac-
teristic for structures 111 and 1V, increases with the degree of chlorination.
All these changes are in the expected direction. If these data are plotted
as shown in Figure 7, the amount of various protons in chlorinated PA
with a degree of chlorination 100 can be estimated. These estimates are
also included in Table IV.

TABLE IV
Quantitative '1l NMIt Analysis of Chlorinated PVF

H 1resonance

4 Cl/100
monomer High field Low field
Sample units chd % ch2 % CH,

PVF 0 65.8 0 34.2
4 22.1 53.7 10.8 35.5
6 84.7 38.4 243 375
7 178.9 10.2 50.8 39.0
Estimated 100 35 28 37

nPer cent of total "Il resonance (resonance due to solvent impurities subtracted).
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Fig. 7. Change of 'li resonance with degree of chlorination.

Average Composition of the Polymer

Taking into account the results of the quantitative and 1F NMR
analyses, one can give now a more detailed description of the chlorinated
PVF chain. For the discussion, let us consider a polymer molecule con-
taining 101) monomer units chlorinated to a degree of 100. The formula of
this polymer can be given as Cnd* aFiaclCW From ‘H NMR measure-
ments we know that this polymer has 63 CH2groups (35 corresponding to
structure V and 28 to structures 111 and 1V) and 74 CH groups. The
number of CH groups is equal to the sum of CHF and CHCL1 groups.
Since from 1F NMR measurements we know that the polymer contains 50
CC1F and 50 CHF groups, the number of CHC1 groups is 74 —50 = 24.
Until now we have accounted for 74 chlorine atoms, and we postulate
that the remaining 26 are part of 13 CC12 groups. Thus, the average
composition of chlorinated PVF is the following:

Ca00H 200F 100Cl1ico —
("L Un<"1W< sHF ImC ("I v (o sIPXv.K:(V),3

\'% I &1V

Structure

Although the analytical method discussed here determines only the
number of chemically different groups without giving information about
their sequence in the polymer chain, a qualitative assessment of the
homogeneity of the chlorination reaction is still possible. Considering
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again a degree of chlorination of 100, it is evident that each «-chlorination
involves the change of two adjacent CH2 groups from the structure V to
structure Ill. According to the above discussion, this results in a shift
of the ‘Il NMR resonance to lower magnetic field. From the 1F NAIF
data it is known that there are 50 a-chlorine atoms in 100 monomer units;
therefore, if these «-chlorine atoms were distributed randomly in the
polymer chain, practically no high-field CH> resonance could be observed
in the 'H NATR spectrum.

The fact that there are 33 CH2groups with structure V in 100 monomer
units indicates the presence of long polymer segments which are not a-
chlorinated at all. Since certain segments of the polymer are not chlori-
nated in the more reactive «-position, these portions are apparently not
chlorinated in the less reactive /~-position either. From this conclusion, it
is also obvious that other segments of the polymer must consist of monomer
units containing more than one chlorine atom. This heterogeniety of
chlorinated PVF probably results from the nonhomogeneous chlorination
conditions.
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Studies in Some New Initiator Systems for Vinyl
Polymerization. 1V. Amino Acids
as the Reducing Component
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Jadavpur, Calcutta 32, India

Synopsis

Amino acids have been found to form good redox initiator systems with halogens (CL
and Br2), KBr03 KMuO4, and Fe(NH4)(SO.i)2. The three systems, viz., glycine-Cl2
taurine-Clj, and sulfamic aeid-CI? incorporate amine, carboxy (or sulfoxy), chlorine, and
hydroxy endgroups in the resulting polymers, the monomer investigated being mainly
methyl methacrylate. On the basis of endgroup results it is suggested that initiation
through amino acid radical, chlorine radical and also through some hydroxyl radicals
takes place. The probable termination mechanism is discussed.

INTRODUCTION

In the course of our search for new redox initiator systems with halogens
as one of the components (Parts I, Il, and Ill of this seriesl-3), we have
found amino acids to be very efficient as reductants; some results are
reported here.

EXPERIMENTAL

Materials

The amino acids used, e.g., glycine, alanine, sulfamic acid, etc. were all
analytical reagent grade E. Merck products. Adqueous solutions of CI2
Br2 and 12 were prepared as described elsewhere.1-3 Other oxidants
used were either B.D.H. or E. -Merck analytical reagents. Monomers
were purified before use through usual procedures.

Polymerization Procedure

Aqueous polymerization of purified methyl methacrylate (MMA)
and other monomers was carried out at ambient temperature (~ dO°C)
under nitrogen atmosphere in conical Pyrex flasks in the dark. Poly-

*Present address: Department of Chemistry, Kalyani University, Kalyani, West
Bengal, India.
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© 1971 by John Wiley & Sons, Inc.



1006 PUAMAN1ICK AAD PALIT

merization proceeded through sol to a coagulated phase, and the polymers
(after filtration, washing, and drying in an air oven at 45°C) were purified
by the usual methods.4

Intrinsic Viscosity and Molecular Weight Determination

Intrinsic viscosity [77] of the polymers was determined by an Ostwald
viscometer. Number-average molecular weight Mn for poly(methyl
methacrylate) (PMMA) in benzene at 30 + 0.1°C was calculated from
the following equation:5

Mn = 281 X I0'-M1-2
Endgroup Analysis

The purified PALMA'S were subjected to dye techniques67 developed in
our laboratory for the detection and estimation of the expected amine,8
carboxyl4or sulfoxyl,9halogen,Dand hydroxylllend groups. The amount
of halogen endgroup was calculated from the excess color after quaterniza-
t.ionZ3when both halogen and amine endgroups were present in the same
polymer.

RESULTS

Glycine-Oxidant Systems

Of the large number of oxidants used, halogens (Cl2and Br2, chloramine-
T, BrOa-, Fe+3, S->08 2, and Al1104- form good redox initiators in combina-
tion with glycine (Table 1). However, chlorine has been used as the
oxidant in further study.

Amino Acid-Halogen Systems

The activating effect of different amino acids (Table I1) decreases in the
order glycine > /3-alanine > 7-valine, while a-leucene is nearly as effective
as glycine. Sulfamic acid and taurine initiate better than glycine and
/3-alanine, respectively, indicating that the sulfoxy amino acid is more
efficient than a carboxy amino acid. With sulfamic acid initiator the
polymerization proceeds in the precipitated phase from the very beginning,
and the polymers obtained have rather low 7).

Among the halogens, CI2is most potent. Br2also initiates, but with less
efficiency, whereas 1? does not initiate at all with any of the amino acids,
though iodine is known sometimes to form an efficient redox component.13

Monomer Selectivity

The glycine-Cb initiator system initiates the polymerization of ALMA,
ethyl methacrylate, ethyl acrylate, and methyl acrylate after some in-
duction period (IP) as shown in Table Ill. It also initiates the poly-
merization of acrylonitrile with a comparatively higher induction period,
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TABLE |
Initiator Systems Involving Glycine as Beduetant for the Aqueous
Polymerization of MMA*

Induc-
tion
period Maximum
(1P, yield,
Oxidant min  jd 2} 1temarks
Cl2 32 1.08 42 Rate is faster with Cl2 than with
Br, 55 0.66 31 Br2
h — —.  No initiation Lower concentrations of 12 were
also tried unsuccessfully
Chloramine-T 210 1.68 39 Rate is very slow; polymerization
continued for more than 24 hr
KB10s (acidified) 50 0.28 40 Polymerization continued for more
than 24 hr; no initiation with
neutral brémate
KCIOs4 (acidified — —* No initiation Probably reduction through non-
and neutral) radical path
KMnO, (acidified 5 113 62 MnQO-2separates out immediately;
and neutral) rate faster when acidified than
when neutral
KiCi'sQj (acidified — — No initiation Slow reduction takes place
and neutral)
[Co(NIL):.Cll++ct. S — Y Pink color remained unchanged ;
probably no reduction
HD 2 - — i —
K-S 66 0.85 37 Activation was observed by com-
paring with a blank
Fe(NH4)(S042 7 141 53 Rate is fairly fast

“Conditions: N2 atmosphere, 30°C, [ALMA] = 9.4 X 10~W, [glycine] = 1 X
10~3l/, [oxidant] = 1 X 10 W.

the yield being very low («6%). Styrene (biphasic system) also poly-
merizes with a prolonged induction period and with a small conversion
(~S%). Acrylamide gives a very low vyield, whereas acrylic acid and
vinyl acetate do not polymerize at all.

Endgroup Analysis

Glycine, taurine, and sulfamic acid each with Cl2were used as initiators
for detailed endgroup study. The initial pH of the polymerizing mixture
due to hydrolytic acidity of Cl2was between 4.8 and 5.3.

With glycine (Table IV), the polymer incorporated both amine and
carboxyl endgroups to the extent of 0.36-0.53 and 0.28-0.61 endgroups per
chain, respectively, the ratio of carboxyl to amine being 0.77-1.15. Some
Cl endgroups (0.16-0.28) and some OH endgroups (0.31-0.62) per polymer
chain were also found. The sum of the amine, Cl, and OH endgroups
considered as the effective total endgroup (reasons to be apparent later)
comes to slightly greater than 1.0 for this system.
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TABLE I
Amino Acid-Halogen Systems for Aqueous Redox Polymerization of MMA*

[Maxi-

mum

IP, yield,
Amino acid Halogen min Rate M ro
Glycine CI2 34 Moderate 0.99 43
H,N—CHj—coZi B2 58 “ 0.62 32
/3-Alanaine CI2 50 it 0.92 36
HN(CH22C0H Br2 K2 t 0.54 25
7-Valine Cl2 69 Slow 0.95 28
HN(CHs),COsH Br2 102 “ 0.53 16
«-Leucine Cl, 40 Moderate 1.10 48

CH,(CH2aCH—CO0H
NH, Br2 61 tt 0.71 35
Aspartic acid Cl2 183 Slow 1.22 14
hzh —cii—coxn Br> 310 Very slow 0.87 8
ch2—coh
Taurine Cl, 62 Fast 1.05 40
HN(CH2S()H Br2 91 “ 0.87 3
Sulfamic acid Cl2 52 Fast 0.25 51
HN—SO0H Br, 76 v 0.17 32
L1 Conditions: N2 atmosphere, 30°C, A = 94 X 10"W [halogen] = 1.30 X

10 :M, [aminoacidi = 1 X 10'LI/.

With taurine (Table V), the polymers contain both amine and sulfonate
endgroups to the extent of 0.36-0.60 and 0.39-0.74 per chain, respectively.
The sulfonate to amine ratio is 1.07-1.23. A small proportion of CI end-
groups (0.11-0.32 Cl per chain) and oH endgroups (0.0S to 0.26 per chain)
is also present. The effective total endgroup as defined above is about one
per chain.

TABLE 111
Aqueous Polymerization of Different Vinyl Monomers by Glycine--CI2 Redox Initiators*
IP,

Monomer min Rate H Yield, rc
Methyl methacrylate 30 Moderate 1.13 46
Ethyl methacrylate 23 “ 1.08 48
Ethyl acrylate 42 i 1.25 16
Methyl acrylate 37 " 0.92 13
Acrylic arid - - - Xo initiation
Acrylonit rile 60 Slow 0.63 6
Acrylamide — - - Practically nil
Styrenel 1SO Very slow 1.37 S

aConditions: N2 atmosphere, 30°C, [monomer] = 1vol-%, [CI] = 1.30 X 10~M,
[glycine] = 1 X 10"3H/.
b1gin 100 cc water.
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TABLE IV
Endgroup Results on PMMA Obtained by Initiation with Glycine-Cb System in
Aqueous MediumO

Endgroups per chain

Total Car-
[Glycine] [Ch], (effec-  boxyl/
M X 105 M X 10’ In] Amine Carboxyl CI Qil tive) amine

1.00 1.37 3.02 0.36 0.28 0.23 0.62 1.21 0.77
to.ou 1.37 2.17 0.48 0.42 0.16 0.49 1.13 0.88
100.00 1.37 1.57 0.52 0.54 0.18 0.45 1.15 1.03
500.00 1.37 121 0.53 0.61 0.19 0.31 1.03 1.15
100.00 6.85 118 0.49 0.51 0.26 0.38 1.13 1.04
100.00 13.70 0.99 0.46 0.45 0.28 0.51 1.25 0.98

“Conditions: Nj atmosphere, 30°C., [MMA] = 9.4 X 10 M.

With sulfamic acid (Table VI), both amine and sulfonate endgroups
have been incorporated to the extent of 0.21-0.33 and 0.29-0.43 per chain,
respectively, the sulfonate:amine ratio being 1.26-1.52. Some CI end-
groups (0.13-0.22) and some OH endgroups (0.25-0.3S) per chain are also
present. The effective total endgroup is slightly less than one.

DISCUSSION

Of the oxidants used (Table 1), Ch, Br2 chloramine-T, KBrOj and Fe-
(NH9 (804)2 have no initiating power by themselves, but the other two
(KMn04and Iv*O») do themselves initiate, though after some induction
period. Definite proof of activation by glycine in the case of the last two
oxidants has been observed by comparison with a control.

Table Il indicates that activating efficiency of the amino acid increases
with the proximity of the amino and acidic groups, the stronger sulfonic
group providing higher initiating power than the weaker carboxyl group
(compare /3-alanine and taurine). Sulfamic acid, in which the amino and
acidic groups are closest, is the most efficient among the amino acids used,

TABLE V
Endgroup Results of PMMA Obtained by Initiation with Taurine-Cb System in
Aqueous Medium0

Endgroups per chain

Total Car-
[Taurine],  [Cb], Sulfo- (effec- boxyl/
M X 106 a1/ X 104  hj Amine  nate Cl OH tive)  amine

1.00 6.40 3.93 0.36 0.39 0.11 0.26 0.83 1.08
10.00 6.40 1.97 0.58 0.62 0.32 0.0S 0.98 1.07
100.00 6.40 0.77 0.59 0.72 0.30 0.12 1.01 1.22
1000.00 12.80 0.64 0.60 0.74 0.25 0.17 1.02 1.23
100.00 1.28 1.02 0.52 0.59 0.23 0.13 0.98 1.13

Conditions: N2 atmosphere, 30°C, [MMA] = 9.4 X 10 W.
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TABLE VI
Endgroup Results of PMMA obtained by Initiation with Sulfamic Acid-Ch
System in Aqueous Medium*

Endgroups per chain

[Sulfamic Total  Sulfo-
acid] [CL], Sulfon- (effec-  nate/

X 10* X 103 wW Amine  ate Cl OH tive)  amine
1.00 1.12 0.38 0.21 0.32 0.22 0.38 0.81 1.52
2.50 1.12 0.31 0.22 0.29 0.18 0.31 0.71 1.32
5.00 1.12 0.27 0.31 0.43 0.17 0.34 0.82 1.37
7.50 1.12 0.22 0.30 0.39 0.13 0.29 0.72 1.30
10.00 1.12 0.17 0.33 0.41 0.21 0.25 0.79 1.26

“Conditions: N2atmosphere, 30°C, [MMA] = 9.4 X 10_2Af.

the low [?] of the polymers being pobably due to too fast generation of
radicals and rapid coagulation.

The interesting monomer selectivity of glycine-CIl2 initiator probably
arises from the interference due to Cl2 addition to the different monomers
similar to the addition of bisulfite compounds to monosubstituted monomers
suggested earlier by Bacon12and others.13'14 Here disubstituted monomers
(CH2=2C XY) like MMA and ethyl methacrylate sterically hinder the
addition of CI2 and favor the initiation process leading to efficient poly-
merization. With other monomers (monosubstituted) which would allow
free addition of CI2 either polymerization is very inefficient or no initiation
takes place at all, depending upon the bulk and polarity of the substituent.

The endgroup results with all the three systems, viz., glycine-Cl2
taurine-Cl2 and sulfamic acid-Cl2, show that carboxyl (or sulfonate)
endgroups increase with increase of amine endgroup and decrease with a
decrease of the latter. Moreover, the amount of acid endgroup is approx-
imately the same as amine endgroup in all the glycine-Cl2initiated poly-
mers, though with taurine and particularly with sulfamic acid the acid to
amine ratio is somewhat greater than unity (to be clarified later).

Amino acids exist in aqueous solution as zwitterions and are knownb
to react with aqueous Cl2or better with NaOCI to produce an unstable N -
chloro derivative. Our experimental findings that chloroamine-T, which
reacts slowly with water to generate HOCI, initiates polymerization in the
presence of glycine to yield polymers with comparable conversion indicates
that in aqueous solution the potential oxidant is HOC1 and not Cl2 This is
further supported by the fact that an attempt to initiate the polymerization
of MMA by glycine-Cl2initiator in nonaqueous media like formamide and
methylformamide where formation of HOC1 is not possible has proved
unsuccessful.

Formation of the W-chloro derivative through a nucleophilic displace-
ment on the CI2by the amine as in the case of amine-chlorine reaction3
is precluded, since in the zwitterion the lone pair of electrons on the N
atom is already donated to H+ ion. The W-chloro derivatives are prob-
ably formed as shown in eqgs. (1)-(3).
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HNCHZ 02 + HUCl-—— >h,nchXo2 + hd 0
&

H;NCIL,CHB03 + HQCl  -—>1I,NCHXHZ03 + 11D (@]
cl

HNS03 + HOCL-— —>Hz\|1503 + H,0 (©)
cl

The intermediate iV-chloroamino acid derivatives are expected to undergo
homolytic cleavage at room temperature to produce chlorine and am-
minium radicals [egs. (4) and (5)].

INCHX 02 —-ememeee >IRNCIHiiCOr + Cl )
cl
ILN—S03 -eremenv >H,N—S03 + Cl )
4

Decomposition of similar compounds, iV-haloammonium salts, to
generate the same type of radicals has recently been reported181 in the
literature. In fact, this reaction has proved a potential synthetic pathB
for preparing halogenated amines from substituted ole_tins. A further

example of quaternary nitrogen compounds generating NR3 ion radicals
on decomposition is to be found in the quaternary hydroxylamine deriva-
tive, the postulated intermediate, for example, in the reaction of benzoyl
peroxide and dimethylaniline.19

The results of endgroup analysis discussed earlier and consideration of
the mechanism of initiation by amine-halogen initiators3suggest that the
entire amino acid radical bearing both amino and acidic groups (carboxy
or sulfoxy) is one of the initiating species making the amounts of amine
and acid endgroups equal.

Slightly higher results of sulfonate endgroup compared with amine
endgroup in case of taurine and particularly in case of sulfamic acid is
probably due to a limitation of the dye-partition method. This arises
from the fact sbrownZ) by independent experiments that when a polymer

with an SC(=NH2NH?2 endgroup and another with a SO3H group are
present in solution in equivalent amounts, the response for amine was
much less and the response for SO was slightly" less than when they are
present separately. This probably arises from the stronger association
of these oppositely charged endgroups compared with their respective
association with the oppositely charged dye ions in the dye-partition tests.
Consequently, the results of amine and sulfonate endgroups obtained by
the dye-partition technique may be somewhat lower than the actual
amount present in such systems.

It has been found that CI incorporation is always very small, the amino
acid radical being the major incorporated species. Besides, all the polymer
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samples contain some OH endgroup, in contrast to our previous results23
with other ammonia compounds containing initiators where the OH
endgroup was totally absent. These results indicate that some of the Cl
radicals probably react with water to produce OH radicals which appear as
polymer endgroups.

Cl + IDO-------- »1IC1 + OH (6)

This also suggests that while ammonia2or amines3are very strong scaven-
gers for OH radicals, aminoacids in zwittcrionic forms are either non-
scavengers or very feeble scavengers for them.

The effective total endgroup incorporated per polymer molecule is
about one. The mode of termination appears, therefore, to be dispro-
portionation between the macroradicals, which is usually definitely the case
for PIYIMA radicals.21-23 However, some terminations by primary or
small radicals2in the particle-phase polymerization of ALMA in an aqueous
medium can not be ruled out, since our total endgroup results may be
somewhat lower than the actual value, as discussed earlier.

Thanks are due to C.S.1.R. for financial assistance to D. P.
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Radiation-Induced Crosslinking of Cellulose
with Acrolein*

M. M. ISHANOV, U. A. AZIZOV, M. S. NIGAIAXKHODZHAYEVA,
and Kh. U. USMANOV,
Research Institute for Cotton Cellulose Chemistry and Technology,
Tashkent GSP, Tashkent, USSR

Synopsis

The process of radiation-induced crosslinking of cellulose is found to he highly in-
fluenced by radiation dosage and dose as well as by the solvents used and their concentra-
tion. The best crease resistance has been obtained in cases when cellulose is crosslinked
with acrolein in the vapor phase. Moreover, the process is entirely radiation-induced
and practically no homopolymer is formed. Chemical analysis and investigations of in-
frared spectra indicate that crosslinking proceeds on vinyl as well as on aldehyde groups
of acrolein.

Modification of cellulose properties by means of chemical crosslinking
with bifunctional compounds, aimed at developing improved crease- and
wrinkle-resistance, has been discussed earlier; however, the process of ra-
diation-induced crosslinking has not been studied previously. The cross-
linking of cellulose with compounds possessing two and more double bonds
by means of radiation is not believed to give the desired results; for this
reason some authors suggest combining it with chemical crosslinking.12

The present work is an attempt to investigate the effect of dose rate,
radiation dose, various solvents, and many other factors on the radiation-in-
duced crosslinking of cellulose with acrolein and to illustrate some properties
of the crosslinked cellulosic derivatives.

The problem of obtaining crease resistance in cotton fabric by means of
chemical crosslinking of cellulose macromolecules and acrolein as well as
investigations of the mechanism of the process have been earlier discussed in
number of publications.3-6 It is shown that in the course of chemical
interaction of acrolein with cellulose, depending on the reaction conditions,
the process of grafting of polyacrolein appears to be simultaneous with cross-
linking of cellulose macromolecules. This makes the cellulosic products
shrink- and crease-proof. The main drawback of the method of crosslink-
ing lies in the increasing homopolymer content at reduced strength values
(50%), which is highly undesirable for textile applications.

* Paper presented at IUPAC meeting in Macromolecular Chemistry, Budapest, Au-
gust 26, 1960.
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We used two methods of crosslinking in cellulose: samples of cellulose
have been irradiated (1) in acrolein solutions and (2) irradiated in acrolein
vapors. Standard methods and samples of purified cotton fibers and fabric
(coarse calico) at 5-6% RH were used in our investigations.6 Acrolein was
previously distilled at 49-51 °C/750 mm Hg (lit. bp. 52-53°C/760 mm Hg);
its refractive index rip was 1.4020.

Crosslinking of Cellulose in Acrolein Solutions

Water, ethyl alcohol, acetone, diethyl ether, and benzene were used as
solvents for acrolein at 0.6-20% monomer concentration and 1:3 bath
modulus, which is quantitative ratio of cellulose and acrolein solution.
Samples of cellulose were put into glass vessels, filled with acrolein solution,
sealed, and then exposed to y-rays from a 6Co source at 40-43°C. A quan-
tity of homopolymer was removed from the irradiated samples by extrac-
tion with heated p-cresol until constant weight was obtained. Table | pre-

TABLE |
Effect of Acrolein Concentration and Solvents on Radiation-Chemical Yield and Some
Physioomechanical Properties of Modified Cotton Fabric (Coarse Calico)
(Dose 1 Mrad, Dose Rate 9 rad/sec)

Crease
; g Axial recovery
Weight gain, % G War]) elonga- angles
Acrolein Before After  mole/100 strength, tion, (W + F),
Solvent concn, % irradiation extraction eV kg mm  degrees
None - - - 21 5 107
Water 2.5 3.6 — — — — -
5.0 5.2 - - - — —
10.0 10.0 0.8 164 21 4 116
20.0 25.0 5.6 1148 21 4 126
Ethyl 2.5 1.6 - - - - -
alcohol 5.0 2.5 — — — - —
10.0 6.0 15 30 21 4 124
20.0 18.0 8.0 1040 18 4 147
Acetone 0.62 1.2 0.9 104 19 5 118
1.25 1.9 11 225 19 5 120
2.5 3.3 2.1 430 19 5 138
5.0 4.3 2.8 574 18 4 148
10.0 7.4 6.4 1312 18 4 156
Diethyl 0.62 2.4 1.4 287 19 5 130
ether 2.5 4.7 3.1 635 18 5 145
5.0 6.0 5.0 1025 18 4 154
10.0 11.8 8.2 1681 17 4 189
20.0 15.2 8.4 1722 16 4 191
Benzene 1.25 0.3 0.3 61 19 4 120
2.5 0.8 0.7 146 19 4 125
5.0 15 14 297 19 4 130
10.0 3.2 2.2 453 18 4 141
20.0 6.7 4.1 840 17 3 157
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sents data showing the effect of monomer concentration in different solvents
on the radiation-induced crosslinking of cellulose with acrolein.

As shown in Table I, an increase in the monomer concentration increases
the overall conversion of acrolein itself, radiation-chemical yield ((?), and
weight gain after extraction for all solvents investigated. The overall con-
version which comprises the amount of acrolein needed for the interaction
with cellulose and for homopolymerization, reaches a maximum when water
and diethyl ether are used as acrolein solvents. When water is used as
solvent for acrolein, the process is usually accompanied by increased homo-
polymer formation. This might be attributed to the increased total free
radical content, which, as a rule, is the result of radiolysis of water.

It should be noted, that in this case a weight gain is followed by some de-
crease in breaking strength and elongation and rising values of crease re-
covery angles. The best crease resistance has been achieved when diethyl
ether was used as the solvent for acrolein, which might be attributed to in-
activity of aldehyde groups towards ethers. Also, the estimated effects
of radiation dose and dose rate show that increasing doses cause marked
weight gain at a decreased radiation-chemical yield (G), accompanied by
low breaking strength and small elongation. The increased dose, though,
applied at an equal integral dose, causes a decrease in weight gain, which is
attributed to the radiation-chemical processes proceeding on radicals as well
as on chains (Table I1).

Thus, the irradiation of cellulose in various acrolein solutions makes pos-
sible an increase in the values of crease recovery angles at negligible losses
in the initial breaking strength and elongation. The presence of a compara-
tively high content of homopolymer makes the process economically inef-
fective, however.

Radiation-Induced Crosslinking of Cellulose
with Acrolein in Vapor Phase

This process is performed in special vessels,6with continuous feed of acro-
lein vapor. Hydroquinone serves as an inhibitor. The process is carried
out at 10-3 mm Hg pressure in the presence of dry monomer; systems sat-
urated with water, ethyl alcohol, diethyl ether, or acetone vapor or air
have been used. It is found, that all polvacrolein bonds to the crosslinked
cellulose. The irradiated samples were washed with water and dried in air
in order to remove the adsorbed acrolein.

In all cases we studied the effect of radiation dose and dose rate on the
kinetics of the process and some properties in the modified fabric.

Results given in Table Ill and in Figure 1 show that for a higher radia-
tion dose at a given dose rate the weight gain increases, while the radiation-
chemical yield (G) and the rate of the process (F) generally fall (Fig. 2),
beginning from an initial high. This might be attributed to the fact that
cellulose can adsorb molecules of the monomer initially. At a later time,
the process becomes dependent upon the rate of acrolein diffusion into cellu-
lose. Figure 1shows that the increase in dose rate at a given integral radia-
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Fig. 1 Effect, of radiation dose and dose rate on the yield of cellulose crosslinked with
acrolein vapor: Weight gain obtained in systems (a) with dry acrolein vapor (curves
1-3) and in water-saturated systems (curves 4-0) and (6) with acrolein vapor in air:
(1,4) 70 rad/sec; (2,5) 110 rad/sec; (3,6) 300 rad/sec.
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Fig. 2. Changes in the rate V of radiation-induced crosslinking of cellulose with acrolein
vapor at various dose rates: (1) 70 rad/sec; (2) 110 rad/sec; (3) 300 rad/sec.

TABLE III
Physicomechanical Properties of Cotton Fabric (Coarse Calico) Crosslinked with Acro-
lein from Vapor Phase at Various Radiation Doses

Crease
recovery

Radiation Weight G, on Warp Elonga- angle
dose rate, gain, mole/100 Aldehyde groups, % strength, tion, (W + F)
rad/sec % eV Bound Free kg mm  degrees

— Initial — — 22 5 107

70 0.4 8200 — — 20 4 134

0.7 5710 — — 19 4 144

2.5 5125 64.0 36.0 19 4 154

4.1 3370 69.4 30.6 19 4 174

6.0 2460 77.9 22.1 19 4 199

8.0 1640 79.5 20.5 18 3 221

10.0 1373 83.4 16.6 17 3 242

13.0 1332 89.4 10.6 15 3 248

no 1.9 3895 59.0 41.0 22 5 142

3.5 2950 66.3 33.7 21 4 152

4.0 1602 72.0 28.0 20 4 16S

4.9 1004 72.6 27.4 18 3 178

7.5 76S 78.6 21.4 17 3 221

300 0.8 1640 44.0 56.0 22 5 122

1.8 1480 50.0 50.0 22 4 136

2.9 1190 54.0 46.0 22 4 160

4.0 820 70.7 29.3 18 4 165



CROSSLINKING OP CELLULOSE WITH ACROLEIN 1019

Fig. 3. Changes in free aldehyde group content, as shown by change in optical density
vs. weight gain.

tion dose lowers radiation-chemical yield (O) and weight gain in all studied
systems and samples. This is characteristic of all radiation-chemical and
radical-chain processes. It must be noted, though, that the increase in
weight gain causes low breaking strength and small elongation and mark-
edly improves crease resistance. For example, an 0.8% weight gain in-
stead 0of 0.4% can be obtained at an increased radiation dose as compared to
that previously used (0.01 Mrad) at 70 rad/sec dose rate. The breaking
strength falls from 20 to 18 kg at 8 mm elongation, with crease recovery an-
gles (W + F) rising from 134° to 221°. Such an improvement in crease re-
sistance on one hand and lowered breaking strength at small elongation on
the other characterize the crosslinked cellulosic derivatives.

The conjugated molecule of acrolein itself presents certain interesting
aspects.

C()—«
CHzCcU—C
I
Due to the presence of the electron-accepting oxygen atom, the average elec-

tron density shifts towards oxygen; this is the reason the vinyl group be-
comes more reactive than the aldehyde. Investigations of changes in both
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TABLE IV
Radiation-Induced Crosslinking of Cellulose with Acrolein Vapor
at 70 rad/sec Dose Rate

Crease
recovery
G, Warp  Elonga- angles

Ambient Weight mole/100 Reaction  strength, lion, (W + F),

atmosphere  gain, % eV rate, V, %/hr kg mm degrees
Water vapor 3.0 6150 7 20 4 140
(saturated) 0.3 4350 0.3 20 4 —
no air 6.7 2750 3.4 20 4 187
9.6 1970 2.4 18 3 —
11.0 1500 1.8 18 3 206
Diethyl ether 2.2 4530 5.62 19 4 126
(saturated) 3.0 2470 3.0 19 4 136
no air 4.0 1640 2.0 18 4 145
0.5 1125 14 17 3 181
6.2 850 1.0 16 3 183
Air 1.3 2665 3.27 20 4 117
2.2 1804 2.2 20 4 130
3.4 1594 1.8 20 4 146
0.5 1125 14 19 4 160
6.1 943 1.2 16 3 177
8.1 833 1.0 16 3 201
Acetone 2.5 5150 6.5 19 4 139
vapor, 3.8 3110 3.8 19 4 147
no air 5.9 2420 2.9 18 3 177
7.1 1455 1.8 17 3 —
8.8 1185 11 17 3 185

vinyl and aldehyde groups are of interest, especially when various radiation
doses and dose rates are used. Application of either integral or differential
methods in the studies of infrared spectra show that no absorption band char-
acteristic of the vinyl group is observedin thecellulose preparations subjected
to crosslinking with acrolein in the vapor phase, whereas there is a carbonyl
group band in the 1705 cm-1 region. Moreover, the intensity of this band
depends linearly on the increase in weight gain (Fig. 3). The hypoiodide
method of determination of aldehyde groups7 shows that the increase in
radiation dose lowers the content of free aldehyde groups while the
number of bound aldehyde groups rises. This shows, that aldehyde
groups also take part in the crosslinking of cellulose macromolecules by
means of hemiacetal bonds. As the data of Table 111 show, crease resis-
tance in cotton fabric depends on content of bound aldehyde groups as well
as on the weight gain. For example, 70% aldehyde groups content and
crease recovery angles up to 170° can be obtained at 4% weight gain, re-
gardless of the radiation dose and dose rate. Peculiarities of this kind are
observed in cases when cellulose is subjected to radiation-induced crosslink-
ing with acrolein performed either in the presence of water and diethyl ether
or in the presence of acetone or air.  The results are given in Table IV and
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in Figure 1 As Table IV and Figure 1show, a higher weight gain can be
obtained in systems saturated with water vapor than in systems with ir-
radiation of cellulose in dry acrolein vapor under otherwise similar experi-
mental conditions. This is believed to be due to changes in the structure
of cellulose on swelling, when diffusion of acrolein into cellulose pores reaches
a maximum.

We found low weight gains in systems saturated with acetone or diethyl
ether vapor and in air, as compared to the cases, when cellulose was irra-
diated in pure acrolein vapor. The lowest w'eight gains were on irradiation
inair. A 6% gain can be obtained with the use of dry acrolein at 0.5 Mrad
and 70 rad/sec, when the system contains 6.7% water vapor, or 5.9%
acetone, or 4.2% ethyl alcohol, or 4% diethyl ether, or 3.4% air. In all
cases, except the first two, the decrease in weight gain is attributed to in-
hibiting of the process and, probably, to a decrease in activity of acrolein
molecules.

Results given in Tables 11 and V reveal a marked decrease in percentage
of aldehyde group content (10% less) at an increased dosage for a constant
weight gain. In preparations in which the cellulose was previously irradi-
ated in dry acrolein vapor, there is a high aldehyde group content. For ex-
ample, 30% free aldehyde groups content gives 4.0% weight gain after cel-

TABLE V
Chemicomechanieal Properties of Cotton Fabric (Coarse Calico) after Radiation-Induced
Crosslinking of Cellulose with Acrolein from a Vapor Phase Saturated
with Ethyl Alcohol Vapors*

Crease
recovery
Dose Weight G, o Warp  Warp angle
rate, gain, mole/100 Aldehyde groups, % strength, elonga- (W + F),
rad/sec % eV Bound Free kg  tion, mm degrees
— Initial — — — 22 5 105
70 0.3 6765 7.5 925 22 4 138
1.6 3280 69.8 30.2 22 4 153
2.7 2217 73.0 27.0 21 4 162
4.2 1722 78.7 21.3 19 3 174
6.8 1394 85.8 14.2 18 3 184
8.0 1095 88.0 12.0 17 3 196
110 0.2 4100 13.5 86.5 22 5 129
0.8 1640 36.0 64.0 20 4 137
2.0 1540 66.6 33.4 20 4 140
35 1435 77.0 23.0 19 4 147
4.1 840 80.0 20.0 18 4 161
6.0 820 85.7 14.3 18 4 188
300 0.7 1435 54.0 46.0 21 5 123
1.7 1394 63.7 36.3 21 4 133
2.7 1230 68.8 31.2 21 4 155
3.9 799 78.8 21.2 20 4 157

»Weight gain was controlled by varying the total irradiation dose from 0.01 to 1.5
Mrad.
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lulose has been irradiated in dry acrolein vapors; this value is reduced to
2.0% for the system saturated with ethyl alcohol vapors. This is attrib-
uted to the fact, that some aldehyde groups take part in the formation of
by-products.

Moreover, estimation of various physicomechanical properties of fibers
undergoing radiation-induced crosslinking of cellulose with acrolein vapor
leads to the conclusion, that the fiber properties are influenced by the radia-
tion-induced crosslinking (Table VI). For example, the metric number
(meters of thread per gram), breaking strength, and average elongation all
decrease with increasing polymer weight gain.  The per cent irreversible re-
covery of elongation also decreases with increasing polymer add-on. The
higher the weight gain, the lower is the metric number and the higher the
values of delayed and immediate elastic recovery at a decreased index of

TABLE VI
Properties of Cotton Fabric after Irradiation-Induced Crosslinking of Cellulose with
Acrolein Vapor at 70 rad/sec

Deformation component

. in elongation recoven
Single  Average g y

Weight  Metric fiber elonga- Irrevers-
Sam- gain, number,  strength, tion, Delayed, Immedi- ible,
ple % m/ga g % o ate, % o
Initial - 6120 4.88 7.8 33.2 12.5 54.3
1 3.7 5141 4.60 7.2 45.1 19.8 35.1
2 6.1 4770 4.08 6.2 49.0 205 305
3 7.5 4576 3.81 5.3 51.1 21.5 27.4

aThe thickness of textile threads is characterized by metric number, which equals the
linear quantity (meters) of thread per gram and can be defined by the formula, N =
L/g, where L is the length of fiber in meters and g its weight in grams.

elastic deformation.  This is a sign that the cellulosic material is becoming
brittle due to the fixation of its macromolecules due to crosslinking, and is
characteristic for all cellulose derivatives.8

Electron microscopic investigations show, that in dispersed preparations
there are distinct signs of structural changes9at weight gains of 8% and
more, which is typical for cellulosic fibers containing the same number of
crosslinks.  The changes are expressed shown by abrupt thickening of the
fragments and in the formation of specific cogged edges across the microfibril
axis; moreover, there are forms numerous small lengthened particles.
These are probably the result of crosslinking between various structural
elements, which causes unequal distribution of breaking strength in the
process of mechanical destruction of the fiber and its increasing brittleness
as estimated by the comparison of physico-mechanical properties of the
fibers. Moreover, investigations of sorption of water vapor on radiation-
induced crosslinking in cellulose show, that weight increases as sorbed water
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vapor decreases (Fig. 4). For example, for the control sample, the sorption
was 2.6% at 65% RH, while at an average 13% weight gain it was only
4.3%.

Estimation of changes in free aldehyde group content, definition of crease
recovery angles, and evaluation of breaking strength in samples of fabric
after heat treatment yield very interesting results (Table VII). It is found
that cellulose crosslinked with acrolein does not have improved thermo-
stability as compared to the samples which have been subjected to 24 hr
heating at 160°C. However a certain increase in the crease recovery

ReCative humidity ,7»

Fig. 4. Isotherms of water vapor sorption in the radiation-induced crosslinking of
cellulose with acrolein: (O) initial sample; (X)2.5% weight gain; () 6% weight gain;
(A) 8% weight gain; (0) 13% weight gain.

angles (nearly 10%) was noted at a reduced free aldehyde group content,
which may indicate additional crosslinking of cellulose macromolecules.

Moreover, cellulosic materials which have been subjected to crosslinking,
show increased rot resistance; this can be visually estimated by means of a
conditional five-ball system. The results are given in Table VIII.

Thus, for the first time we suggest the possibility of modification, and
improving of properties of cotton fabric by the method of radiation-induced
crosslinking of cellulose macromolecules.
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TABLE VII
Effect of Heat Treatment at 160°C on Radiation-Induced Crosslinking of Cellulose with
Acrolein Vapor (Cotton Fabric, 5.6% Weight Gain)

Heating Aldehyde Warp strength, kg Elongation, mm  Cease
_ rouns. % recovery
at 1fin°n group V1 angle,
hr Bound Free Initial linked Initial linked  degrees
a - 22 — 5.0 — 107
Ob 80.2 10.8 22 18.7 5.0 3.0 204
3 82.9 17.1 16.3 13.4 4.0 2.0 206
6 83.7 16.3 13.6 10.6 3.0 2.0 212
9 84.5 15.5 9.9 10.4 2.0 2.0 217
12 85.4 14.6 7.1 8.1 2.0 1.0 220
24 86.1 13.9 6.4 6.8 2.0 1.0 225

8Initial unerosslinked sample.
b Crosslinked sample, not heated.

TABLE VIl
Influence of Cell-Destroying Fungus on Properties of CotiLon Cloth8

Degree of destruction

(5-ball system) Weight loss, %
Acrolein add-on Acrolein add-on
Fungus sample 4% 10% sample 4% 10%
Aspergillus terreus 5 0 0 58 2 0
Pénicillium
asperulum 5 0 0 48 1 0
Pénicillium
cherisogenium 5 0 0 41 0 0
Pénicillium
notatum 4 0 0 25 0 0
Pénicillium soppi 4 0 0 24 0 0

“Samples subjected to radiation-induced crosslinking with acrolein vapor and then
buried 30 days at 30°C.

CONCLUSIONS

The effect of dose and dose rate as well as of solvents and their concentra-
tion on the process of radiation-induced crosslinking of cellulose with acro-
lein in solutions or in vapor phase has been investigated. No acrolein homo-
polymer is formed in the vapor systems.

It is found, that vinyl as well as aldehyde groups of acrolein take part in
the process of radiation-induced crosslinking of cellulose macromolecules.
Being highly reactive, all of the vinyl groups participate in the reaction,
while the content of free aldehyde groups depends on the radiation condi-
tions.

Radiation-induced crosslinking of cellulose with acrolein at increasing
dose rates is shown to increase the values of crease recovery angles and
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causes changes in the deformation, although the breaking strength of the
samples becomes lower; this is characteristic of all the crosslinked cellulosic
derivatives. The best crease resistance was found in cotton cloth which has
been irradiated in pure acrolein vapor at 1 Mrad and 70 rad/sec. The radia-
tion-induced crosslinking in such conditions is shown to be better for
obtaining improved crease resistance at high breaking strength than the
chemical method of crosslinking.

It is shown, that cellulosic materials subjected to radiation-induced cross-
linking with acrolein become fungus- and rot-proof.
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Synthesis and Investigation of Polybeuzimidazoles
Containing Alkyl Substituents in Aromatic Nuclei

V. V. KORSHAK, M. M. TEPLYAKOV, and R. D. FEDOROVA,
Institute of Elemento-Oryanic Compounds, Academy of Sciences and
D. 1. Mendeleev Institute of Chemical Technology, jMoscow, USSR

Synopsis

Polybenzimidazoles have been synthesized from 3,3'-diamino-5,5'-dimethylbenzidine,
3,3",4,4'-tetraamiiio-5,5'-dimethyldiphenylmethane,  bis(3-amino-4-methylamino)phe-
nylmethane, bis(3-amino-4-methylammo-5-methyl)phenylmethane, and diphenyl esters
of adipic, sebacic, isophthalic, and terephthalie acids and 4,4'-dicarboxydiphenyl oxide
by solid-phase polyheterocyclization. Properties of the polybenzimidazoles have been
studied. The polymers have high thermal stability. They are soluble in a number of
organic solvents and give strong, elastic films. Solubility and thermal stability’ of poly-
benzimidazoles is determined by the methyl group position in the polymeric chain.
The influence of other alkyl substituents on properties of polybenzimidazoles have been
investigated. The polymer structure has been studied by infrared and PM It spec-
troscopy and elemental analysis.

INTRODUCTION

Among polybenzimidazoles reported,12fully aromatic polymers3are most
thermally stable, but the limited solubility of these polymers in available or-
ganic solvents generated a need for the introduction of bridged groups into
polymer chain, for instance, oxygen,45methylsiloxane,78silane,9and sulfo
groups,6as well as for the formation of mixed polybenzimidazoles, where a
part of the aromatic acid is substituted for the aliphatic.101l In most cases,
an increase in polybenzimidazole solubility is accompanied by an decrease
in their heat, and thermal stability.

Therefore, it seemed to be of interest to investigate the possibility of
chemical modification of polybenzimidazoles by introduction of side sub-
stituents. The formation of polybenzimidazoles containing methyl and
other alkyl groups in the macromolecule was chosen as the main way of
chemical modification, our belief being that the introduction of alkyl groups
in the polymer macromolecule would have a negligible effect on thermal
and heat stability. The possible synthesis of aromatic polybenzimidazoles
with methyl substituents in the imidazole ring had been reported,2but. the
data given did not allow one to draw a conclusion on changes in polymer
properties.

1027
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RESULTS AND DISCUSSION

Synthesis of Polybenzimidazoles Containing Methyl
Groups in the Benzene Ring

Polybenzimidazoles containing methyl groups in the benzene ring were
obtained from 3,3-diaminotolidine, S.S'jCd'-tetraamiiio-iyS'-dimethyldi-
phenylmethane, and diphenyl esters of some dicarboxylic acids by the
method of Vogel and Marvel3according to the scheme shown in eq. (1).

ch3 ch3

The structure and properties of polymers are given in Table I.

The structure of the polybenzimidazoles obtained was confirmed by in-
frared spectroscopy and elemental analysis data. Figure 1shows the spec-
trum of m-phenylenedibenzimidazolyl-2,2' obtained as a model compound

2100 1900 1700 1500 10001100 900 800 700 600
Wave length, cm-1

Fig. 1 Infrared spectra of (1) m-phenylenedibenzimidazolyl-2,2' and (2) polybenzim-
idazole based on 3,3',4,4'-tetraamino-5,5'-diphenylmethane and isophthalic acid.

and that of poly-2,2,-(m-phenylene)-4,4'-dimethyl-6,6'-dibenzimidazoyl-
methane. As seen from Figure 1, the polymer spectrum is in good agree-
ment with that of the model compound. The benzimidazole ringRBis char-
acterized by the absorption bands at 1430, 1000, and 1620 cm” 1



polybenzimidazot.es with alkyl substituents l<>2§

Synthesis of Polybenzimidazoles Containing Methyl
Groups in the Azole Ring

To obtain ATsubstituted polybenzimidazoles, the following tetraamines
and the reaction (2) were used: bis(3-amino-4-methyl-amino)phenylmeth-

2800 2600 1600 M O 1200 1000 800
Wave length, cm'

Fig. 2. Infrared spectrum of poly-1,1'-dimethyl-2,2'-(p-phenylene)-6,6'-dibenzim-
idazolylmethane.

ppm
Fig. 3. PMR spectra of TV-substituted polybenzimidazoles obtained under various
conditions: (I) 270°C, 5 hr; (2) 270°C, 5 hr, IfD3mm Hg; (3) 300°C, 5 hr, 10-3nm
Hg.
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POLYBENZIMIDAZOLES WITH ALKYL SUBSTITUENTS
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ane, di(3-amino-4-methyl-amino)-5-methylphenyl, bis(3-amino-4-methyl-
amino-5-methyl)-phenylmethane.

The structure of polybenzimidazoles synthesized was confirmed by in-
frared and PAIR data. Besides the infrared absorption bands at 1430,
1600, and 1620 cm-1 assigned to the benzimidazole ring, a characteristic
absorption band at 2700 cnr1corresponding to the methyl group at the
nitrogen is also observed (Fig. 2).

Figure 3 shows the PMR spectra of polybenzimidazoles obtained from
bis (3-fV-methylamino-4-aminophenyl) methane and isophthalic acid under
various synthesis conditions. During full cyclization, the maximum char-
acteristic of the amide hydrogen must disappear in the spectrum of AT-sub-
stituted polybenzimidazoles. It is seen from Figure 3 that the qualitative
polybenzimidazole polycyclization takes place on prolonged heating under
high vacuum at a temperature not below 300°C.

Properties of Polybenzimidazoles Containing Methyl Substituents

Solubility. The introduction of a methyl group into the benzene ring of
polybenzimidazoles (Table 1) leads to formation of polymers, most of which
are soluble in dimethy Iformamide, benzyl alcohol, pyridine, polymers with
a viscosity of 0.4-0.5 being better soluble than similar polymers with a vis-
cosity of 0.8-0.9 dl/g.

As seen from Table |1, polybenzimidazoles with methyl groups in the azole
ring are easily soluble in benzyl alcohol, pyridine, cyclohexanone, and tri-
cresol. ./V-Methyl-substituted polybenzimidazoles are capable of formation
of more concentrated solutions compared with polybenzimidazoles contain-
ing no methyl groups in the azole ring (Table I11).

Thermal and Heat Stability. Polybenzimidazoles based on aromatic
acids have high thermal stability, starting to decompose in air at above
400°C (Figs. 4 and 5). As would be expected, polybenzimidazoles based on
terephthalic acid are most thermally stable, but less soluble in organic sol-
vents (Tables | and Il). Polybenzimidazoles based on isophthalic acid
and diphenyl oxide dicarboxylic acid have an optimum combination of high
thermal stability and good solubility.

Isothermal thermogravimetric analysis of polybenzimidazoles at 450°C
(Fig. 6) showed that polymers containing methyl groups in the benzene ring
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Fig. 4. Thermogravimetric curves of polybenzimidazoles.

proved to be more stable on a prolonged exposure to high temperatures,
their thermal stability being close to that of the polybenzimidazole based on
3,3',4,4'-tetraaminodiphenylmethane. Maximum 15-20% weight loss of
the polymers occurs at 450° C, followed by stabilization. The weight loss
stabilization is explained by crosslinking processes at these temperatures,
since polybenzimidazoles become insoluble after heating at 450°C for 90
min. There is no weight loss on conducting the isothermal thermogravi-
metric analysis at 300°C. As evidenced by data of Table |11, the melting
point of polybenzimidazoles depends on the position of the methyl group
in the macromolecule. Substitution of imidazole hydrogen for a methyl
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Time, hr

Fig. 6. Isothermal thermogravimctric analysis of polybenzimidazoles.

group is more effective, which may be attributed to the disappearance of
hydrogen bonds in the polymer.

Mechanical Properties. The presence of a methyl group in the polybenz-
imidazole macromolecule together with methylene bridges between rings
leads to fairly strong and elastic polybenzimidazoles. Tor instance, poly-

TABLE IV
Chemical Resistance of Polybenzimidazoles to the Action
of Various Reagents at 100°C for 5 Hours

Reduced
viscosity
in HS0(
Reduced after
viscosity chemical
in H0, treatment
No. Polymer {ysp/c), <Uig Reagent (vsp/c), dl/g
40% KOH 1.25
35% IICI 1.22
1 No. 1, Table 111 1.25 10% h XS04 120
10% IIML 1.00
40% KOH 1.04
35% HC1 1.04
2
No. 8, Table | 1.04 10% HZEOi 103
10% UNO:;, 1.02
40% KOH 1.15
35% HC1 0.95
3 No. 3, Table II 1.20 10% 112SO4 0.90

10% IIMb 0.G2
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2,2,(m-phenylene)-4,4'-dimethyl-6,6'-dibenzimidazoylmethane (polymer 8,
Table 1) yields transparent films with tensile strength <roi 1000 kg/cm?2and
25% elongation (e).

Table 111 shows that polybenzimidazoles with methyl groups in the ben-
zene cycle form films with a higher tensile strength, than those with methyl
groups inthe azole ring.  The films from V-substituted polybenzimidazoles
are more elastic.

Chemical Resistance. Hydrolysis resistance data for polybenzimida-
zoles are given in Table 1V. It is seen that the polymers synthesized are
resistant to acid and base hydrolysis. The introduction of the methyl
group in the benzene cycle of polybenzimidazole (polymer 2, Table 1V) re-
sulted in a slight increase in chemical resistance, which may be explained
by screening effect of the methyl group.

Mixed Polybenzimidazoles Containing Methyl Groups
in the Benzene Ring

Homopolybenzimidazoles based on 3,3'-dianiinotolidine and aromatic
acids form brittle films unlike polybenzimidazoles containing methylene
bridges between benzimidazole cycles (polymer 2, Table V).

It has been shown previously that the formation of mixed polybenzimida-
zoles could improve physicomechanical properties of the polymers. For
this purpose, a series of mixed polybenzimidazoles was obtained from 3,3'-
diaminotolidine; their properties are givenin Table V.

It is seen from the data given that copolymers containing 0.3 mole of iso-
phthalic acid are most capable of film formation. The strength of the re-
sulting films is 600-800 kg/cm2 But copolymers containing 0.7 mole of
isophthalic acid are most readily soluble, which agrees with common ten-

TABLE V
Mixed Polybenzimidazoles Obtained from 3,3'-Diammao-5,5'-dimethylbenzidine and
Diphenyl Esters of Dicarboxylie Acids

Diphenyl ester of

Ter- Diphenyl- Reduced  Soften- Solu- Properties of

Iso- eph-  oxydicar- viscosity ing bility . .
phthalic  thalic  boxylic in DMF tempera- in unoriented films
acid, acid, acid, (vspre), ture, DMF, a, g
No. mole mole mole dl/g °C. g/l kg/lcm2 %
1 0.0 1.0 1.0» 470 80 Brittle film
2 0.3 0.7 1.15 420 120 800 20
3 0.5 0.5 1.36 415 250 Brittle film
4 0.7 0.3 1.20 410 320 “
5 1.0 0.0 0.86» 480 30
6 0.0 1.0 0.80» 490 20 “
7 0.3 0.7 1.17 450 90 600 15
8 0.5 0.5 1.35 440 220 Brittle film
9 0.7 0.3 1.12 435 290 ©

*Intrinsic viscosity.
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dencies observed previously with polybenzimidazoles containing no
substituents. 4

The synthesized copolybenzimidazoles have high thermal stability.
The heat stability depends on the composition (Table Y, polymer 1, 3, 4, 6).

Polybenzimidazopyrrolones and Polyimides Containing Methyl Groups

To clarify the general character of the effect of the methyl groups on solu-
bility of polyheteroarvlenes, we have also obtained the corresponding poly-
benzimidazopyrrolones and polyimide.
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Polybenzimidazopyrrolones were obtained by polyheterocyclization of
3,3"4,4Metraamino-5,5'-dimethyldiplienylmethane with pyromellitic acid
dichloride according to the scheme (3).

In the case of polybenzimidazopyrrolones, however, the introduction of
methyl groups in the macromolecule did not result in an increase in solu-
bility. Polybenzimidazopyrrolones containing methyl groups proved to be
insoluble in organic solvents but swelled in concentrated sulfuric acid.

The initial decomposition temperature of these polymers is about 360°C.
The weight loss is 30% on heating up to 500°C.

A methyl-containing polypyromellitimide has been obtained by the two-
stage polycyclization of 3,3'-dimethyl-4,4-diaminodiphenylmethane with
pyromellitic acid dianhydride according to the scheme (4).

Studies on polymer properties showed that the synthesized polypyro-
mellitic imide was insoluble in DMA, DMSO, and formic acid.

Thus, the effect produced by introduction of methyl groups in the poly-
benzimidazole macromolecule is not regular for other polyheteroarylenes.

Polybenzimidazoles Containing Alkyl Groups in the Azole Ring

It was found that more than 50% of methyl groups of the tetraamine were
replaced by ethyl, isopropyl, and benzyl radicals, respectively (Fig. 7), on
boiling the tetraamines containing methyl groups at the hydrogen atom in
ethyl, isopropyl, and benzyl alcohol in the presence of catalysts. The reac-
tion provided a means for obtaining polybenzimidazoles with various alkyl
substituents in macromolecule.

TABLE VI
Properties of Polybenzimidazoles of General Formula

Solubilit
Soft y
Intrinsic  en- Ben-
viscosity ing zyl Cyclo- Tri-
(DMSO0), point, Pyri- alco- hexa- ere-
No. It dllg  °C. DMA DMF dine hoi none sol
1 CHl3— 0.88 3B0 ++ ++ o+ + + + +
2 ch5ch3— 0.80 B0 ++ ++ ++ o+ + + 4+
3 ch3
Git—3 CH,— 070 340 ++ ++ ++ ++ +4+  ++
/
ch3

4 ch2—,ch3— 0.80 320 + 4+ ++ 4+ ++ ++  ++
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Fig. 7. PAIR spectra of bis(o-amino-4-inethylainii]o])henyl)ineUiane (a) before and (b)
after realkylation reaction in ethyl alcohol.

It is seen from the data of Table VI that these polymers are readily solu-
ble in organic solvents, showing no sharp difference from polybenzimidazoles
containing methyl groups in heterocycle.

Introduction of bulky substituents decreases the polymer chain packing-
density and leads to the lowering of thermal stability. These polybenzim-
idazoles are thermally stable to 400-450°C.

Polybenzimidazoles with various alkyl groups yield elastic films with ten-
sile strength of 400-000 kg/cm'-.

EXPERIMENTAL

Synthesis of Starting Compounds

The starting bisnitroamines were obtained by nitration of the correspond-
ing diamines by the Meyer-Rohmer® and Marvel3 methods or by the
Fischer-Busch method.D The subsequent reduction was accomplished as
previously detailed.7 The melting point was 13<85-139.5°C for 3,3,4,4-
tetraaminodiphenylmethane, 150-151°C for 3,3-diamino-5,5-dimethyl-
benzidine, 165-166°C for 3,3'4,4' - tetraamino-5,5' - dimethyldiphenyl-
methane, 125-126°C for bis(3-amino-4-methyl-amino)phenylmethane, 133-
135°C for di(3-amino-4-methyl-amino-5-methyl)phenyl, 143-144°C for
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bis(3-amino-4-amino-4-methylamino-5-methyl)phenylmethane.  3,3'-Di-
methyl-4,4'-diaminodiphenylmethane was obtained by the method de-
scribed by Eberhardt and Welter,Bmp 156-157°C.

Diphenyl esters of isophthalic and terephthalic acids and 4,4'-dicarboxy-
diphenyl oxide were obtained by reacting the dichlorides of the correspond-
ing acids with phenols.  Their melting points agreed with those reported.619

The dianhydride of pyromellitic acid was twice sublimed in vacuum, mp
284-286°C.

Synthesis of Model Compounds

m-Phenylenedibenzimidazolyl-2,2' was obtained by reacting 0.01 mole of
diphenyl ester of isophthalic acid with 0.02 mole of o-phenylenediamine at
180-260°C for 2hr.  The resulting dibenzimidazole was washed with water
and alcohol and recrystallized from dimethylformamide, mp 285-287°C.

Anal. CalcdforC2HUIN,: C, 77.42%; H, 3.55%; N, 18.07%. Found: C, 78.02%;
H, 4.10%; N, 18.21%.

Synthesis of the Polymers

Polybenzimidazoles were obtained by polyheterocyclization of the start-
ing materials in the solid phase by the method of Vogel and Marvel.3 To
achieve more complete cyclization the final stage was carried out under a
vacuum of 10_3-10~6 mm Hg at 270-300°C. Polybenzimidazoles synthe-
sized were purified by reprecipitation from dimethyl sulfoxide into water,
followed by careful washing from the solvent.

Polybenzimidazopyrrolones were synthesized by low-temperature poly-
condensation in amide solvents followed by thermal cyclization. Starting
component concentration was 0.09 g/ml, reaction temperature 20°C, reac-
tion time, 1 hr. The polymer was precipitated with acetone cooled to
—20°C; the cyclization took place under vacuum of 10~3mm Hg at 300°C
for 4 hr.  Polypyromellitic imide was synthesized at —20°C in dimethyl-
acetamide. The reduced viscosity of the poly(amido acid) in DMF at
25°C was 0.94 dl/g. The poly(amido acid) was precipitated with acetone
and dried under vacuum. The cyclization took place at 200-300°C.

Studies on Polymer Properties

Thermal stability of the polymers was determined by dynamic202l and
isothermal thermogravimetric analysis. The temperature increase rate of
the derivatograph was 4.5°C/min. Isothermal analysis was carried out
under vacuum of 10~3mm Hg. The viscosity of the polymers was mea-
sured in 0.5% dimethyl sulfoxide solution at 20°C.

To determine the polymer stability in various solvents, 0.1 g of ground
polymer was heated in the glass tube with a solvent at 100°C for 30 min.

PMR spectra were obtained on a Perkin-Elmer spectrometer in 15%
dimethyl sulfoxide solution at a frequency of 60 Mcps, hexamethyldi-
siloxane being used as a reference material.
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Heat stability of the polymers was determined by means of thermome-
chanical curves taken on a Tsetlin apparatus2 for pellets of powder-like
polymers.
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Polyimidazopyrrolones and Related Polymers. |.
Dianhydrides and o-Acetamidodiamines
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Synopsis

Solutions of polyimidazopyrrolone precursors prepared by reaction of tetraamines and
dianhydrides in polar solvents tend to crosslink and gel very easily. Substitution of
o-acetamidodiamines for the tetraamines gives stable solutions. A study of cure mecha-
nisms by TGA, infrared, and pyrolysis experiments with polymers and model compounds
indicates that the aeetylated materials are converted cleanly to irnides at 150°C. At
temperatures above 350°C, structural changes and further polymerization occur, with
little imidazopyrrolone formation. Polymers derived from tetraamines cure by multiple
mechanisms but finally yield the imidazopyrrolone structure. The aeetylated polymers
and copolymers give acceptable laminates but poor films.

INTRODUCTION

The preparation and properties of polymers containing the imidazo-
pyrrolone (pyrrone) linkage have been described by several authors.1-6
The usual method of synthesis has been the reaction of a dianhydride with
an aromatic o.o-tetraamine in a polar aprotic solvent. In this procedure,
a solution of the dianhydride is added slowly to a rapidly stirred solution
of the tetraamine. A soluble poly(amino acid amide) is produced, which
is converted to the pyrrone by heating.

Ideally, the polymerization and cure reactions proceed as shown in egs.
(1) and (2).

@

(2)

1045
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One shortcoming of tihis procedure is that a slight local excess of dianhy-
dride results in gelation. This behavior is presumably caused by reaction
of the dinahydride with the free amino group ortho to the acylamide group
in the linear polymer with resulting crosslinking, as in eq. (3).

This reaction becomes more important when reaction (1) nears completion,
and the concentration of ortho diamino structure becomes small relative to
that of the amino group ortho to the acylamido group.

The procedure35for avoiding gelation has been to use dilute solutions
(10% or less) and to add the last portions of the dianhydride very slowly
with good stirring.

The gelation and high viscosity resulting from crosslinked structures can
be reduced or eliminated by blocking one of the amine groups in each of the
ortho pairs.  Since we are now dealing with the reaction of a diamine and a
dianhydride, behavior typical of normal polyamide acids can be expected.

For example, if one of the groups is acetylated the reaction sequence (4)-(5)
is expected.

The acetamido group will not react with anhydrides at room temperature
to give crosslinking as in eq. (3). Therefore the polymerization reaction

[eg. (4) Jwill proceed without gelation, at concentrations higher than can be
used in the usual reaction [eq. (1) ]
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This paper reports the preparation, properties, cure mechanism, and
degradation of polymers from dianhydrides and o-acetamidodiamines.
Other methods of preventing gelation in pyrrone precursor solutions will be
discussed in succeeding papers.

POLYMER PREPARATION AND PROPERTIES

Polymers from 2,4-Diaminoacetanilide (DAA)

The most readily available diamine containing the desired o-acetamido-
amine structure is 2,4-diaminoacetanilide (DAA). Equation (6) shows
the reactions expected with pyromellitic dianhydride (PMDA).

Two isomers are possible in the product of the first reaction, only one of
which is shown. The cured product, which contains equal numbers of
imide and pyrrone groups, is expected to be the same as the polymer pre-
viously prepared from 1,2 4-triaminobenzene (TRAB) and PMDA by
BellD and by Dunnavant,1l except that the latter contains the additional
isomeric configuration | in the trisubstituted benzene ring. In both

polymers, in addition to the structures shown, some of the tetrasubsti-
tuted benzene rings will be linked to two imide groups, with an equal
number linked to two pyrrone groups. The latter structure occurs in two
geometric isomers. The DAA polymers were studied primarily to compare
the reactivity of an isolated amino group with that of an o-acetamidoamine
and to study the elimination of acetic acid to form a pyrrone linkage in the
final step.
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When PMDA was added in portions to a stirred solution of DAA in
N ,A-dimethy fcetamide (DMAC) the viscosity behavior was similar to that
observed previously for simple diamines,7 with a sharp viscosity peak at
equivalence as the final increments of PMDA were added. Apparently,
both amino groups were of similar reactivity. Maximum viscosity was
obtained with about a 1% excess of PMDA, and further addition gave a
viscosity decline. The inherent viscosity of the polymer solution 28 hours
after preparation was 0.69 dl/g. Attempts to cast films from the solution
gave only brittle materials. Similar results were obtained when 3,4,3',4'-
benzophenonetetracarboxylic dianhydride (BTDA) was substituted for
PMDA.

Polymers from 4,4'-Diacetamido-3,3'-oxydianiline (DATADPO)

Polymer Solution Preparation. Polymer preparation from DATADPO
proceeded smoothly with either PMDA or BTDA in DIMAC, dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), A-methylpyrrolidone
(NMP), or DMAC-xylene. Polymer solutions prepared in DMSO had the
highest viscosity at 20-25% solids, although they did not have higher in-
herent viscosities. Table | summarizes viscosity data for several solvent
systems.  Although this polymer was expected to be relatively flexible, and
the inherentviscositiesare in the range expected to give good films, all efforts
to cast films from DATADPO-BTDA failed to give a flexible cured prod-
uct. Uncured films, plasticized with solvent, were tough and flexible, but
as the cure progressed they became extremely fragile. Final cure at 300-
325°C gave a somewhat tougher product, but we did not succeed in getting
a film of reasonable size past the fragile stage without fragmentation.

Laminates. Glass cloth laminates were made by methods similar to
those used for laminates from polyimides prepared in aprotic solvents.22
The system was not studied extensively, but the values given in Table |1 are
at least as high as those of the polyimides. No aging studies were made.

Precipitated Polymer. DATADPO reacted smoothly with PMDA in re-
fluxing THF to give a precipitated powder. Infrared spectra, elemental
analysis, and inherent viscosity indicate that this product was a low molecu-

TABLE |
Viscosities of DATADPO-BTDA Polymers
Viscosity
Inherent
Solids, % Solvent Gardner cP (35°C), dl/g
23 DMSO ZG 14,.0) 0.62
25 DMF v+ 900 —
24 DMAC-xylene (2:1) X-Y 1,500 —
25 NMP X-Y 1,500 0.4S
16 DMSO W 1,070 —
20 DMAC-xylene (3:2) w 1,070 —

25 DMAC S 500 0.62
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lar weight polymer, largely in the form of the amide acid. Infrared spectra
showed that on heating for 2 hr at 150°C it was largely converted to the
imide.

Polymers from 3,3'-Diamino-A,Ar,-diacetylbenzidine (DADAB)

DADAB and BTDA. Although DADAB has a very low solubility in
DMAC, a slurry of the two reacted with BTDA to give a clear solution,
inherent viscosity 0.28 dl/g. A film cast from the solution was very brittle.

DADAB and PMDA. Two products were obtained from the reaction of
PMDA and DADAB. One was quite soluble in DMAC and similar sol-
vents. The other was insoluble in any organic solvent tested. When an
equimolar mixture of DADAB and PMDA was added to stirred DMAC or
DMSO, a clear solution was obtained, from which the insoluble product
gradually precipitated.

Some additional experiments were run to clarify the solubility behavior of
this polymer. Several preparations were filtered, and the precipitates
were washed and dried. It was found that the amount of material dis-
solved was a fairly constant fraction of the total solids and almost inde-
pendent of the ratio of solids to solvent.

The soluble and insoluble fractions had nearly identical analyses (Table
VII) and infrared spectra, which are consistent with the expected amide
acid structure. However, in spite of these similarities, the insoluble frac-
tion was found to have a solubility of less than 0.1% in DMAC, DAII',
DMSO or NMP, while the soluble fraction, after precipitation and drying,
could be redissolved in DMAC to give a 40% solution. The only solvent
found for the insoluble fraction was concentrated sulfuric acid.

Inherent viscosities, measured on fresh solutions before precipitation
occurred, ranged from 0.56 dl/g in DMSO to 0.32 dl/g in DMAC. Films
cast from the solutions were brittle.

Polymer from |,3-Diamino-4,6-diacetamidobenzene (DATAB)

Polymers from |,3-diamino-4,6-diacetamidobenzene (DATAB) and
PMDA are of particular interest because they would form complete ladders
when fully cyclized. DATAB was synthesized from 4,6-dinitro-1,3-phenyl-
enediamine by acetylation followed by reduction. It turned out to be so
insoluble and high-melting that purification was very difficult. A small
amount of polymer prepared from crude DATAB and BTDA gave very
poor films.

Copolymers with Simple Diamines

Evidence is presented in the section on curing reactions suggesting that
polymers derived from diacetyl tetraamines do not cure smoothly to
pyrrones, but undergo other reactions leading to crosslinking.  Therefore,
copolymers obtained by the reaction of dianhydrides with mixtures of
diamines and diacetyl tetraamines, when fully cured, are expected to con-
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sist of some kind of crosslinked structure containing imide, pyrrone, and
other linkages. Crosslinked polyimides derived from somewhat similar
structures have been reported by Bower et al. 4

We have evaluated two polymers of this type. Compositions and lami-
nate data are given in Table I1l. Although initial strength and modulus
values are low compared with pyrrones made by the ester method,4 reten-
tion of properties appears better and is comparable to values reported for
polyimides.1214

CURING REACTIONS

We have studied the mechanism of cure and the nature of cured and
pyrolyzed products for these polymers and related model compounds. The
chief methods used were thermogravimetry and infrared analysis.

TABLE IV
Infrared Correlations

Wave Probable assignment*
number,
cm™1 Polyimide Polybenzimidazolel Pyrrone
i_
1780 —C=0
1700 —6=0
1738» _Cl: 0
1720 —¢=0
1
1620 ,_:tL o _ —C=N—
"0 .
1 .
1590 L—t=o0J if present
1560 Pyrrone ring (?)
1460 + 20 L. O i N—d-n—
1430 —l\i —é =N—
m O -
1380 L—o=0J ifpresent.
(0]
11
1370 —C—N— —CI— Nl—
930|(rtnulti- Pyrrone ring (?)
ple
830-880 Imide ring (?) Imide ring (?)
720 Imide ring Imide ring

a ldentification and assignment of absorption bands based upon data of Young.5

b Data of Iwakura el. al. 6and Vogel and Marvel.I7

cPresent in 1,2-benzoylenebenzimidazole but not in model compounds containing two
pyrrone groups. It reappears in many pyrrone polymers. We have no explanation for
this behavior.

dOften a doublet.
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A consideration of published and unpublished spectra of various poly-
mers and model compounds has led to the tentative infrared absorption
correlations shown in Table IV.

Figure 1 shows successive spectra of a film of DAA -PMDA as it was
cured. Curve 8 (2 hr, 150°C) is a typical polyimide spectrum, with char-
acteristic bands at 17<9), 1725, 1370, and 720 cm-1. After further heating,

Wavenumb cm”

Fig. 1 Infrared spectra of DAA-PMDA and TRAB-PMDA as a function of cure.
DAA-PMDA film cast on Csl plate; TRAB-PMDA free film. Cure times are cumula-
tive.
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Fig. 2. Infrared spectra of DATADPO-PMDA as a function of cure. Film cast on Csl
plate. Cure times are cumulative.

these bands remained, although the 720 cm-1 band appeared to weaken
relative to the others. Bands at 1515, 1290, 1010, and S40 cm-1 weakened
or disappeared. An increase in relative intensity was found at the pyrrone
frequencies of 1480, 8G0 and 810 cm-1. For comparison, spectra of a film
of cured TRAB-PMDA (obtained from Dr. V. L. Bell, NASA-Langley)
are included (curves 1 and 2). The spectra are considerably heavier than
those derived from DAA-PMDA, but correspond very closely to curves
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Wdvenumber, cm'1l

Fig. 3. Infrared spectra of TADPO-PMDA as a function of cure. Film cast on Csl plate.
Cure times are cumulative.

4 and 5. When the TRAB-PMDA film was heated for 3 hr at 300°C, an
additional band appeared at 1855 cm-1, probably due to anhydride pro-
duced by cyclodehydration of terminal carboxyl groups.

Although some of the spectral changes shown in Figure 1 are consistent
with pyrrone formation, absence of the strong pyrrone band at 1760 cm '1
suggests that very little pyrrone was formed from either TRAB or DAA
polymers.  Similar results were obtained in an infrared study of the cure
of DAA BTDA polymer.

Figures 2 and 3 present, a comparison of the spectra of DATADPO-
PMDA and TADPO-PMDA during cure. A typical polyimide spectrum
was obtained in the former case after 2 hr at 200°C. Further heating
caused gradual elimination of one imide carbonyl at 1780 cm"1, the amide
carbonyl at 1650 cm"], the ring vibration at 1505 cm™1 and bands at 1290,
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1210, 1100, 1010 and 840 cm-1. A relative increase was observed at the
pyrrone frequencies of 1620, 1470, 960, 850, and 820 cm-1. At the higher
temperatures, a band at 2220 cm-1 appeared, which has been identified ten-
tatively as nitrile.  In the case of TADI’O-PMDA, the reaction apparently

Wavenumbe.” c¢m -1

Fig. 4. Infrared spectra of DADAB-PMDA (I)MAC-soluble fraet.) as a function of
cure. Powder in KBrdisk. Cure times are not cumulative.
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followed a somewhat different course. The polyimide spectrum in curve 2
is not very well defined. The 1780 and 720 cm-1 bands are weak, while
pvrrone or benzimidazole bands have begun to appear. The spectrum of
the cured polymer corresponds closely to that reported by Bell and Pez-
dirtz.1 Essentially the same bands appeared on curing both the TADPO
and DATADPO polymers (Fig. 2, curve 5 vs. Fig. 3, curve 3), but the
intensities were different. For example, the bands at 1760, 1330, and 1070
cm“1in the TADPO-PMDA polymer were present only as shoulders in the

TABLE V
Pyrolysis Products from DADAB-PMDA

Treatments,

successive
Tem- Acid,
pera- Weight % of
Time, ture, loss, Volatile calcu-
Fraction hr °C % products lated

Insoluble fraction (D92-143-1)

14 150 13.0 CO,, H,0, THF* LIS
2 300 7.4  CO, H0b 2.88
2 350 1.9 CO,, ITO, HOAc, Ac2Db 6.28
IS 350 2.9 CO,, ITO, 110Ac, Ac,0 6.66
Total 25.2 17.00

(Calculated 35")mi)
Soluble fraction (1)93-1-7)

9 105 7.5 11D, DMAC

2 150 5.0 ITO, DMAC

2 300 s.s ITO, CO,”

2 350 5.6 ITO, IIOAc, AcAP

Total 27.2
(Calculated 42" uy

aTetrahydrofuran used to wash sample was not completely removed. Probably ali-
phatic ester or ketone also (1735, 1460, 1370 cm*“1).

bProbably triple bond also (2160, 3070 cm*“1).

cBleached indicator paper. N.MR showed no aromatic protons. Odor of cooked cab-
bage.

dVapor absorbed also at 1135, 1100 cm*“1; liquid at 1370, 1133 cm*“1

DATADPO polymer. Substantial absence of the strong 1760 cm*1pyr-
rone band from the spectra of DATADPO polymers indicates a low degree
of pyrrone formation.

In Figure 4 the infrared spectra of the soluble fraction of DADAB
PM DA polymer after several temperature exposures are presented. Al-
most identical spectra were observed from the insoluble fraction with the
same treatment. The changes on heating were similar to those noted for
DATADPO-PMDA although the band at 1470 cm"1did not develop as
strongly. The spectrum of the fully cured material resembles that re-
ported by Dawans and Marvel2for DAB-PMDA. However, none of these
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spectra show a degree of pyrrone formation approaching that of TADPO-
PMDA.

Uncured DATADPO-PMDA and DATADPO-BTDA polymers gave
programmed TGA curves with poorly defined steps at 200, 400, and 550°C,
probably corresponding roughly to loss of water, loss of acetic acid, and
degradation, respectively. Since the observed weight losses were higher
than the calculated values for loss of water and acetic acid, it appears that
the reactions occurred in an overlapping sequence.

Additional information on the cure mechanisms of DADAB-PMDA was
provided by vacuum pyrolysis experiments in which the volatile products
were trapped and analyzed. A sample of the polymer under test was sealed
in a glass apparatus which was evacuated to about 10~6torr. The sample
was then heated while volatiles were trapped in a liquid nitrogen trap.
After a heating period, the trap was removed and its contents analyzed by
infrared spectroscopy. The trap was cleaned and replaced, and the cycle
repeated. Several successive heating cycles were applied to each polymer
sample, using various times and temperatures. For the insoluble fraction,
the condensates were also titrated to obtain a quantitative measure of the
acetic acid produced. Results from the two samples are summarized in
Table V. The observation that the acetyl group begins to be eliminated at
about 350°C agrees with the infrared spectra data and the TGA results.
CO02 elimination suggests that decarboxylation was a side reaction. If
some of the linkages were converted to benzimidazole groups through reac-
tion with the acetamido group in the initial ring closure, an isolated car-
boxyl group would be left, which could easily lose C02 There was some
indication of the formation of a volatile nitrile, isonitrile, or substituted
acetylene.

A considerable amount of work was done with model compounds in an
effort to understand the reactions occurring in the cure of polymers derived
from diacetyl tetramines. The compound Il was held at 200°C for 30 min

CO.,H NH— COCH,

in a slow stream of nitrogen. The weight loss was 90% of that calculated
for simple dehydration, and the residue gave a 92% vyield of IlI.

Programmed TGA of this product gave complete sublimation without
pyrolysis.
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When the less volatile DADAB-(PA)2 (imide) (see Table VI for struc-
ture and abbreviations for model compounds) was subjected to programmed
TGA (2.5°C/min) in flowing nitrogen, a curve was obtained with a well-
defined step at 430°C, which is about the temperature at which acetic
acid was expected to be eliminated. Under the same conditions, (OAA)2
PAfDA (amide acid) gave steps at 200 and 420°C, which correspond to loss
of water and acetic acid, respectively. However, since some sublimation
also occurred in both cases, observed weight losses were higher than the
calculated values. Weight loss of both materials was very slow above
500°C, and a residue of about 35% remained at 1000°C.

With isothermal TGA at 400°C, the weight loss of (OAA)2PMDA (imide)
in flowing nitrogen was 40% in less than 2 min; 45.5% in 1lhr. No addi-
tional loss occurred in the next 2 hr. Apparently both sublimation and
reaction occurred during the initial rapid loss, and a nonvolatile polymeric
residue remained. Similar results were obtained with DADAB-(PA)2
except that the weight loss occurred over a period of several hours.

The second step in the cure was also studied by pyrolyzing several imid-
ized model compounds for 3 hr at 400°C in a slow stream of nitrogen and
examining the products. A horizontal glass tube was used, 25 mm in
diameter, with a 30 cm hot zone. The sample was contained in a porcelain
boat near the inlet end of the hot zone, to provide for pyrolysis of vapors as
well as residues.  Results with five model imides of interest are summarized
in Table VI.

OPD-PA was converted almost quantitatively to the pyrrone, which
sublimed. In the case of OAA-PA, the infrared spectrum of the sublimate
was almost identical to that of the starting material. Apparently, most of
the compound sublimed without change. The spectrum of the residue con-
tained bands at 1720 (similar to pyrolyzed DADAB-PMDA polymer), 1680
(amide), 1620 (pyrrone or benzimidazole), 1450 (pyrrone or benzimidazole),
and 730 cm-1 (imide or pyrrone).

The compound DAOPD-PA incorporates a blocking structure that was
not evaluated in polymers. It was studied briefly here to determine its
suitability. The spectra of both sublimate and residue were essentially
identical to the corresponding fractions from OAA-PA. Apparently, the
second acetyl group is lost easily to give the monoacetyl compound.

Pyrolysis of (OAA)2PMDA gave sublimate and residue fractions having
essentially identical spectra, similar to Figure 4, curve 5, but differing in
intensity ratios. Strong absorption bands at 1730, 1620, 1450, 1370, and
740 cm-1 suggest a pyrrone structure. However, the strong 1760 cm-1
pyrrone band was present only as a shoulder.

In the case of DADAB-(PA)2 both sublimate and residue gave typical
pyrrone spectra, almost identical to that of benzoylenebenzimidazole.
Attempts to isolate pure compounds from pyrolysis products by crystalliza-
tion and chromatography failed for all compounds except OPD-PA.

The results of cure and pyrolysis experiments are not entirely free from
ambiguities, but the following statements are reasonably consistent with
observations.
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Polymers derived from tetraamines and dianhydrides cure by more than
one mechanism. The amino-carboxyamide linkages in the uncured
polymer are converted to both carboxybenzimidazole and aminoimide
groups in the initial stage of curing. Further heating converts the latter
structure almost completely to pyrrone. Conversion of carboxybenzimid-
azole groups to pyrrone is less complete, and some decarboxylation occurs.
Other linkages present in the uncured polymer lead to branching and the
formation of imide, benzimidazole, and other groups in the fully cured
polymer.

Polymers derived from diacetyl tetraamines and dianhydrides are con-
verted almost quantitatively to linear acetamido imide intermediates. A
high temperature (350°C) is required for further cure. Both acetic acid
and carbon dioxide are eliminated in the latter stages, with the formation
of small amounts of pyrrone, together with benzimidazole and other struc-
tures, and some crosslinking.

Details of structure play an important part in determining cure mecha-
nism and final products. For example, DADAB-(PA)2cures readily to a
pyrrone, whereas (OAA)2PMDA does not, and the o-diamino grouping in
TRAB is not as cleanly converted to pyrrone as the corresponding struc-
tures in tetraamines.

EXPERIMENTAL

DTA TGA Determinations

Differential thermal and thermogravimetric analyses were performed on
a duPont 900-950 Thermal Analyzer. Melting points were determined
with the same apparatus at a heating rate of 15°C/min. In some cases
the melting point was observed visually, but usually it is reported as the
minimum point in the DTA curve.

DAA Polymers

Purification. DAA (Gallard-Schle.singer) was purified by recrystalliza-
tion from water containing a trace of sodium hydrosulfite. Colorless prisms
were obtained, mp 163°C.

Polymers Prepared in DMAC. A solution of 16.520 g (0.1 mole) of
purified DAA in 217 ml of DMAC (dried over 5 A Molecular Sieve) was
stirred in flame-dried apparatus under dry nitrogen while 21.813 g (0.1
mole) of PMDA was added rapidly. Complete solution occurred exother-
mically in a few minutes. The solution was stirred for about 3 hours to be
sure reaction was complete. A solution of PMDA in DMAC (0.100 g/ml)
was then added in 1.00 ml increments to the stirred polymer solution. Vis-
cosity was measured by drawing the solution up into a 7 mm tube and mea-
suring the flow time between two marks about 10 cm apart, at a head of
about 25 cm. After each addition the flow time was checked periodically
until it became essentially constant. At this point, another increment was
added and the process repeated until no further increase occurred. The
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final addition of PMDA gave a decline in viscosity. Apparently, the opti-
mum amount of PAIDA was about 1% more than the calculated quantity.
The final solution was light amber, and had an inherent viscosity (0.5%
in DAIAC, 25°C) of 0.69 dl/g 28 hr after the initial PAIDA addition.

A 20% solution of DAA-BTDA was prepared by adding solid BTDA
to an equimolar quantity of DAA in DAIAC. It had a viscosity of about
630 cS. Films were very brittle.

DATADPO Polymers

Preparation of DATADPO. 3,3'-Dinitro-4,4'-diacetamidodiphenyl ether
was prepared by a modification of the procedure of Foster and Marvel8and
was recrystallized from acetic acid. A 15-g portion of this compound in 200
ml of methanol was hydrogenated in a Parr shaker at 50-70°C and 50 psi
by using 0.2 g of 5% Pd-on-C catalyst. The product was recrystallized
from methanol to give 8.5 g (68% yield) of DATADPO, mp 230°C.

Anal. Calcd. for CiHIAND 3: C, 61.13%; H, 5.77%; N, 17.82%, Found: C,
61.05,61.28%; H, 5.81, 5.86%; N, 17.75, 17.99%.

Infrared and NAIR spectra were consistent with the desired structure
and showed that essentially no cyclization to benzimidazole had occurred.
Preparation of DATADPO by hydrazine reduction has been reported by
Korshak et al.®

DATADPO and BTDA. A solution of 6.28 g (0.020 mole) of DATADPO
in 36 g of DAIAC was stirred while 5.0 g of BTDA was added. When solu-
tion was complete, additional BTDA was added in small increments until a
total of 6.7 g (0.021 mole) has been added. The viscosity rose after each
addition, and the final solution had a viscosity of about 500 cS at 25% solids.

Similar preparations in other solvents gave the viscosities shown in Table
l.

DATADPO and PMDA. This polymer was prepared by the preceding
procedure.

Film Casting Attempts.  Fully cured films cast on aluminum dishes, glass,
and copper foil adhered very strongly to the substrate. In only one ex-
ample was a creasable film obtained. This was a small sample cast on an
aluminum dish and removed by soaking in water. The film could not be
removed from the glass except in shreds. The samples on copper foil blis-
tered in spite of a very cautious cure cycle. When the copper was removed
by dissolving in ferric chloride the film was in shreds.

Uncured films were cast by spreading the solution on aluminum plates
and air-drying at room temperature for 24 hr. These films were easily
peeled from the substrate. They were clear, pale yellow and very flexible
but became extremely brittle when attempts were made to cure them
further by baking (100°C in vacuum) or by treatment with acetic anhy-
dride-pyridine at room temperature.
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DADAB Polymers

Preparation of DADAB. 3,3'-Dinitro-1V,Af-diacetylbenzidine (American
Aniline) was recrystallized from DMF. A 301-g sample of the product was
hydrogenated in 16 batches, using about 20 g per batch, together with 200
ml of DMF and 2 g of 5% Pd-on-C catalyst. A pressure of 40-50 psi and a
temperature of 50-70cC were used. The product in each case was filtered
while warm and the filtrate mixed with 250 ml of water.  After standing
overnight in a refrigerator, the mixture was filtered and the solid product
washed with water followed by acetone, and dried at 100°C under vacuum.
The combined hydrogenated product weighed 206.5 g (83% vyield).

A solution of 205 g of this material in 800 g of DMSO was allowed to flow
through a 134 X 22 in. column of adsorption alumina (activated by heating
overnight at 325°C). Additional DMSO was added immediately there-
after and the column was kept filled with liquid as long as product was being
collected. The first 1800 ml of solution to come through was diluted with
3600 ml of water and allowed to stand overnight in the refrigerator. The
resulting precipitate was filtered off, washed with water and with acetone,
and dried at 100°C under vacuum to give 175 g of pale yellow powder (sharp
DTA endotherms at 263 and 348°C).

Anal. Calcd. for CIHIsOoNi: C, 64.41%; Il, 6.0S%; N, 18.78%. Found: C,
64.19,64.40%; H, 6.06, 6.18%; N, 18.79, 18.55%.

DADAB and BTDA. A slurry was made of 0.5454 g (1.828 mmole) of
DADAB and 4.54 g of dry DMAC, in which it is only slightly soluble at
room temperature. BTDA (recrystallized from acetone) was added in
portions, with stirring, until 0.5888 g (1.828 mmole) had been added. A
clear yellow solution of 20% solids was obtained. Inherent viscosity in
DMAC (0.5% solution, 25°C) was 0.28 dl/g. Films cast from the solution
were very brittle.

DADAB and PMDA. A mixture of 29.835 g (0.1 mole) of DADAB and
207 ml of dry DMAC was stirred under dry nitrogen while 21.813 g (0.1
mole) of PMDA was added in about 10 min. A somewhat exothermic reac-
tion occurred, and a very cloudy orange fluid was formed, weighing 239.8 g
(21.54% solids). It was found necessary to dilute a sample of the product
with DMAC to 1% or less in order to get a clear solution. The inherent vis-
cosity (0.5%, 26°C) in DMAC was 0.32 dl/g.

When the preparation was repeated in DMSO, a clear solution was ob-
tained, inherent viscosity 0.56 dl/g. It became cloudy on standing over-
night, and was converted to a non-fluid grease in a few days.

A series of 20% solutions was made by adding portions of a dry mixture
of equimolar quantities of DADAB and PMDA to DMF, DMAC, DMSO,
and mixtures of them. The only solution that remained reasonably clear
for 18 hr was the one made in DMAC. Several preparations of this type
were filtered after aging. The precipitates were washed several times with
the solvent used in the preparation and several times with THF and were
dried under vacuum at 45°C. The amount of polymer left in solution
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was calculated from TGA data on the filtrate (per cent residue after heating
to 400°C at 10°C/min), by difference, or by precipitation with acetone and
weighing. Results are summarized in Table VII.

Batches D92-141-3 to 7 were prepared at the same time, from the same
batch of dry-mixed reactants. A clear solution was obtained in each case.
The 24 and 30% solutions precipitated about 2 hr after preparation.
Fifteen hours after preparation, the other three clear solutions were seeded
with a trace of solid from the first two. Precipitation occurred slowly over
a period of several hours. The amount of precipitate in the 6% solution
was not measured, but estimated visually to be considerably less than half
that of the 12% solution.

A 51.3 g sample of the clear solution obtained by filtration of the product
from D92-123-5 was added, with stirring, to 500 ml of acetone. The
mixture was allowed to stand for 2 hr and filtered. The precipitated poly-
mer was washed with acetone and dried for 24 hr at 45°C under vacuum to
give 11.5 g of pale yellow powder.

Analyses of various DADAB-PMDA precipitates were made, with the
results shown in Table VIII.

TABLE VIII
Analysis of DADAB-PMDA Polymer Precipitates

Analysis of precipitate8

Run no. R H, % N, % o, % %
D92-141-5 59.66 4.57 9.17 26.48 -
D92-141-6 57.92 4.81 9.82 27.77 -
D92-139-11 56.92 4.28 9.88 - -
D92-141-8 57.88 4.7S 9.68 27.41 -
D92-123-5 (soluble

fraction) 58.12 4.87 11.31 25.81 -
D92-123-5 (insoluble

fraction) 59.10 4,74 9.85 26.21 —
D92-126-1 54.56 4.65 8.44 24.70 7.56

Calculated forb
DADAB-PMDA-15

DM SO 55.00 4.62 8.84 24.00 7.58
DADAB-PMDA'-

DMACHaO 58.00 5.03 11.27 25.75 -
DADAB-PMDA 60.50 3.91 10.85 24.80 -

*“Average of two determinations.
h Amide acid form of polymer.

The soluble and insoluble fractions from D92-123-5 were studied further.
Separate samples of each were heated for 2 hr at 150, 300, 350, and 400°C
(not successively). The 150 and 300°C bakes were in ovens in air. The
350 and 400°C samples were heated in nitrogen in a TGA apparatus from
25°C to temperature at 10°C/min and then held at temperature for 2 hr.
Observed weight losses are shown in Table IX.
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TABLE IX
Weight loss, %
Fraction 350°C 400°C
Soluble fraction 32 37
Insoluble fraction 23 31

Another sample was heated in nitrogen at 10°C/min to 755°C with a weight
loss of 51%.

DATAB Polymer

A mixture of 10 g of 1,3-diamino-4,6-dinitrobenzene (Burdick and Jack-
son) and 50 ml of acetic anhydride was stirred while three drops of con-
centrated sulfuric acid was added. The mixture became clear and warm.
It was heated to 135°C, held for 15 min, and cooled. A precipitate formed,
which was filtered off, washed and dried to give 9.8 g (69% vyield) of 1,3-
diacetamido-4,6-dinitrobenzene, mp 197°C.

Anal. Calcd. for CiHiIN4O6: C, 42.56%; H, 3.57%; N, 19.80%, Found: C,
43.00,42.90%; H, 3.59,3.63%; N, 19.89,19.92%,

A mixture of 10 g of I,3-diacetamido-4,6-dinitrobenzene, 0.2 g of 5%
Pd-on-C, 50 ml of DMAC, and 150 ml of methanol was hydrogenated at 55
psi and 65°C. The mixture was cooled and filtered. The solid material
was washed and dried to give 6.4 g of a mixture of catalyst and crude
DATAB, which gave DTA endotherms at 260 and 467°C, with an exotherm
at 277°. Infrared and NMR spectra were consistent with the expected
structure. Because of low solubility and the hazard of conversion to
benzimidazole on heating, the product was not purified further.

A polymer was prepared from 25 g of DMAC, 4.44 g (0.02 mole) of the
mixture of catalyst and DATAB and 6.44 g (0.02 mole) of BTDA. A
moderately viscous solution was obtained. It was diluted with 12 g of
DMAC and filtered to remove hydrogenation catalyst. Samples baked out
in aluminum dishes gave very poor films.

Copolymers

A suspension of 5.97 g (0.02 mole) of DADAB in 140.5 g DMAC was
stirred while 6.44 g (0.02 mole) of BTDA was added. A clear solution was
obtained, in which was dissolved 8.65 g (0.08 mole) of MPD. To this solu-
tion was added 25.78 g (0.08 mole) of BTDA, with stirring. A clear amber
solution was obtained, viscosity X (Gardner). Additional batches of
polymer prepared on a larger scale by the same procedure gave solutions
with viscosities of S-X (Gardner) at 23-24% solids.

A 6 X 6 in. 10-ply laminate was made with 181 A-1100 E-glass cloth.
The coated cloth was air-dried for 45 min and then precured for 20 min at
150°C. The laminate was pressed at 1000 psi and a temperature that rose
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from 300 to 490°C in 30 min and was held at 450-490°C for In min. A
smooth black board was obtained, 0.09 in. thick, containing 24% resin.
A 12-ply 12 X 12 in. laminate was made from the same prepreg, at 1000 psi
and 400°C for 30 min. The pressure was released momentarily to release
volatiles (bumped) in the early part of the pressing, and some resin blew out
of the board at that time. The final laminate was 0.106 in. thick, con-
tained 22% resin, and did not appear as uniform as the small board.
Table 11 includes test results for these and other similar laminates.

Model Compound Syntheses

2'-Nitrophthalanil. A mixture of 27.(53 g (0.2 mole) of o-nitroaniline,
29.62 g (0.2 mole) of sublimed PA, 160 ml of DMAC, and 50 ml of xylene
was refluxed with stirring under a Dean-Stark trap.  During an 18-hr period
5.9 ml of aqueous layer collected in the trap, after which no additional ma-
terial was obtained. The cooled product was mixed with 200 ml of water,
stirred for 2 hr, and filtered. The resulting precipitate was filtered off,
washed with water, and dried at 140°C under vacuum to give 36.5 g (68%
yield) of crude 2-'nitrophthalanil. Recrystallization from 350 ml of glacial
acetic acid gave 34.1 g of yellow needles, mp 203°C.

Anal. Calcd. for CHHND 4 C, 62.75%; H, 3.01%; N, 10.45%; 0,23.87%.
Found: C, 62.60, 62.71%; H, 3.07, 2.93%; N, 10.34, 10.50%; 0,24.05; 23.81%.

2'-Aminophthalanil. A mixture of 34.0 g of 2'-nitrophthalanil, 1700 ml of
ethanol, and2g of 5% Pd-on-C catalyst was hydrogenated at 150 psi and
75-95°C. The product was filtered hot. The filtrate was cooled, and the
resulting yellow crystals were filtered off and dried to give 19.0 g (63%
yield) of 2'-aminophthalanil, mp 193°C. A second recrystallization from
ethanol raised the mi) to 194°C (lit. mp 194-195°C).3

2'-Acetamidophthalanilic Acid. A mixture of 136 g (0.92 mole) of sub-
limed PA, 136 g (0.91 mole) of OAA, and 1050 ml of chloroform was re-
fluxed with stirring for 2 hr and allowed to cool. The precipitate was fil-
tered off and dried at 50°C under vacuum to give 260 g (96% yield) of
2'-acetamidophthalanilic acid as a white powder, mp 164°C. Recrystalliza-
tion from ethanol gave white needles, mp 168°C.

Anat. Calcd. for CBHMND 4: C, 64.42%; H, 4.73%; N, 9.39%; 0, 21.45%.
Found: C, 64.37, 64.41%; H, 4.70, 4.69%; N, 9.31, 9.29%; 0, 21.51, 21.66%.

2'-Acetamidophthalanil, 2'-(Diacetylamino)phthalanil, and CnHinNAP.
A mixture of 29.6 g (0.2 mole) of PA (sublimed), 29.9 g (0.2 mole) of OAA,
and 225 ml of chloroform was refluxed with stirring for 3 hr.  Acetic anhy-
dride (200 ml) was added, and solvent was distilled until a vapor tempera-
ture of 130°C was reached. The residual clear yellow solution (212 g) was
evaporated nearly to dryness at room temperature in a stream of nitrogen.
The resulting moist solid was recrystallized twice from methanol to give
22.1 g of white crystals (D93-15-4). An additional 6.2 g was recovered
from the filtrate from the second crystallization.
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Evaporation of the filtrate from the first crystallization, followed by dry-
ing for 4 days at 135°C under vacuum, gave 20.9 g of a yellow-brown solid.
Extraction of this material with 200 ml of boiling methanol gave a solution
and a yellow solid. The latter was filtered off and dried to give 2.2 g of tan
powder. A 0.5 g sample of this residue was recrystallized twice from 50
ml of DMSO to give 0.3 g of fine yellow crystals.

Anal. Calcd. for C.elli.NA: C, 73.27%; H, 3.85%; N, 10.69%; O, 12.20%.
Found: 0,72.42,72.19%; 11,3.82,3.78%; N, 10.56, 10.36%; 0,13.29,13.40%.

The DTA curve gave only poorly defined endotherms, the major one
being at about 440°C. The infrared spectrum showed no absorption bands
in the imide carbonyl region, but absorbed strongly at 3200 (broad), 1620,
1590, 1570, 1470,1410, 1370,1350, 1340, 1280, 1190, 1150, 740, 530, and 480
cm“1l The mass spectrum showed the presence of two compounds, MW
262 (corresponding to analysis Ci6HioND 2 and 276. The former lost two
units of m/e = 28 in steps, giving 234+ and 206+ (206++ and 206 +++ also
observed). The latter also lost a 28 unit to give 248+. The NMR spec-
trum was inconclusive because of partial solubility problems. The struc-
ture of this by-product has not been established.

D93-15-4 was recrystallized several times from methanol and from chloro-
form. Two major fractions were obtained. The first, mp 205°C, was
identified as 2'-acetamidophthalanil.

Anal. Calcd. for C,8HINZ),: C, 68.56%; H, 4.32%; N, 10.00%; 0,17.12%,.
Found: C, 68.45, 68.70% ; H, 4.46, 4.46%.; N, 9.85, 10.06% ; 0,17.30, 17.20%,.

The second fraction, mp 182°C, was identified as 2'-(diacetylamino)-
phthalanil.

Anal. Calcd. for CBHNZh: C, 67.07%.; H, 4.38%; N, 8.69%; 0, 19.86%.
Found: C,66.87,67.10%; H, 4.30, 4.37%; N, 8.89, 8.69%; 0,20.06,19.90%.

2'-Acetamidophthalanil was also synthesized from 2'-aminophthalanil.
A mixture of 0.50 g of the latter and 2.5 ml of acetic anhydride was heated
to boiling to give a clear solution. On cooling, a granular solid separated.
An equal volume of water was added to the mixture, which was warmed for
a few minutes and filtered. The solid was washed with water and dried to
give 0.49 g of a tan granular solid product mp 203°C.

Anal. Calcd for CBHHIND 3: C, 68.56%, H, 4.32%; N, 10.00%,; 0, 17.12%.
Found: 0,67.66,67.87%; 11,4.16,4.26%,; N, 9.64, 9.80%,; 0,18.33,18.45%.

The infrared spectrum contained the features expected for 2'-acetamido-
phthalanil.

Pyromellitic Diacid Bis(o-acetamidoanilide). A solution of 21.8 g (0.1
mole) of sublimed PMDA in 225 ml of THF was added to a warm stirred
mixture of 30.0 g (0.2 mole) of OAA and 150 ml of THF. A brick red color
appeared where the solutions first mixed, but faded rapidly. A heavy white
precipitate formed. The mixture was refluxed gently for 30 min, cooled
and filtered. The solid product was dried at 05°C under vacuum to give



POLY1IM1DAZOPYHROLONES AM) RELATED POLYMERS. | 1069

52.0 g (100% vyield) of pyromellitic diacid bis(o-acetamidoauilide), probably
a mixture of the two expected isomers.

Anal. Calcd. for Q»H«N«Os: C, 60.23%; H, 4.28%; N, 10.80%; O, 24.69%.
Found: C, 60.20, 60.05%; 11,4.83,4.74%.; N, 10.03, 9.92%; 0,24.95,25.12%.

DTA gave a rather broad endotherm at 187°C (mp and dehydration of
amide acid) and a sharp one at 354°C (mp of imide).

Pyromellitic Bis(o-acetamidoanil). A mixture of 25.9 g (0.05 mole) of
the preceding product and 100 ml of xylene was refluxed with stirring, using
a Dean-Stark trap to remove water. After 7 hr of reflux, 1.7 ml (calculated
1.8 ml) of water had collected. The solid product was filtered off and dried
at 130°C under vacuum to give 23.8 g (99% vyield) of crude product. A 10
g sample was recrystallized from 250 ml of DMF to give 4.1 g of purified
pyromellitic bis(o-acetamidoanil), mp 390°C.

Anal. Calcd. for CoHisNMe: C, 64.73%; H, 3.76%; N, 11.61%; 0, 19.90%.
Found: C, 64.79, 64.88%; H, 3.90, 3.77%; N, 11.50, 11.53%; O, 19.52, 19.99%.

A, A'-Diacetyl-3,3'-bis{A",iV"'-phthalimidoi ben/.jdine. A mixture of
14.9 g (0.05 mole) of DADAB, 14.8 g (0.10 mole) of sublimed PA, and 50 ml
of DMSO (dried over Molecular Sieve) was heated slowly. A clear solution
was obtained at 70°C. The solution was held at 80°C for 2 hr and at 115—
120°C for 1hr. During the latter period a heavy precipitate slowly formed.
The mixture was cooled and filtered. The solid product was washed with
acetone and dried at 130°C under vacuum to give 12.0 g of pale yellow pow-
der. An additional 7.4 g of product was recovered by diluting the filtrate
with water (70% total yield). A 10 g sample of the first crop was recrystal-
lized from NMP to give 8.8 g of purified A A-'diacetyl-3,3'-bis(Ar",AN"-
phthalimido)benzidine, mp 415°C.

Anal. Cacld. for C3H2ZND6: C, 68.81% ; 11,3.97%,; N, 19.04%; 0,17.19%
Found: C, 68.05, 68.19%; H, 4.08, 4119%% N, 10.07, 10.09%; O, 17.99, 17.85%.

The authors are indebted to Mr. li. 51. Skena and Mr. J. Gasper for synthesis, fabrica-
tion, and evaluation of polymers and to Dr. D. H. Lemmon and Mr. J. It. Ray for infrared
and NMR spectra.

Financial support of this research by the National Aeronautics and Space Administra-
tion is gratefully acknowledged (Contract NAS1-7354).
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Icosahedral Carboranes. XVI. Preparation of
Linear Poly-m-carboranylenesiloxanes

KARL O. KNOLLMUELLER, ROBERT N. SCOTT,
HERBERT KWASNIK, and JOHN F. SIECKHAUS,
Olin Research Center, Chemicals Croup, New Haven, Connecticut U650J

Synopsis

The first members of the series of poly-m-carboranylenesiloxanes were synthesized by
the ferric chloride-catalyzed condensation of methoxy- and chloro-terminated monomers
and generally obtained as insoluble crosslinked gums It has now been discovered that
long-chain, linear polymers can be prepared by simple hydrolytic condensation of
m-BwHioCsiSiMeiOSiiVfeClh and m-BioHioCjfSiMesOSiMeaOSiMejClh at ice bath
temperature, as well as by acid-catalyzed condensation of the corresponding silanols. In
addition, phenyl-substituted copolymers have been obtained which show outstanding
thermo-oxidative stability at elevated temperature. These linear polymers are soluble
maxes and liquids with molecular weights between 16,000 and 30,000; they are potentially
useful as high-temperature liquids and coatings and can be cured at room temperature to
form elastomers.

INTRODUCTION

The seventh paper in this seriesldescribes the synthesis of the first mem-
bers of a family of polysiloxanes characterized by m-carborane units incor-
porated in the polymer backbone. These materials have the general formula
l;

and are prepared by the ferric chloride-catalyzed copolymerization of
chloro- and methoxy-terminated monomers as shown in eq. (1) for the case
where x = 2

1071
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CH3 ch3 ch3

| I |
4CHY — Si— CBi,,HIIC—Si— OCH3 + «Cl—Si— d

ch3 ch3 ch3

ch3 ch3 ch3

| | I
-Si—CBIHIC-Si—0-Si-C + 2nCHZCI
| | |
ch3 ch3 CH3 J
Dexsil 200

Except for the species where x = 1 (a soluble crystalline material), these
carborane siloxanes are rubberlike polymers which swell in organic solvents.
In a recent study, Dietrich et al.2have found that the final stage of reaction
(1) involves a crosslinking step and, consequently, a network polymer is ob-
tained instead of the expected linear species.

All of these polvcarboranylenesiloxanes have excellent high-temperature
properties, and Dexsil 200,* in particular has shown great promise as a ther-
morésistant elastomer.M

We now wish to report the preparation of a system of linear polycarbor-
anylenesiloxanes obtained by condensation of chloro and hydroxy termi-
nated monomers.

RESULTS

Condensation of Chloro-Terminated Monomers

It was recently discovered that while the silicon atom attached directly to
the carborane cage in 11 is particularly reluctant to form

CH3 ch3
|
Cl—Si—QBi,H{C—Si—G1
B 1
GIL CH3

siloxane linkages in simple hydrolytic condensation reactions (the silanol is
quite stable), carborane-based siloxanes like 1111and 1VV5can be hydrolyzed
at room temperature to form long chain, linear polymers. (For the sake of
simplicity these polymers will be referred to by their tradenames as Dexsil
300 and Dexsil 500, respectively.)

*The correct chemical name of this compound is poly-I-dimethylsilyl-7-(bisdimethyl-
siloxyl)-1,7-diearbaelosododecaborane.  For sake of brevity, the name SiB polymers had
been coined and a digit was used to indicate the number of dimethylsiloxy groups in the
repeating unit, in this case 2. When Olin introduced these polymers in an exploratory
marketing program in 1967, the trade name Dexsil was adopted. 11 the numbers then
employed such as 200, 201, 402, etc., the first digit represents the number of siloxy groups
in the recurring unit; Ihe remaining digits identify the individual polymer species wit hin
a specific “hundred” series.
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CH, CH3 CH, CH3
| | |
nCI—gi—O — Si— CBIHIC—Si—0 —Si—d HH
<CHs)o’
CH CH CH  CH, T
1] (2)
CH,
CH, ?H, 1 ?H,
-%i-CB]m,,,C--S}i-O --Sli—O-Sli-O- + 26iHCI
1
CH, CH  én  CH
Dexsil 300
CH, CH, CH, CH, CH, CH,
| 1 ) | I ) Holl
«Cl—Si—0—Si- 0 -Si-CB ,H,c— Si-0 —Si—0—Si—Cl 0
CH, CH, CH, CH, CH, CH, THF
\V2 ©)
CH, CH, CH, CH, CH, CH,

| |
----Si—CB{HIC—Si—0 —Si—0— Si— 0—Si-0—Si-O- + 2nHCI

| | | | | |
CH, CH, CH, CH, CH3 CH,

Dexsil 500

In contrast to the high temperatures required in the ferric chloride-cata-
lyzed reaction (1), these condensations occur at ice-bath temperature and
can be controlled to produce polymers with specific molecular weight ranges.
This is illustrated in Figure 1, which shows the effect of the water/monomer
ratio on the molecular weight distribution of Dexsil 300 polymer, the highest
molecular weight products (10,000-20,000) being obtained with a ratio of
1.2-21.4/1.0.

The water/monomer ratio has a similar effect on the molecular weight of
Dexsil 500, and a gel-permeation chromatogram of the highest molecular
weight material (20,000-30,000) is shown in Figure 2.

Both of these polymers are truly linear species, as attested by the fact
that they are low-melting (30-50°C) waxes (Dexsil 300) or viscous liquids
(Dexsil 500), and are extremely soluble in common organic solvents. Evi-
dence for their regular structure was obtained from an analysis of the XMR
spectra (Table I).

Proton spectra of Dexsil 300 polymers contain only two distinct CH3Si
resonances in an exact 1/1 ratio, corresponding to the methyl protons on the
two different types of silicon atoms in the polymer structure. In the Dexsil
500 case, three resonance lines corresponding to methyl groups a, b, and ¢
would be expected, but only two are observed. The intensity ratio of these
signals is 2/1, however, and it is assumed that line broadening (due to the
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TABLE |
Proton Magnetic Resonance Spectra of Carborane Siloxanes in CDCR

Chemical shifts of Methyl
Silicon Protons*

Compound a ) c
11 15.2 27.1

Dexsil 300 11.7 5.2

VI 12.3 6.8

VII 9.3 4.8

X1z 12.1 8.2

v 13.0 8.2 26.6
Dexsil 500 11.8 4.9 4.9
\Y 10.3 6.4 O.d
X1 8.0(4)» 11.3(2) 22.6(1)

4.8(2)
XI1IP 12.2 8.1 6.1

“Relative to tetramethylsilane. Assignments are based on spectra of model com-
pounds described in Paper XV of this series:6 a refers 1o (CILhSi moiety immediately
adjacent to carborane; similarly, b is (CllI3)2 Si group next removed, etc.

bChemical shift assignments are tentative.

c Relative intensity.

Fig. 1. Effect of water/monomer ratio on molecular weight distribution of Dexsil
300 (gel-permeation chromatography): (.1) water/monomer = 1.0/1.0; (B) 1.2-1.4/-
1.0; (C) 1.6/1.0.
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Fig. 2. Gel-permeation chromatogram of linear Dexsil 500.

high molecular weight of this species) has resulted in a loss of resolution of
the b and ¢ CH3Si signals.

EhS Eh3 ihS ch3

_CB,<,Hi0C—§i—O - SJ! —O—ﬁ‘i—O-- Sl i—CB1H10C
Oils Clh ch3 CII3
a b b a
Dexsil 300

?Hj ?Ii3 ch3 cii3 Gils CHS
-CBioHioC—?i—O—Si—O—Si—O—Si—O—Si—O—-Si—CB idH jcC

ch3 c¢ch3 c¢ch3 ch3 ch3 CHa
a b c c b a
Dexsil 500

The molecular weight range of these Dexsil polymers is quite narrow but
the gel-permeation chromatograms (Figs. 1 and 2) tail off into the oligomer
region, with a pronounced peak observed in the case of Dexsil 500 at a mo-
lecular weight corresponding to the monomer unit. It was originally be-
lieved that these “tails” were due to silanol-terminated monomeric and oli-
gomeric species, but evidence has been obtained that the low molecular
weight products isolated by fractional precipitation have cyclic structures.

The Dexsil 500 by-product was purified by distillation and identified as
the fourteen-membered ring compound Y. The elemental analyses, GLIC
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molecular weight, and infrared spectrum (no Si-OH absorptions) of this
monomeric species are in complete agreement with structure V, and the
proton magnetic resonance spectrum (Table I) contains the expected three
CH3sSi signals, all clearly resolved and of equal intensity.

The methanol-soluble material obtained by fractional precipitation of
Dexsil 300 contains a broad distribution of oligomer and polymeric species
(Fig. 3). Two major components appear at molecular weights correspond-
ing to dimer and t-rimer and the former was isolated by extraction with ace-
tone. This material was purified by recrystallization from petroleum ether
and is presumed to have structure VI. The molecular weight of this cyclic
carborane siloxane was found to be 851 (calcd, 844); the NMIt spectrum
(Table I) contains only two C—H resonances (equally intense), and, again,
no Si-OH absorption is observed in the infrared spectrum.
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800-850

16,000-20,000

Low M.W. High M.W.
Elution Volume

Fig. 3. Gel-permeation chromatogram of methanol-soluble Dexsil 300 fraction.

The trimeric species has not been isolated to date, but a few milligrams of
a crystalline material tentatively identified as V11 were obtained by vacuum

distillation of the methanol-soluble phase. The mass spectrum of this spe-
cies contains a major molecular ion at 407 mass units (attributed to the par-
ent compound minus a methyl group), and the NMR spectrum shows only
two equally intense methyl proton resonances (Table I). (These signals
have quite different chemical shifts from those of V1.)

Copolymers with Phenylsilanes

Since some evidence had been obtained from previous studiesl4 that
phenyl substituents on silicon atoms have a beneficial effect upon the therom-
oxidative stability of carborane-based siloxanes, a series of copolymeri-
zations reactions was conducted between 111 and the phenylsilanes VI11-X

Cohydrolysis of 111 and V111 proceeds in uniform fashion with the forma-
tion of cyclic compound X1 (~10%) and the linear polymer, Dexsil 400-*h
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VIII x=0
IX 1=1
X x=2

[eq. (4] XI wasseparated from the liquid polymer (mol. wt. 15,000-17,000)
by fractional precipitation and purified by distillation.

CH  CH, CH  CH, G5
h2
ra0—Si—O— Si—CBIHIG—Si— -Si—C  + nCl—Si—d
: | | (CHs),0
CH,  CH, CH  CH CH,
(4)
o5
\. N ch,
(ONANO)
CH, /° \ CH, ?H‘ |CH’ |CH' ?EHS ?H'
/r 0" bsp cH-  -Si—CBRHIC—Si—O—Si—0—§'—0—5i—04-
| | | | I
0 0 CH, CH CH CH CH
CHA a //CH,
/S /5'\ o Dexsil 4000
G ceHIC : +
2nHCl
XI

The proton magnetic resonance spectrum of this apparent cyclic species is
quite interesting in that it exhibits two b-methyl signals (Table 1) which
arise, presumably, as a result of stereochemical interaction between the
phenyl group and methyl substituents on adjacent silicon atoms (b). A
spectrum of the polymer, on the other hand, is not as easily interpreted since
six methyl proton resonances are observed. It is reasonable to assume,
though, that this material has a random structure and this would certainly
cause the appearance of additional methyl signals. The CH3C6HS5 ratio
(as calculated by integration of the areas under all methyl and phenyl sig-
nals )agrees exactly with the theoretical value based on the initial stoichiom-
etry.

Dexsil 5002 and 600-03 polymers are obtained by condensation of 111
with IX and X and have molecular weights comparable to Dexsil 400-0,.
These are liquid species and presumably also have random structures, since
seven and eight methyl proton signals (respectively) are observed in their
NMR spectra.
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CH3 CH, cil chh, csh, ch,

r i 0 i i
-SiCBIHIC— Si—O0—Si—O-Si—0—Si—0-Si—0-

| | | | | |

ch3 ch3 cil ch3 ch3 ch3
Dexsil 50<<3
CIL CIL CIL CIlI oft CIlI cm

I I | | | | I
-SiCB"H.uC—Si—0 -Si-0-Si-0—Si-O-Si—0—Si—0-

Hooaw bbb b

Dexsil G0a

Condensation of Hydroxy-Terminated Monomers

Another approach to the synthesis of high molecular weight, linear car-
borane-siloxane polymers that has proved successful has been the acid-cata-
lyzed* condensation of hydroxy-terminated monomers, XII and XIII.

CH3I CH3 Cli3 CIL
| (.
TIO—Si—O—Si—CB.olboC—Si—0O—Si—Oil

CIL ch3 CIL CIL
XIl
IL ?hS CIL Clt;, ?u_ ¢t
-Si—O-Sli—O-—Si—CBionC—Si—O-Sji—O —%i—OH
CHa CII3 ch3 CIL CH3 CIL
X1

These silanols are obtained in quantitative yield by treatment of I11 and IV
with NaHCCL in moist ether.  Sulfuric acid has proved to be the best of the
catalysts tested, but it has not. led to the production of Dexsil 300 and 500
species with molecular weights greater than those of the polymers obtained
via hydrolytic condensation of 111 and V.

Thermal Stability

Since the poly-ra-carboranylenesiloxanes obtained as crosslinked gums in
ferric chloride-catalyzed condensations [such as (1)] have outstanding sta-
bilities at elevated temperature,lit was of great interest to observe the ther-
mal behavior of these linear polymeric waxes and liquids.

Thermal gravimetric analysis (TGA) was employed as the principal tool
in this study, and Figure 4 contains comparative weight loss profiles in argon
of polydimethylsiloxanes (PDMS) and various linear Dexsil polymers.

* Basic catalysts as weak as CaO effect cleavage of the carborane-silicon bond.
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[Dexsil 350-<fi is a copolymer prepared from a 2/1 molar ratio of 1l and
CnllI'Y/CH”"iGI,,” Weight loss increases quite markedly with the concen-
tration of (CH;j)*SiO groups in the series Dexsil 300 < Dexsil 500 < PDMS,
and the temperature interval of maximum weight loss is some 100-200°C
lower for PDMS (400-500°C) than for the carborane-based siloxanes (550-
650°C).

In the case of Dexsil polymers 350-01 and 400-01, a dramatic improve-
ment in stability (over Dexsil 300) is brought about by incorporation of
small concentrations of phenyl substituents (*5 and 10 mole-%, respec-
tively), despite the fact that the chain length between carborane moieties
has been increased. Isothermal gravimetric analyses (Table 1) provide
additional evidence of this enhanced stability, as an appreciable difference is
observed in the rates of weight loss of Dexsils 300 and 400-01 when heated at
500°C. Furthermore, weight loss of the partially phenylated polymer had
ceased during the last half hour of heating whereas the rate of weight loss of
the methylated species did not change significantly during the course of the
measurement.

TABLE 11
Isothermal Gravimetric Analysis of Dexsil Polymers
Temperature, Rate of weight
Polymer °C Time, hr loss, % hr

Dexsil 300 300 5 -

400 22s 1.8

500 3 111
Dexsil 400-01 400 3 1.0

500 2Vs 2.4

Figure 5 contains thermograms of copolymers with varying concentra-
tions of phenyl substituents and proportionately long siloxane chains be-
tween carborane moieties. All of these phenylated materials experience
smaller weight losses than their methylated analogs, but the 50002 and
600-03 species suffer most of this weight loss at temperatures 50-100°C
lower than Dexsil 400-01. The opposing effects of enhanced stabilization
due to higher phenyl group concentration and destabilization caused by
greater intercarborane chain length apparently combine in this latter species
to produce the maximum thermal stability. In the former two polymers,
the effect of a higher percentage of phenyl substituents is more than offset
by the longer siloxane chain and the net result is a slight destabilization
(relative to Dexsil 400-0i). The TGA of polyphenylmethylsiloxanes is given
in this figure also to demonstrate the ultimate effect of increasing the phenyl
group concentration to 50% and eliminating carborane moieties from the
polymer backbone.

TGAs of linear Dexsil polymers in air show a pattern of stabilities quite
similar to that in argon but the overall weight losses are much less (Fig. 6).
All of these species presumably undergo oxidative cross-linking betw-een 300
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and 500°C, resulting in network structures that are somewhat more stable
toward depolymerization and volatilization.  (Normal methyl and phenyl
silicones suffer weight losses of 60-80% when heated under these conditions.)
Dexsil polymers 500-02 and 000-03 have weight loss profiles quite com-
parable to that of Dexsil 400-0!.

The unusual properties of these linear Dexsil species have led to their use
in a number of applications. They have demonstrated potential as high
temperature fluids and coatings, and can be cured at room temperature to
form elastomers. Details of this work will be reported subsequently.

EXPERIMENTAL

Monomers

Compounds |11 and IV were prepared as described in papers VIlland
X V' of this series.

Dexsil 300 Polymer

All operations were conducted under nitrogen. A 5-1, three-necked flask
equipped with a truebore stirrer, dropping funnel, and thermometer was
charged with 502.6 g (1.052 mole) of 111 and 2100 ml diethyl ether. The
flask was cooled with an ice bath, and 26.527 g (1.473 mole) HD in 400 ml
THE was added over a period of 30 min.  Stirring was continued for an ad-
ditional 30 min, and no significant temperature change was noted. The
flask was warmed to 25°C and, after continued stirring for 2*/2hr, the sol-
vents were stripped under reduced pressure. Last traces of solvent were
removed from the viscous liquid product by continuous pumping at 0.5 mm
Hg and 30-35°C for 24 hr and then at room temperature for 3 days. After
30 hr at room temperature, the liquid turned to awax (mp 30-40°C), yield
422 g (95%). The Dexsil 300 polymer thus obtained had a number-average
molecular weight of 10,000 (by VPO) with a GPC peak maximum at 16,000-
20,000 (Fig. 1). When a water/monomer ratio of 1.2/1.0 is employed in
this reaction, waxy polymer with a similar molecular weight distribution is
obtained. With ratios of 1.0/1.0 and 1.6/1.0, however, products with GPC
peak maxima at 5000-6000 and 12,000-16,000, respectively, are produced.

Anal. Calcd for C,HMBUIOXSIil: C, 28.41%:; |Il, ,8.11%; B, 25.57%; Si, 20.56%.
Found; C, 2,8.38%; H, 7.66%; B, 25.58%; Si, 25.95%.

Compound VI

A 420 g sample of Dexsil 300 polymer (prepared with a 1.4/1.0 water/
monomer ratio) was dissolved in 600 ml diethyl ether, and 1500 ml of meth-
anol was added slowly with stirring over a 2-hr period. Stirring was then
stopped and the precipitated polymer allowed to settle. The slightly tur-
bid methanol phase was decanted and set aside. The procedure was re-
peated and the combined methanol phases were concentrated in vacuo, giv-
ing an oily material which contained the desired product as well as a mixture
of oligomeric Dexsil 300 species (Fig. 3). The oil was pumped on overnight
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at 0.5 mm Hg to remove traces of solvent, and 35 ml of acetone was added.
After shaking for 10 min and allowing the mixture to stand in a refrigerator
for 4 hr, a crystalline material formed and was filtered. The cyclic di-
mer was recrystallized from high-boiling petroleum ether, mp 149.4°C;
yield 1.85 g; molecular weight in benzene (VPO) 851 (calcd, 844).

Anal. Calcd for CWHesBsoOpSi«:  C, 28.41%; 11,8.11%; B, 25.57%. Found: C,
28.60%; H, 8.58%; B, 25.67%.

Compound VII

The filtrate from above was concentrated in vacuo and the small amount
of VI that formed was removed by pressure filtration. Distillation of the
oily filtrate (—3 ml) then gave a fraction (~0.5 ml) boiling up to 153°C at
0.01 mm Hg which was allowed to stand for 48 hr. The crystals which
slowly formed in the oil were filtered and recrystallized twice from petroleum
ether (bp 30-G0°C); yield 58 mg (0.01%); mp 158.3-158.6°C.

Dexsil 500 Polymer

The procedure is essentially that, described for Dexsil 300. A 500 ml flask
was charged with 62.87 g (0.1 mole) of 1V in 350 ml diethyl ether and 2.53 g
(0.14 mole) of 11,0 in 35 ml THF was added over a 20-min period. After
stirring for 1 hr at 0°C and 2.5 hr at 25°C, the solvents were removed at re-
duced pressure and pumping of the residue for 4 days in vacuo over NaOH
produced a viscous liquid product with the molecular weight distribution
shown in Figure 2. The high molecular weight fraction was isolated by dis-
solving this material in 150 ml ether and slowly adding 300 ml methanol.
The precipitate was allowed to settle and the supernatant liquid was de-
canted. The procedure was repeated, and the precipitate was dried at 40°C
in vacuo. The Dexsil 500 polymer thus obtained had a number-average
molecular weight of 21,000 (VPO).

Anal. Calcd for CuH«BioOsSit: C, 211.44%; I, 8.12%,; B, 18.1)4%. Found: C,
29.53%; II, 8.03%; B, 19.14%.

Compound V

The combined methanol phases from the Dexsil 500 polymer fraction-
ation were evaporated in vacuo and the residual oil was pumped on over
NaOH for 2 days (0.5 mm Hg). Distillation of this material then gave a
clear, viscous liquid, bp 135 + 3°C/0.01 mm Hg, which solidified on stand-
ing; mp 37°C.

Anal. Calcd for CuH«B,,,05i6: C, 29.44%,; H, 8.12%,; B, 18.94%; Si, 29.50%.
Found: C, 29.56%; 11,8.07%; B, 18.86%0; Si, 29.07%.

Copolymers of 111 with VIII, IX, and X

The procedure used in the synthesis of Dexsils 400-<n 500-0,, and GSOHo
was a slightly modified version of that described for Dexsil 300. In a typi-
cal experiment, a 2-1flask was charged with 100 g (0.209 mole) of 111, 40.95
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g (0.214 mole) of methylphenyldichlorosilane (VIII) and 675 ml diethyl
ether. After addition of 10.7 g (0.593 mole) of H,0 in 70 ml THF over a
45-min period, the solution was stirred for 2.5 hr at 25°C. The solvents
were then removed at reduced pressure and the residual viscous liquid was
stored over KOH in vacuo (continuous pumping) for 5 days. The gel-per-
meation chromatogram of this material exhibited a small peak at 500-600
molecular weight in addition to the major peak at 15,000-17,000. The
high molecular weight product was precipitated from diethyl ether with
methanol, and the resulting viscous liquid polymer was dried in vacuo at
25°C. Composition was verified by NMR analysis.

Dexsil polymers 350-<jb, 500<f# and GdD<£3were prepared in similar fash-
ion, and the liquid polymeric products thus obtained had molecular weights
of —13,000-17,000.

Compound XI

The methanol-soluble phase from the fractionation of Dexsil 400-<fo was
stripped of solvent and distilled in vacuo to give a pale yellow liquid, bp
183°C/0.25mm Hg.

Anal. Calcd for CnHjsBioQiSis (559 g/mole): C, 36.54%; Il, 7.57%; B, 19.34%.
Found: C, 36.95%; 11,7.71%; B, 18.72%; mol wt. (VPO), 576.

Compound XIlI

A solution of 450 g of 11 in 450 ml diethyl ether was added rapidly (~25
min) to a suspension of 600 g sodium bicarbonate in 2.7 1 of ether containing
45 ml HD. Stirring was continued for 2 hr, at which time the evolution
of CO, had ceased. The salts were then filtered off, and the filtrate was con-
centrated in vacuo. The last traces of solvent were removed at reduced pres-
sure and the product crystallized on standing, mp 48-51°C; yield 413 g
(99.5%). Vacuum distillation then gave the monomer in 98% yield; bp
13S°C/0.01 mm Hg.

Anal. Calcd for Ci.Hj.BmO~h: C, 27.24%,; Il, 323%; B, 24.54%; Si, 25.48%.
Found: C, 27.38%; 11,8.22%; B, 24.30%; Si, 25.53%.

Compound XIII

This liquid monomer was obtained from IV in the same manner as that
described for X11; yield 94%; bp 156°C/0.01 mm Hg.

Anal. Calcd for CuHisBioOsSi,: C, 28.54%; H, 8.21%; B, 18.36%; Si, 28.60%.
Found: C, 28.67%; 11,8.20%; B, 18.09%; Si, 27.88%.

Condensation of XIlI with H,S04

X1l was heated in vacuo with a catalytic quantity of H,S04(~0.6 wt-%)
for 20 min at 200°C and 4 hr at 170°C. The product was then dissolved in
diethyl ether and treated with NaHCO03and activated carbon to neutralize
the acid and remove a slight discoloration.  After filtration and removal of
the solvent at reduced pressure, a Dexsil 300 polymer was obtained with a
molecular weight distribution quite comparable to B in Figure 1
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Slcreospecific Polymerization of Isobutyl Vinyl
Ether. 1Il. Polymerization with VCI3 LiCI*
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SHUNSUKE MidiAHASIII. Department of Polymer Science,
Faculty of Science, Osaka University, Toyonaka, Osaka 560, Japan

Synopsis

The polymerization of isobutyl vinyl ether by vanadium trichloride in ra-heptane was
studied. VCR-LIiCl was prepared by the reduction of VVCL with stoichiometric amounts
of BuLi. This type of catalyst induces stereospecific polymerization of isobutyl vinyl
ether without the action of trialkyl aluminum to an isotactic polymer when a rise in tem-
perature during the polymerization was depressed by cooling. It is suggested that the
cause of the stereospecific polymerization might be due to the catalyst structure in which
LiClI coexists with VCls, namely, VCR-LICl or VCL-2LiCl as a solid solution in the crys-
talline lattice, since VVC!? prepared by thermal decomposition of VCL and a commercial
VCL did not produce the crystalline polymer and soluble catalysts such as VCL in hep-
tane and VCR-LICI in ether solution did not yield the stereospecific polymer. It was
found that some additives, such as tetrahydrofuran or ethylene glycol diphenyl ether,
to the catalyst increased the stereospecific polymerization activity of the catalysts. In-
fluence of the polymerization conditions such as temperature, time, monomer and catalyst
concentrations, and the kind of solvent on the formed polymer was also examined.

INTRODUCTION

In previous papersl2 we reported the stereospecific polymerization of
isobutyl vinyl ether with the trialkylaluminum-vanadium chlorides system
in which vanadium trichloride is effective at AIR¥VC1,, ratio higher than (j,
and found that a crystalline poly(isobutyl vinyl ether) was obtained even at
room temperatures. Catalytic species in this system are substantially
different from VCR (n = "2 3, 4) which acts as a cationic polymerization
catalyst.

On the other hand, VCh-LIiCl and VCL -2LiCl without any trialkvlalu-
minum induce the stereospecific polymerization of isobut vl vinyl ether to a
crystalline polymer when a rise of temperature during polymerization was
depressed by cooling. Recently, several studies on the cationic polymeriza-

*Presented at 12th Annual Meeting of the Society of Polymer Science, Tokyo, Japan,

1963.
t Present address: Research Laboratory, Mitsubishi Rayon Co., Ltd., Otake, Hiro-

shima, Japan.
J Present address: Research Department, Sumitomo Chem. Co., Ltd., Niihama,
Eliime, Japan.
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tion with heterogeneous catalysts have been reported. Typical examples
of these catalysts are LiCICL,3Cr034and an A1XS04)3-HaSCh complex.5‘7
VCh-LiCl and VCL ®LIC1 are of interest as heterogeneous cationic poly-
merization catalysts; therefore, the polymerization of isobutyl vinyl ether
with VCh-LiCl was studied in considerable detail.8 The optimum poly-
merization temperature for this polymerization was around 20-30°C, which
is considered to be one of the characteristics of the polymerization with
heterogeneous cationic polymerization catalysts.5-7 Some of the additives to
the catalyst, such as tetrahydrofuran or ethylene glycol diphenyl ether,
increased the stereospecificity of polymerization. The influence of poly-
merization conditions on the polymerization was carefully studied by using
VC13uLiCl catalyst.

EXPERIMENTAL

Materials

Isobutyl vinyl ether, «-heptane, vanadium tetrachloride, and //-butyl-
lithium were the same as those described in a previous paper.1 Ethers such
as diethyl ether, dibutyl ether, diphenyl ether, anisole, ethylene glycol
dimethyl ether, ethylene glycol diphenyl ether, and tetrahydrofuran were
refluxed over metallic sodium under nitrogen and then distilled once. The
distillates were again refluxed over lithium aluminum hydride, then frac-
tionally distilled under nitrogen immediately before use. TiCI3 (types AA,
HA, and H) were obtained from Wako Chemical Drug. Co. A commercial
VClI3was obtained from Mitsuwa Chemical Co.

Polymerization Catalyst

A VCIj solution (0.5 mole/l. in «-heptane) and n-BuLi solution (0.5
mole/l in 9-heptane) were prepared and stored in special catalyst solution
vessels.  The Schlenk-type polymerization reactor was thoroughly dried by
flaming while it was being flushed with a dry nitrogen gas. To this, n~
heptane was first added, followed by a given amount of the VCl4solution by
means of a hypodermic syringe.  The color of Y Cl4solution was light yellow.
To the mixture, an equimolar amount of n-butyllithium was added drop-
wise under vigorous stirring. A simultaneous appearance of a purple dis-
persion was observed, and the yellow color of the supernatant liquid caused
by the presence of VVC14 disappeared just as the addition of an equimolar
amount of n-butyllithium was completed. The reaction mixture was
heated to 90°C in order to complete the reaction, then the mixture was
aged for 1 hr at room temperature. Thus VCL-LIiCl catalyst was ob-
tained.

Addition of Ethers to VC13 LiCl

To the dispersion of VCI3-LiCl in heptane, an ether was added under
stirring and the mixture was aged for 2 hr at room temperature. Ethers
used were previously diluted by -«-heptane to a concentration of 0.5 mole/1.
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Polymerizations

After the catalyst was prepared in the Schlenk polymerization vessel
by the procedure mentioned above, the vessel was placed in a water bath
which was kept at a constant temperature.

The polymerization was started by injecting the monomer with a syringe
through a self-sealing rubber cap. A positive nitrogen pressure was main-
tained during the polymerization. After an appropriate time, a small
amount of triethylamine-methanol mixture was added to stop the poly-
merization. The reaction mixture was then poured into 500 ml of methanol
containing a small amount of phenyl-/3-naphthylamine. The polymer mass
obtained was dried for 48 hr under vacuum in a desiccator.

Solubility Index

The crude polymer which had previously been chopped into small pieces
(approximately 1 mm3 was placed in a vessel and acetone (100 ml/g poly-
mer) was introduced. This was refluxed for 5 hr; an insoluble material was
isolated. The percentage of the insoluble fraction was used as the solubil-
ity index. It was previously confirmed that the index was independent
of the amount of acetone used when the volume of acetone was more than
50 times that of the polymer. The index is based on a simple extraction
with a refluxing solvent such as acetone which selectively dissolves the
amorphous polymer. It should be noted that the index means percentage
of insoluble material and does not directly correspond to stereoregularity
of the polymer; however, the index is useful in studying a large number of
catalysts and their stereospecific activity.

Viscosity Measurements

The intrinsic viscosity and the reduced viscosity (¢ = 1.0) were deter-
mined at 30°C in benzene solution in an Ostwald or Ubbelohde viscometer.

RESULTS AND DISCUSSION

Influence of Polymerization Temperature

The influence of temperature on the polymerization of isobutyl vinyl
ether by VCh-LiCl is shown in Figures 1 and 2. The VCI3-LiCl has no
catalytic activity at low temperatures (—78°C). The conversion, the
solubility index, and the molecular weight of the polymer reached maxima
at about 20°C and then decreased with further rise in polymerization tem-
perature. Similar behavior was observed in the polymerization by Ak-
(S04sHZS04complex catalyst.5

At temperatures lower than 10°C, both the acetone-soluble fraction and
the acetone-insoluble fraction decreased with decreasing polymerization
temperature. This may be due to low activities of both catalytic species
yielding the crystalline and the amorphous polymer at low temperatures.
At temperatures higher than 20°C, the acetone-insoluble fraction decreased
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with increasing polymerization temperature, while the acetone-soluble
fraction remained approximately constant. Therefore, the solubility index
decreased with increasing polymerization temperature at temperatures
above 20°C. There was no appreciable change in molecular weight of the

Fig. 1 Influence of polymerization temperature on the polymerization of isobutyl
vinyl ether by VCIj-LiCl: (O) total conversion; () acetone-insoluble; (O) acetone-
soluble. Polymerization conditions: VCb-LiCl, 0.0005 mole; »-heptane, 30 ml; mon-
omer, 3g; polymerization time, 30 min. Temperature rises observed were 2, 4.5, 6, 5.5,
15 and 1.5°C when polymerizations were performed at 0, 13, 20, 30, 45, and 50°C,
respectively.

Fig. 2. Influence of polymerization temperature on the polymerization of isobutyl
vinyl ether by VCla-LiCl: (© ) solubility index, (C)riw/c (¢ = 1.0) measured for the ace-
tone-insoluble fraction. The polymerization conditions are as in Fig. 1.

acetone-insoluble fraction obtained at temperatures higher than 20°C.
These data suggest that number of the active centers which induces the
stereospecific polymerization decreased with increasing temperature above
20°C.
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Influence of Polymerization Time

Figures 3 and 4 show the influence of polymerization time on the poly-
merization of isobutyl vinyl ether with VCI3-LiCl catalyst at 20°C. Tem-
perature elevations which ranged from 6 to 8°C were observed after the ad-
dition of monomer. However, within 4 min the temperature of reaction

Fig. 3. Influence of polymerization time on total conversion in the polymerization of
isobutyl vinyl ether by VCfI-LiCl. Polymerization conditions: VCL-LiCIl, 0.0005
mole; «-heptane, 30 ml; monomer, 3 g; polymerization temperature, 20°C.

Fig. 4. Influence of polymerization time on the polymerization of isobutyl vinyl ether
by VCIj-LiCl: (©) solubility index; (€)ij,r/c (c = 1.0) measured for the acetone-
insoluble fractions. The polymerization conditions are as in Fig. 3.

medium fell to the prescribed temperature (20°C). Thus there was no
appreciable temperature increase during the polymerization except during
the initial period of monomer addition. The polymerization proceeds very
rapidly to about 50% conversion within 3 min, and then it proceeds slowly
at a constant rate probably by the action of the complexes formed by the
coordination of monomer to the catalyst.
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The solubility index and the molecular weight of the acetone-insoluble
polymer increased slightly with increasing polymerization time, as shown in
Figure 4.

Influence of Monomer Concentration

The influence of monomer concentration on the polymerization was
studied. Figure 5 shows that the acetone-soluble fraction decreased as
monomer concentration increased, while the acetone-insoluble polymer
increased with increasing monomer concentration until it reaches 3 X 10-1
mole/1 then it became approximately constant. Consequently, the solu-

Fig. 5. Influence of monomer concentration on the polymerization of isobutyl vinyl
ether by VCTI-LiCl: (O) total conversion; () acetone-insoluble; (O) acetone-soluble.
Polymerization conditions: VCh-LiCl, 0.0001 mole; n-heptane, 60 ml; polymerization
temperature, 20°C; polymerization time, 30 min. Temperature rise was observed in the
range of 4-10°C, increasing with increasing monomer concentration.

Fig. 6. Influence of monomer concentration on the polymerization of isobutyl vinyl
ether by VCh-LIiCl: (©) solubility index; (©>igdc (C = 1.0) measured for the acetone-
insoluble fractions. Polymerization conditions are as in Fig. 5.
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bility index increased rapidly until monomer concentration reached [Al] =
3 X 104 mole/l., then it increased gradually as monomer concentration
further increased as shown in Figure IS

The molecular weight of polymer was approximately constant in the
range of [AI] S 3 X 10 > mole/l. This suggests by that termination of
propagating chains by chain transfer to monomer might predominate at
monomer concentrations higher than 3 X 10~4mole/1.

On the contrary, the molecular weight decreased with decreasing mono-
mer concentration when the monomer concentration [Al] is lower than 3 X
I0O”1mole/l. It is speculated that other termination reactions besides the
chain transfer to monomer might occur rather predominantly in case of
lower monomer concentration.

Influence of Catalyst Concentration

The influence of catalyst concentration on the polymerization was studied
and the results are shown in Figures 7 and S. The conversion increased
approximately in proportion to catalyst concentration until it reached 1.25
X 10~4mole/l., then it became constant mainly because the conversions

Fig. 7. Influence of catalyst concentration on the polymerization: (O) total conver-
sion; () acetone-insoluble; (O) acetone-soluble. Polymerization conditions: «-hep-
tane, 30ml; monomer, 3 g; polymerization temperature, 20°C; polymerization time, 30
min. Temperature rises observed were 1, 7, 15, 20, 25, and 27°C as the catalyst concen-
tration increased from 0.25 X 10~4to 5 X 10-4 mole/1. in this figure.

have already reached 90% at catalyst concentrations higher than 1.25 X
10“4mole/l

The slight decrease in the solubility index shown in Figure 8 at higher
catalyst concentrations is probably due to the temperature elevation of
polymerization medium which was rather violent at high catalyst concen-
tration. The molecular weight of polymer was approximately constant
regardless of catalyst concentration.
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@9

Fig. 8. Influence of catalyst concentration on the polymerization: (©) solubility
index; (C)rj/c (C = 1.0) for the acetone-insoluble fractions. Polymerization condi-
tions are as in Fig. 7.

Polymerization in Ether Solvents

The polymerizations of isobutyl vinyl ether by VC13sLiCl were performed
in several ethers instead of /(-heptane as solvent. The results are shown in
Table I. The VClseLiCl catalyst exhibits polymerization activity only

TABLE |
Effect of Ether Solvent on the Polymerization of Isobutyl
Vinyl Ether by VCL-LICI Catalyst*

Conver- Solubility

Color on Solubility sion, index, V,,/[,

Solvent VCL addition of VCL-LIiCI % % dbg»
Diethyl ether Red-brown Soluble Trace - -

Diphenyl ether Dark brown Soluble 75.1 0 0.12

Dibutyl ether Dark brown Soluble 70.1 2.0,8 0.10
Anisole Black Soluble Trace  — -
Tetrahydrofuran Green-yellow  Soluble 0 - -

»-Heptane Yellow Violet precipitate 98.7 45.0 0.61

“Polymerization conditions: solvent, .10 ml; monomer, 8 g; polymerization tem-
perature, 0°C; polymerization time, 60 min; catalyst, 0.0005 mole.

b Measured for the acetone-insoluble fraction.

¢ Measured for the acetone-soluble fraction.

when dibutyl ether and diphenyl ether were used as solvents. The molecu-
lar weight and solubility index of these polymers were markedly lower than
those of the polymer obtained in //-heptane solvent. The VCI3-LiCl is a
purple dispersion insoluble in heptane, while it easily dissolves in ethers to
form homogeneous transparent solutions.
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Effect of Addition of Ethers on VC13 LiCl

As already mentioned above, VC13-LiCl has high catalytic activity in the
polymerization of isobutyl vinyl ether, and the optimum polymerization
temperature is around 20°C.

On considering that proper depression of the catalytic activity of VCI13-
LiCl by combination with a suitable Lewis base would be advantageous for
the stereospecific polymerization, the polymerizations were performed in the
presence of ethers as Lewis base. The results are summarized in Table II.
The conversions in the polymerizations decreased in the order,

EGDME < THF « EGDPhE < Blank = Anisole, PhD, EtD, Bud

A rapid decrease in polymerization activity in case of THF addition is
probably ascribed to the depression of cationic nature of the catalyst by the
high basicity of THF.

TABLE 11
Effect of the Addition of Ethers to the VCL-LICI Catalyst
Tempera-
ture
rise
on
monomer Acetone- Solubility
addition, Conversion, insol, index, \sp/c,
Ethers °C % % % dl/g
Diethyl ether 24 95.6 48.9 51.3 0.78
Dibutyl ether 22 954 49.2 46.3 0.67
Diphenyl ether 22 91.3 21.8 23.9 0.51
Anisole 23 93.6 34.4 36.8 0.57
Tetrahydrofuranl 0 43.8 39.6 90.5 1.39
Tetrahydrofuran 0 32.0 26.2 81.8 1.07
EGDME 0 2.2 — — —
EGDPhE 17 93.0 73.6 79.1 1.16
Blank* 25 93.1 60.3 64.7 0.73
Blank 24 94.1 42.3 45.0 0.64

“Polymerization conditions: catalyst, VCL-LiCl-ether (1:1), 0.0005 mole; «-hep-
tane, 30 ml; polymerization temperature, 30°C; polymerization time, 60 min.
bPolymerization temperature, 0°C.

When the effect of ethylene glycol dimethyl ether (EGDAIE) is compared
with that of ethylene glycol diphenyl ether (EGDPhE), the polymerization
activity decreased sharply in the former case, which may be accounted for
by the smooth and strong co-ordination of the former to vanadium mainly
because of its small steric hindrance and its higher basicity.

Among the ethers examined, tetrahydrofuran and ethylene glycol di-
phenyl ether are particularly interesting. When THF was used as the
additive, the acetone-soluble fraction decreased significantly; accordingly,
the solubility index increased. On the other hand, in the case of ethylene
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glycol diphenyl ether, the acetone-insoluble fraction increased considerably,
while the acetone-soluble fraction decreased. The reason for this effect is
not well clarified at present.

Effect of Molar Ratio of THF/VVCL LiCl

The influence of the amount of additive THE to VCh-LIiCl on the poly-
merization was examined. The results are shown in Figures 9 and 10.
The acetone-soluble fraction is approximately constant, while the acetone-
insoluble fraction decreased gradually with increasing THF/VCI,r LiCl
ratio. Figure 10 shows the maxima in solubility index and the molecular
weight of the polymer when THF/VCls «LiCl ratio was around 0.75-1.0.

Fig. 9. Influence of THF/VCL-LICI ratio on the polymerization: (O) total conver-
sion; (¢) acetone-insoluble; (O) acetone-soluble. Polymerization conditions: VC13-
LiCl, 0.0005 mole; re-heptane, 30 ml; monomer, 3 g; polymerization temperature, 30°C;
polymerization time, 60 min.

%
(c)

Fig. 10. Influence of TIIF/VC1, mLiCl ratio on the polymerization: ( Q) solubility

index; (©>igdc (C = 1.0) measured for the acetone-insoluble fractions. Polymerization
conditions are as in Fig. 9.
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Polymerization by VCI13 LiCI-THF (1 :1)

When the polymerizations were run with THF-VCI3-LiCl (1:1), no
appreciable temperature elevation was observed after the addition of
monomer. With the VCI3LiCI-THF (1:1) catalyst, the influence of

Polymerization temp.(°C)

Fig. 11. Influence of the polymerization temperature on the polymerization of isobutyl
vinyl ether by VCL-LiCI-RHF (1:1): (O) total conversion; () acetone-insoluble; (O)
acetone-soluble. Polymerization conditions: VCIrLiCl, 0.0005 mole; w-heptane, 30

ml; monomer, 3 g; polymerization time, 60 min. No temperature elevation on addition
of monomer was observed in this catalytic system.

%

Fig. 12. Influence of polymerization temperature on the polymerization of isobutyl
vinyl ether by VOL-LIiCI-THF (1:1): (© ) solubility index; €)i)syc (c = 1.0) measured
for the acetone-insoluble fractions. Polymerization conditions are as in Fig. 11.

polymerization temperature on the polymerization of isobutyl vinyl ether
was studied. The results are shown in Figures 11 and 12. The poly-
merization behavior was quite similar to that by VCI3-LiCl alone. The
optimum polymerization temperature from the conversion and the solu-
bility index was around 20-30°C.
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Polymerization of Isobutyl Vinyl Ether by Various Kinds of VC13and TiCls

The polymerization of isobutyl vinyl ether was carried out by using
several kinds of VC13and TiCI3 The results are summarized in Table I11.

When we used a commercial VC13which had been previously ballmilled to
a finely divided form, the polymerization activity for isobutyl vinyl ether
was approximately comparable to that with VCI3sLiCl or by the reaction
product between AlEt3and VCh (1:2). However, the solubility index as
well as the molecular weight of the resulting polymer was extremely low.

TABLE 111
Polymerization of Isobutyl Vinyl Ether bj*
Various Kinds of VCL and TiCl&

Catalyst Solubility
index, M,

Kind Mole Conversion, % % dl/g»
VCly 0.0005 96.7 3 0.17
VCI3 0.0005 83.3 2 0.15
VC13* 0.0005 97.5 59 0.81
VCh' 0.0005 93.5 39 0.64
TiCIYIIA) 0.0063 32.5 29 0.26
TiCI3H) 0.0097 96.6 36 0.59
TiCIZAA) 0.0094 87.7 61 1.27
TiCI3 0.0005 90.8 55 0.72

aPolymerization conditions: n-heptane, 30 ml; monomer, 3 g; polymerization
temperature, 30°C; polymerization time, 60 min.

b Measured at 30°C in benzene.

0Ballmilled commercial product.

dProduced by thermal decomposition of VCU in heptane under Nj.

e lleaction product of VCL/BuLi (1:1).

flleaction product of VCL/AIEt* (1:2).

e Reaction product of TiCL/BuL.i (1:1).

Similar results were obtained with VVC13 prepared by a thermal decom-
position of VCh.

When TiCl3of HA or H type was used as catalyst, the solubility index
and the molecular weight of the resulting polymers were lower than those of
the polymers obtained with AA type or with TiCh prepared from HuLi and
TiCb (1:1).

This fact strongly suggests that the stereospecific polymerization is cer-
tainly related to the catalyst structure, and LiCl or AlC13which probably
coexists with VVC13or TiCl3as a solid solution in the crystal lattice will act
advantageously for the stereospecific polymerization.

When ethers were used as solvent, VCI3 LiCl dissolves in the solvent.
In such a case no stereospecific polymerization took place as showr/in Table
I N*r*h>al

This fact also supports the dependence of the stereospecific polymeriza-
tion on the crystal structure of the catalysts.
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Stereospecificity

We have used the solubility index, which is expressed as the per cent of
the acetone-insoluble portion to total polymer, as one measure of the
stereospecificity of polymerization. The index is a measure for the in-
soluble part which is certainly related to the stereoregularity of the polymer,
but does not strictly represent the stereoregularity of the polymer. We
have examined the solubility index in some detail. Some relations between
the solubility and the molecular weight of the polymer tire listed in Table
IV.  Concerning polymer HP21, there is a great difference in viscosity
between the acetone-insoluble fraction and the acetone-soluble fraction.

TABLE IV
Relation of Stcrcospecificify to the Percentage of the
Acetone-Insolubles to Total Yield

Polymer Fraction hi, dlig
11P21 Original polymer 0.778
Acetone-insoluble fraction 1.200
Acetone-soluble fraction 0.330
HP26 Original polymer 0.325
Acetone-insoluble fraction 0.350
Acetone-soluble fraction 0.315

It would seem that a major factor which determines the solubility in acetone
is the molecular weight of polymer. However, for polymer HP26, there is
very little difference in intrinsic viscosity values of the acetone-insoluble and
the soluble fractions. There is also no appreciable difference between the
intrinsic viscosity of the acetone-soluble fraction of polymer HP-21 and
that of the acetone-insoluble fraction of the polymer HP26. As has been
reported in the literature,79both stereoregularity and molecular weight of
polymer are controlling factors in fractionation; the former is no doubt a

Fig. 13. Infrared spectra for the polyfisobutyl vinyl efher) obtained with VCR-LICI:
(T) acetone-insoluble portion; (B) acetone-soluble portion.
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major factor affecting the insolubility of the polymer.  Obviously, it is not
pertinent to have an entire discussion on the stereoregularity of the polymer
in terms of the solubility index; however, the index is useful for investigat-
ing the stereospecific catalytic activity of the catalyst.

In the infrared spectra shown in Figure 13, the crystalline bands at 1335
and 988 cm*“ 1characteristic for the isotactic poly(isobutyl vinyl ether)4were
clearly observed for the acetone-insoluble fraction, but these bands are not
sufficiently developed for the acetone-soluble fraction.

VandenbergDproposed a coordinated cationic polymerization mechanism
for the polymerization of alkyl vinyl ether with his catalyst. It is specu-
lated that the stereospecific polymerization of isobutyl vinyl ether by
VC13-LiCl proceeds by a similar mechanism.
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Synthesis and Polymerization of Some Optically
Active 2- and 1,2-Subsliluled Butadienes

Z. JANOVIC* and D. ELES,
Research Institute, IN A, Zagreb, Yugoslavia

Synopsis

Dehydration of (S)-3,5-dimethyl-I-hepten-3-ol gave: (3E)- (I) and (32)-(5S)-3,5-
dimethyl-1,3-heptadienes (I1) and 2-[(S)- 2-methylbutyl]-1,3-butadiene (I11). 2-[(S)-
1-Methylpropyl]-1,3-butadiene (IVV) was also prepared similarly by dehydration of
(S)-3,4-dimethyl-l-hexene-3-ol. Monomers I-1V we polymerized in the presence of the
TiCh-Al(i-C4H 93 catalyst system and in emulsion with KZ28as initiator. Monomer
IV was also polymerized in the presence of butyllithium. Specific rotations of polymers
are of the same order of magnitude as that of monomers, with exception of polymers pre-
pared by stereospecific polymerization of (S)-1 and (S)-1l. The acetone-soluble frac-
tion of these polymers has a molar rotation similar to that of monomer, while the acetone-
insoluble part has a lower rotation ([M]d of monomer + 53.2°; [M] n of polymer, --5.9°).

INTRODUCTION

Although a great deal of work has been done on the synthesis and poly-
merization of substituted butadienes, very little information is available on
the use of optically active butadiene derivatives. As far as we know, the
only optically active substituted butadienes described so far are 1-, and
2-[(S)-1-methylpropyl]-1,3-butadienes synthesized by Rossi and Bene-
detti. 1 The last compound was polymerized to optically active polymer by
Benedetti et al.2 Several optically active polybutadiene derivatives have
been prepared by asymmetric induction. By stereoselective polymeriza-
tion of alkylsorbate, methyl 5-phenylpenta-2,4-dienoate and 1,3-dimethyl-
1,3-butadiene, Natta and his co-workersl3have prepared optically active
polymers of low optical purity. Similarly, Aliev et al.4have polymerized
frans-1-phenyl-1,3-butadiene in the presence of optically active catalyst
and prepared optically active poly-I-phenyl-1,3-butadiene.

The present work deals with the synthesis and polymerization of (3E)-
(5S)-3,5-dimethyl-1,3-heptadiene (1), (32)-(5S)-3,5-dimethyl-1,3-hepta-
diene (I11),5 2-[(S)-2-methylbutyl J-1,3-butadiene (I11), and 2-[(S)-I-
methylpropyl]-1,3-butadiene (1V). While this work was in progress, Rossi
and Benedettilhave described the synthesis of compound IV by a method
different than the one used in our work.

*Present address: The University of Arizona, Tucson, Arizona S5721.
1103
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Monomers I-1VV were polymerized in the presence of TiCli-Al-('/-CMI93
catalyst in benzene or heptane as solvent, and in emulsion with IvS28 as
catalyst. Monomer IV was also polymerized in the presence of n-butyl-
lithium.

RESULTS AND DISCUSSION

Preparation and Structure of Monomers

Monomers I-H1 were prepared by the sequence of reactions shown in
Scheme 1.

CH,=CHM[;Br
CH3— CH2— CH— CH2 C— CH3
CH3 0
(S)(+)—=V e
CH— ¢ch2— ¢h— ch2- ¢c— ch= ch?2
ch3 oh
(S)(+)-VvI
(KHSO.)
1 T
HV H HV H HZT y ",
C c c--CH
I 1
HTX / n hE&x c ch2
H C H 1
/
¢ A Hg2 OHF
H—c( XH H C—H
/\
HA i:Hi HA ch3

(S)(+) -1, yield 352%  (S)(+) -11, yield 29% (S)(=) -111, yield 33.7%
[a]D42.8° (benzene) [a]n 41.6° (benzene) [a]D —8.75° (benzene)

Scheme |

Dehydration of carbinol VI gave a mixture of products, from which the
dienes I, Il, and 111 were separated by preparative GLC under the condi-
tions described in experimental part.

The gas chromatogram of crude mixture obtained on an analytical col-
umn, shows five peaks, a-e. Peaks b (retention time 13 min), ¢ (14 min)
and e (17.5 min) are of comparable size and represent 98% of the total
eluted products, while peaks a (7 min) and d (16 min) are minor unidentified
products. The components b and e show almost identical specific rotations,
but have different infrared, NMR and ultraviolet spectra. Based on
chemical and spectroscopic data, peaks b and e were attributed to com-
pounds | and 11, and peak c to the compound I11.
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Compounds | and Il do not react with maleic anhydride under the condi-
tions of Diels-Alder addition, while under the same experimental conditions
compounds 11 and 1V readily form the Diels-Alder adduct. These findings
are in accordance with the experiments published by Craig and his co-work-
ers,6 who have found that 2-alkyl dienes are unhindered in the form of
cisoid conformation of the diene and react readily with maleic anhydride.
The same workers have established that in adducts of 1-substituted dienes,
the alkyl groups in the 3-position of the tetrahydrophthalic anhydride are
hindered and that the effect increases with size of alkyl group. The pres-
ence of large sec-butyl group at C-I atom in | and Il explains the lack of
reactivity with maleic anhydride.

The stereochemistry of the double bond in butadienes | and Il was as-
signed from the chemical shifts of the internal vinyl hydrogens at 5(i.28 and
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6.68. (Fig. 1). By analogy with several 1,2-disubstituted butadienes of the
type YII and VIII,71and Il have the configurations shown in Scheme 1.

It has been noted by Forbes et al.8that compounds like crs-1,3-pentadiene
absorb at wave lengths ca. 5 mu longer than the corresponding trans iso-
mers, and as | has Araxat 230 m/r and |l at 234.5 m”, the ultraviolet data
support the above assignments.

The infrared spectra of I and Il exhibit two bands characteristic for C=C
stretching in conjugated double bonds at 1613 and 1653 cm-1 for isomer |
and 1592 and 1639 for isomer II. The out-of-plane deformations of vinyl
—CH are located at 990 cm-1 for | and 980 cm-1 for isomer Il.  The spec-
tra are different in the fingerprint region.

The molar rotation of | and Il was calculated by the conformational dis-
symmetry method described by Brewster.9 It was first assumed that both
dienes are planar, and that s-cfs and s-trans isomers do not influence [M]D.
The rotation will in the first approximation be controlled by the conforma-
tional dissymmetry of the ethyl group. Using the empirical value of
+ 130° for the methyl-olefin skew system, and —60° for the methyl-
methyl-system, the calculated value for [M]D{iadid = +35°, compared
with the observed value of [M]D(u +53.1°, [M]a(ia +51.6°. Consider-
ing further the effect of conformational variation about the C-3 and C-4
bond of heptadienes | and Il (1X), one can assume the staggered form IX

(+) to be preferred, thus increasing the dextrorotation of I and Il.  In any
event the conformational dissymmetry method would predict similar and
positive rotation for both I and 1.

Isomers | and Il were oxidized by potassium permanganate to (S)(+)-2-
methylbutyric acid ([a]d +17.0°,* which is an additional prove of geo-
metric isomerism of the two butadiene derivatives. 2-[(S)-(I-methyl-
propyl) ]-1,3-butadiene (V) was obtained in a yield of 42% by dehydration
of 3,4-dimethyl-I-hexene-3-ol (VII) which was prepared from 3-methyl-2-
pentanone, by condensation with vinylmagnesium bromide.

* Reported Dfor optically pure 2-metliylbutyric acid, [a]g +19.8°.
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Polymerization of (3E) and (3Z)-(5S)-3,5-Dimethyl-I,3-
heptadienes

Polymerization was performed with an TiCF-AIN-CiH” catalytic sys-
tem in benzene or in n-heptane as solvent, or in emulsion with K228
as catalyst. The polymerization conditions and the pertinent properties of
polymers are shown in Table I. It is evident that the molar rotation of
polymers prepared in emulsion are similar to the rotation of monomer, while
there is a significant difference in the rotation of polymers prepared in the
presence of stereospecific catalysts ([Af]D+ 5.9°) and monomers ([il/]D +
53.2°). Polymers prepared by stereospecific catalysts were fractionated by
acetone extraction and it was found that acetone soluble fraction (12% of
the total) has the molar rotation similar to monomer, while acetone insol-
uble part has much lower rotation.

The infrared spectra of poly-(3E)- and poly-(32)-(5S)-3,5-dimethyl-I,3-
butadienes prepared by stereospecific and emulsion polymerization were
interpreted according to the data published by Porri and Gallazzill and
Hart and Meyer.22 It is evident (Fig. 2), that the polymers prepared by
either method have low stereochemical purity and contain the mixture of
1,4-czs (band at 770 cm“), 14-trans (band at 960 cm-1) and 3,4-structure
(band at 850 cm-1). The latter structure was predominant in the case of
emulsion polymerization. From the ratio of intensities of bands at 960
cm-1 (1,4-trans configuration) and 850 cm-1 (3,4 structure), it was found
that the amount of 3,4 structure in polymers prepared by emulsion tech-
nique was increased by a factor of five in comparison with the amount of 3,4
structure in polymers prepared by stereospecific catalyst.

The acetone-soluble fraction (sample 1, Table I) shows infrared spectra
very similar to cin Figure 2, thus indicating the presence of large amount of
3,4 structure. The fraction insoluble in acetone shows infrared spectra
similar to aand b in Figure 2.

(@) (b) ©
Fig. 2. Infrared spectra of poly-(5S)-3,5-dimethyl-1,3-heptadienes: (a) (5Z) deriva-
tive polymerized with TiCf-Al(t-Ci11u3; (6) (5E) derivative polymerized with TiCh-
AKt-CJlliib; (c) (5E) derivative polymerized with KZ2 8
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Polymerization of 2-[(+)-(S)-I-Methylpropyl]-l,3-butadiene
(IV), 2-[((S)-2-Methylbutyl]-1,3-butadiene and () 2-
(1-Methylpropyl) -1,3-butadiene

The results of polymerization performed with three different catalyst sys-
tems are summarized in Table Il. Polymerization of (+)-1V was carried
out in benzene or in n-heptane as solvent with a monomer/TiCh ratio of 50
and Al/Ti ratio of 0.6-1.2. The best results regarding the yield and intrin-
sic viscosity, were obtained at a Ti/Al ratio of L Polymerization of (S)-1V
in the presence of TiCh-AI~-CjH”s catalyst, gave optically active products,
the molar rotation of which was similar to the rotation of monomer. While
our work was in progress, Benedetti et al.2came to the same conclusion in
polymerizing (S)-1V with the same catalyst.

Similar results were also obtained in the polymerization of (S)-IV with
n-butyllithium catalyst in n-heptane and in emulsion polymerization.
Polymerization of (S)-11l was performed with TiCI3AI(f-CH93 and
K22 8catalyst systems. It is interesting to note that in both cases the sign
of roration of poly-(S)-111 was opposite to that of monomers. The same
phenomenon was observed by Pino and co-workersB3in the case of polyole-
fins.

The infrared spectra of poly (S)-111 and poly (S)-1V were very similar and
show that all polymers regardless to the catalytic system used, contain 1,4-
cis, 1,4-trans, and 3,4 structures, as evident by the presence of various
bands. The bands at 850 cm-1 present in all samples with different inten-
sities (Fig. 3) could be related to the 840 cm-1 band in isoprene.4 The in-
tensity of this band is stronger in polymers prepared by stereospecific cata-
lysts than in polymers prepared in emulsion. The band at 1657 cm-1 was
attributed to —C=C— stretching of an internal double bond, while the
band at 893 cm-1 (vinylidene —CH deformation) shows the presence of 3,4
structure by analogy to poly-3-n-propyl-I,3-butadiene®b and poly-2-sec-

© () ©

Fig. 3. Infrared spectra of poly-(S)-1V: (a) polymerized with TiCL-Ald'-CJlgis; (b)
polymerized with n-butyllithium; (c) polymerized with KZ20a



m o JANOVIC AND FLES

06 0:050ubolijill0)
@ i0 10 LO LO »0 »0 LO O »0 O
M QM <M <M (N M Cl I0 W ‘O

CO 00 O smMm O O o

fii

(@)

<L

_ P90
e WH"

Hﬁ
3 08

L OW §°
« A LS

_C)

[%2]

01CONiIiQCON 00 050 8&



OPTICALLY ACTIVE SUBSTITUTED BUTADIENES 1111

TABLE 111
Molar Rotations of (S)(-)-1V and Poly-(S)-1V
M x
X mu (S)(-)-1va Poly-(S)-1Vb Poly-(S)-1Vc
250 — - 483.8
255 — — 4447
260 864.6 422.3 391.3
270 641.0 - —
280 492.5 303.1 280.732
290 390.0 — —
300 323.2 — 210.2
320 240.7 186.3 168.2
340 183.6 153.8 137.9
420 91.8 85.3 78.3
600 37.6 35.8 33.3

ac = 0.0825% in isoootane.
b Prepared with catalytic system TiCli/Alfi-CiHg)™ ¢ = 0.125% in isooctane.
cPrepared in emulsion with KZ2 8 catalyst, ¢ = 0.127% in isooctane.

butyl-1,3-butadiene.’6 The intensity of the band at 893 cm-1 was stronger
in polymers prepared in emulsion. The band at 1150 cm”1is attributed to
1,4-trans-configuration and that at 1082 cm“1to 1,4-cfs. The =CH—
out-of-plane vibration of cfs-C-(2-methylbutyl)=CH and cis-C-(I-methyl-
propyl)=CH appears at 1320 cm-1. The same band was found in polyiso-
prene at 1315 cm” 14 From the ratio of intensities of bands at 893 cm-1
(3,4 structure) and 850 cm-1 (1,4-cfs configuration), it was found that the
amount of 3,4 structure in poly-(S)-1V prepared by emulsion polymerization
was increased by a factor of two in comparison with the amount of 3,4 struc-
ture in polymers prepared by stereospecific catalyst (Fig. 3). In poly-(S)-
I11* prepared by emulsion polymerization the increase of 3,4-structure was
by a factor of three.

Tabulation of the molar rotations at different wavelengths of (S)(—5-1V
and poly-(S)-1V prepared with TiCU-AL(t-C,tH9#&catalytic system and in
emulsion is presented in Table I11.

Monomer (S)(—-1V and polymers prepared stereospecifically and in
emulsion show plain ORD curves, which closely fit the single-term Drude
equation; X0 = 200 m/i for poly-(S)-1V prepared by both catalytic systems;
K = 9.1 X 105for polymer prepared with TiCh-Al(f-C4593 and 8.4 X 106
for polymer prepared in emulsion.

EXPERIMENTAL

Physicochemical Measurements

The infrared spectra were measured with Perkin-Elmer Model 147 and
421 spectrophotometers on films of polymers obtained by slow evaporation

*The infrared spectra of poly-(S)-111 were almost identical to that of poly-(S)-1V
in the range of 800-900 cm-1.
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of benzene. Ultraviolet spectra of monomers were determined in isooctane
on a Perkin-Elmer 202 recording spectrophotometer. NMR spectra were
determined in CCl14on a Varian A-60 instrument.

Preparative and analytical GLC were performed on a Varian Aerograph,
1502 B with flame ionization detector.

Specific rotations were measured on a Rudolph, Model 70 polarimeter and
on Bendix Ericsson ETL-NPL automatic polarimeter. Optical rotatory
dispersion was measured on a recording Cary Model 60 spectropolarimeter
in the range of 230-600 ni/u in isooctane.

Intrinsic viscosities were measured in a Cannon-Fenske capillary viscom-
eter, No. 100 in toluene at .30 + 0.05°C.

Preparation of (S)(+)-3,5-Dimethyl-I-heptane-3-ol (VI)

To a suspension of 14.9 g (0.62 mole) of Mg in 500 ml of THF was added
gaseous vinyl bromide (70 g, 0.65 mole) at room temperature. The Dry-
Ice-cooled condenser was replaced by a dropping funnel and 63 g (0.55
mole) of (S)-(+)-4-methylhexanone-2 (V)7 ([«]8 +6.67°) in 200 ml of
THF was added at such a rate as to maintain the slow refluxing of solvent.
The stirring was continued for an additional 60 min, the reaction mixture
treated with 200 ml of saturated aqueous NHACI, the organic layer was
separated, dried, and after the removal of THF, the carbinol VI was puri-
fied by fractional distillation. The yield was 53.2 g (68%); bp 48°C/1
Torr; k* 1.4408; d20.841; [«]d + 9.1° (smear).

Anal. Calcd. for CHI®: C, 7599%; H, 12.76%. Found: C, 75.87%; H,
12.91%.

Preparation of Dienes I, 11, and 111

Dehydration of (S)(+)-V1 was performed in a 100-ml three-necked flask
fitted with a stirrer, dropping funnel, and a 30 cm Vigreux column. Freshly
prepared KHSO4 (20 g) and 0.4 g of di-ieri-butylcatechol were placed into
the flask, which was immersed in an oil bath at atemperature of 180-185°C.
Under constant stirring 50 g of (S)-1V was added during the course of 6 hr.
Water was removed from the distillate, and the oily residue was dried and
fractionated over the Vigreux column in the presence of di-ieri-butylcatechol
under a stream of N2 The vyield of crude dienes boiling at 118-145°C was
32.0 g. A sample was analyzed by GLC by using a columnl = 5m, d = 6
mm packed with 10% tetracyano-ethylated pentaerythritol (TCPE) on
Chromosorb P; 60-80 mesh, temp. 80°, carrier gas N2at 40 ml/min. The
crude mixture of dienes was separated into five fractions by means of pre-
parative GLC column (i = 30 m, d = 18 mm, with 10% TCPE on Chromo-
sorb P, 30-70 mesh; 80°C; He carrier gas, 200 ml/min).

The first and fourth fractions were minor unidentified impurities. The
second fraction (29.0% of the crude mixture) was identified as (S)(+ )-11;
ftiD 1-4558; [a]lb +41.6° (c = 3.340% in C&HH; Xixm 234.5 m" (log t
4.360); IR (neat) 3067 (CH of=CH 2, 1639, 1592 (C=C) 980 cm*“ 1 (vinyl
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—CH); NMR 56.68, Ha; 4.83-5.29, Hbp Hc; 1.77, Hd; 2.3, He; 0.9, H(;
1.20, Hg; 0.8, Hb.

Anal. Calcd. for CHI6: C, 87.02%; H, 12.89%. Found: C, 87.05%; H,
13.14%.

The third fraction (33.7%) was (S)(—)-Ill: ng 1.4476; [a]g -8.75°
(c, 5.45% in CHo); Xrax 266 mM(log €4.306). IR (neat) 3090, 1632, 1594,
990 cm-1. NMR 86.30 (internal H ofdiene); 4.8-5.4 (=CH 2groups); 2.1
(CH2 attached to C-2 of diene); 14 (—CH—); 0.9 (CH3 and CZH®6.

Anal. Found: C, 87.15%; H, 13.15%.

Condensation of (S)(—-111 (0.248 g) with 0.245 g maleic anhydride in 6
ml of benzene at 60°C for 12 hr gave 0.4 g (90.2%) of (S)(+)-4-(2-methyl-
butyl)-A4tetrahydrophthalic anhydride; bp 150°C/1 Torr (air bath tem-
perature); vyield, 0.4 g (90.2%); mp 67°C; [a]g +11.5° (c = 6.9% in
Ceo.

Anal. Calcd. for CIH® 3: C, 70.25%; H,8.10%. Found: C, 70.46%; H, 8.26%.

The fifth fraction (35.2%) was (S)(+)-1: b“ 1.4581; [a]Jo +42.8°
(c = 9.69% in CaHH; Xrax230 m”" (log €4.346); IR (neat) 3106,1653, 1613,
990 cm-1, NMR 86.28, Ha; 4.70-5.30, Hbb,, HG; 1.72, Hd; 2.3, He; 0.95,
Hfj 1.25, Hg; 0.82, Hh.

Anal. Found: C, 86.91; H, 13.29%.

Oxidation of Dienes | and 11

Oxidation of (S)(+)-1 (0,5 g) was performed with 5.0 g of KMnCb and 1
g of KOH in 50 ml of HD under reflux for 10 hr. The precipitate formed
during the oxidation was filtered off, the aqueous layer extracted with two
5-ml portions of ether, acidified with HC1, and the 2-methylbutyric acid
was extracted with two 5-ml portions of CHC13 Evaporation of solvent
gave 0.3 g of (S)(+)-2-methylbutyric acid: ng 14061, [a]n +17.1°
(c, 5.3% in CEHH.

Anal. Calcd. for CH102: C, 58.80%; H, 9.87%. Found: C, 58.35%; H,
9.68%.

Oxidation of (S)(+)-11 under the same conditions gave identical prod-
uct: ng 1.4060; [a]g +17.2° (c = 4.4% in CEHB.

Anal. Found: C, 58.68%; H, 9.93%.
Preparation of (S)(—)-3,4-Dimethyl-I-hexene-3-ol (VII)

The carbinol VII was prepared in a 67% yield from 40 g (0.4 mole) of
(S)(+ )-3-methylpentanone-28 and vinylmagnesium bromide prepared
from 46 g (0.43 mole) of vinyl bromide and 9.75 g (0.41 mole) of Mg accord-
ing to the procedure used in the preparation of carbinol VI: Bp 41°C/1
Torr; ng 1.4415; d200.8452; [a]g-22.1° (smear).

Anal. Calcd. for CH®: C, 74.94%; H, 12.58%. Found: C, 74.60%; II,
12.66%.
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Preparation of 2-[(S)-(I-Methyl-propyl)-1,3-butadiene (IV)

The butadiene derivative IV was prepared by dehydration of the carbinol
V11 (33.5 g) under the conditions described for the preparation of dienes I,
Il, and Il1l. The crude dehydrated product (26.6Sg) was purified by frac-
tional distillation over a spinning band column and gave 12 g (42%) of
diene 1V; bp 112-113°C; [a]n +31.5° (c = 4.28% in isooctane); X
226 mu (log e4.20).*

Anal. Calcd. for CH,: C, 87.19%; H, 12.81%. Found: C, 87.29%; H,
12.94%.

Condensation of (S)(+)-1V with maleic anhydride gave corresponding A4
tetrahydrophthalic anhydride derivative; mp 39-40°C; [a]n +2.07
(c = 13.4% in CH#,.

Anal. Calcd. for CIHIL03 C, 09.20%; IlI, 7.67%. Found: C, 69.40%; H,
7.90%.

Polymerization Procedure

Monomers and Solvents. Monomers were purified by distillation over
calcium hydride and stored at low temperature. Just before the polymer-
ization, monomers were redistilled over sodium and kept at —7S°C under
an inert atmosphere.

Titanium tetrachloride was a commercial product and was used without
further purification. Triisobutylaluminum produced by Ethyl Co. was
used.

Reagent-grade n-heptane (or benzene) was refluxed over sodium and cal-
cium hydride, passed through a column packed with 4A molecular sieves,
and distilled over triethylaluminum under the atmosphere of pure nitrogen.

Polymerization with TiCli-Al(f-CHH93 Catalyst System. The polymer-
izations were carried out in a 50-ml jacketed glass reactor at temperature
of 25°C under continuous stirring with a magnetic stirrer. The reactor
was fitted with serum-cap and all reagents were introduced by means of
syringes. The order of addition of materials to the reactor was: 15 ml
of solvent, 0.83 ml of a 10% solution of TiCl4in solvent, 3 g of monomer,
0.87 ml of a 10% solution of Alfi-CiH” in solvent. The polymerization
was terminated after 72 hr by addition of 10 ml methanol. The reaction
mixture was than poured into 50 ml of a 0.2% solution of M-phenyl-/3-
naphthylamine in methanol containing 1 ml of concentrated HC1. The
polymer which separated as white powder, was dried at room temperature
in vacuum, dissolved in benzene and precipitated with methanol.

Polymerization of (S)(+)-1V with Butyllithium as Catalyst. A glass
reactor of 30 ml was dried for 1 hr at 110°, cooled in dry-box under a stream
of purified nitrogen, and closed with serum cap. The order of addition of
materials was: 10 ml of dry n-heptane, 2.5 g (0.02 mole) of (S)(+)-1V,
and 15 ml of »j-butyllithium in heptane (0.9 mmole). The reaction mix-

*Reportedlbp 113°C; [a]g+33.18°; Xmax225 mM(log e 4.19).



OPTICALLY ACTIVE SUBSTITUTED BUTADIENES 1115

ture was stirred with a magnetic stirrer for 40 hr, and terminated with 50
ml of a 0.2% solution of A-phenyl-/3-naplithylamine in methanol. Crude
polymer was purified by precipitation of benzene solution with methanol.
Emulsion Polymerization. A mixture of 9 ml of a 3% aqueous solution
of sodium dodecylbenzene sulfonate, 0.105 g. KZS208, and 3 g of monomer,
was placed into a double-jacketed 30-ml glass reactor. The reactor was
connected to a thermostat and under a constant stream of purified nitrogen
was kept for 24 hr at 55°C under vigorous stirring with a magnetic stirrer.
The reaction mixture was poured into 50 ml of a 0.2% solution of A-phenyl-
d-naphthylamine in methanol. The rubbery polymer was separated,
dried under vacuum, dissolved in benzene, and precipitated with methanol.

The authors are grateful to Dr. D. Deur-Siftar for help in performing the GLC sepa-
rations and to Mrs. H. Kveder and Mrs. J. Mtihl for ultraviolet, infrared, and NMR
measurements. The microanalyses were performed by Dr. Z Sliepcevie. Thanks are
also due to Dr. J. E. Mulvaney from the University of Arizona for reviewing the manu-
script.  Special thanks are due to Prof. J. 11. Brewster of Purdue University for his help
in interpretation of stereochemistry of monomers.

This paper was taken in part from the PhD. thesis of Z Janovic submitted to the
University of Zagreb, 1969.
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Polyimides Based on Pyrazinetetracarboxylic
Dianhydride and Some Related Model Compounds

GEORGE B. VAUGHAN,* JERRY C. ROSE, and G. P. BROWN,f
Mellon Institute, Carnegie-Mellon University,
Pittsburgh, Pennsylvania 15213

Synopsis

A study was made of polyimides based oil pyrazinetetracarboxylic dianhydride
(PTOA) plus heterocyclic diamines different from the one previously reported by Hirsch.
It was postulated that thermal properties might be improved if the diamine portion did
not contain the N-N linkage. The results indicate that these heterocyclic-based poly-
imides are in fact of lower thermal stability and of less molecular weight buildup than
their corresponding polypyromellitimides. Thermal failure, outlined by their TGA
curves, is shown not to be due to an inherent lack of stability for such polymers, but
rather, to synthesis problems arising from both the anhydride and amine precursors.
The synthetic problems are twofold: (1) the heterocyclic diamines used in this study
display low reactivity; (2) pyrazinecarboxylic acids readily decarboxylate. These con-
clusions were drawn from a correlation of the relative basicity values of the diamines
of consideration and from study of a series of model compounds prepared from an ap-
propriate amine or diamine with PDTA, pyrazinedicarboxylic anhydride, phthalic an-
hydride, or pyromellitic dianhydride. An accumulation of infrared and mass spectra
data for these models relate that the proposed pyrazine polyimides are not of complete
poiyimide structure, but rather resemble recurring amide-imide units.

INTRODUCTION

Polymers devoid of any hydrogen or other pendent groups were shown
in a recent publicationl to possess excellent thermal properties. The
study was based on a poiyimide prepared from pyrazinetetracarboxylic
dianhydride (PTDA) and 2,5-diamiiio-1,3,4-thiadiazole (DATA-2,5).}

* Present address, University of New South Wales, Sydney, Australia,

f To whom inquiries may be directed.

J Throughout this paper, condensation polymers prepared from PTDA and a diamine
will be referred to as pyrazine polyamic acids and pyrazine polyimides.
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A sequel to this work was our investigation into non-hydrogen containing
polyimides. We believed the thermal properties of Hirsch’s polymer might
be improved if the diamine portion did not contain the N-N linkage.
Accordingly, measures were taken to synthesize analogous polyimides
based on PTDA and other heterocyclic diamines.

Our expectations fell short, in that polymers of significant thermal sta-
bility could not be obtained. However, the problem was not due to an
inherent lack of stability for such polymers, but rather, to synthesis prob-
lems arising from both the anhydride and amine precursors.

RESULTS

Pyrazinetetracarboxylic Dianhydride

Pyrazinetetracarboxylic Acid (PTCA). Pyrazinetetracarboxylic acid
was prepared from the permanganate oxidation of pure phenazine and then
recovered from the lead salt.2 Three recrystallizations from 20% HC1
were necessary to completely liberate the tetracid from its potassium salt
contaminate. The pure acid melts in the range 193-210°C, depending on
the rate of heating.

Pyrazinetetracarboxylic Acid Dianhydride (PTDA). The dianhydride,
PTDA, was crystallized twice from acetic anhydride with mild heating
(less than 70°C). Allowing prolonged heating yielded pyrazinetricar-
boxylic acid anhydride.

Polymerization

All solvents used in the polymerization procedures were distilled over
a suitable drying agent and stored in the absence of moisture. The prep-
aration of a polyamic acid was generally carried out by the addition of the
dianhydride to a solution or slurry of the diamine in a polar solvent such
as dimethylacetamide (DMAC), dimethylformamide (DMF), or A-meth-
ylpyrrolidone (NMP); total solute concentration ranged from 7 to 15%.
In most cases, the polymerization was complete after iy 22 hr as indicated
by a leveling off of viscosity. Temperature was maintained below 40°C
in order to minimize hydration to low molecular weight chains.

Thin layers (20-30 mils) of the polyamic acid solutions were doctored
onto glass plates pretreated with a fluorochemical-silicone releasing agent
(Minnesota Mining and Manufacturing Co.). The films were dried for
12 hr under pump vacuum at 40°C and then easily peeled from the glass
plate.

Conversion of the polyamic acid film to the corresponding polyimide was
performed both thermally (T) and chemically (C).

Thermal. The thin film was clamped by magnets to metal frames and
cured in a forced draft oven using the following heating schedule: 12 hr
at 50°C in vacuum, 1 hr at 100°C in N2 1 hr at 150°C in N2 1 hr at 200°C
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in air, 1 hr at 250°C in air, 20 min at 300°C in air. As imidization pro-
ceeds, the color of the film darkens from a yellow-orange to a deep red.

Chemical. A portion of the film was allowed to soak ina 1:1:1 benzene-
acetic anhydride-pyridine mixture for 12 hr at ambient temperature and
15 min at 60°. The film was washed with benzene, air-dried for 1 hr, and
then heated in an oven to 150°C for 1 hr.

Characterization

Infrared Spectra. All infrared work was carried out on a Beckman IR-9
recording spectrophotometer.  Solutions of 1% concentration of the poly-
amic acid were cast onto NaCl plates and cured according to the above
thermal procedure. In each case, the imidization could be followed by
the disappearance of N-H bands at 3.05 n and 6.55 Appearance of
bands at 5.65 and 5.85 ix (imide carbonyl), 7.35 n (imide ring), and 13.8 n
(imide) confirmed the final form.

Viscosity. Viscosity data was obtained from a Hewlett-Packard Model
5901B Auto-Viscometer equipped with Ubbelohde viscometers. All de-
terminations were obtained on the solutions of tlie polyamic acid.3 A
computer program extrapolated the inherent and reduced viscosities to
a common intercept: the intrinsic viscosity at infinite dilution.

Constants in the Mark-Houwink equation were, for comparative pur-
poses, assumed to approximate those calculated for similar polypyromel-
litimide systems,4where K = 1.85 X 10_4anda = 0.80:

fr] = KM
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Model Reactions and Compounds

The synthetic pathways and infrared spectra of the compounds shown
in Table 1 (I-X111) demonstrate the properties of pyrazine polyimides.
Preparation of the precursor amic acids involved reacting an appropriate
amine or diamine versus PTDA, pyrazinedicarboxylic acid anhydride
(PDA), phthalic anhydride or pyromellitic dianhydride (PMDA). A
p-dioxane-DM F solvent system was generally employed.

\Mdargh in Maas

Fig. ]. Infrared spectra of (top) 2,5-pyrazinedicarboxanilide-3,6-dicarboxylic acid
(KBr) and (bottom) A,.V'-diphenyl pyrazinetetracarboxydiimide (KBr).

The chemical or thermal imidization of the product obtained from phtha-
lic anhydride and a diamine or from PMDA plus aniline, proceeded without
difficulty to yield imides I, 1V, and X (Table I). In the pyrazine series,
however, unexpected results occurred. When the amic acid product from
PDA and aniline was heated under prescribed imidization conditions,
pyrazinecarboxanilide (I1) was isolated. Similarly, the direct preparation
of the imide from 1 part PTDA and 2 parts aniline resulted in a mixture
of products which were identified by mass measuring as the mono- and
di-decarboxylated products (V and VI). The product obtained from the
reaction of 2 parts PDA and 4,4'-oxydianiline (ODA) decarboxylated to
VIII. The decarboxylation was avoided, however, if chemical imidiza-
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tion was employed. In this manner, the expected imide products, I,
VII, and IX, were prepared. Typical infrared patterns are shown in
Figures 1and 2.

The diamines XIV-XXV (see Table Il) were suggested for polyimide
formation from PTDA. Except for those described in the experimental
section, they were obtained commercially and recrvstallized to a 1°C melt-
ing point range. Purity was checked by elemental analysis, GLPC, and
mass spectra (m+).

Wdeeth in Maas

Fig. 2. Infrared spectra of (top) bis(pyrazinecarboxyimino-p-phenylene) ether and
(bottom) iV,A"-p-oxydiphenyl bis(pyrazine-2,3-diearboxyimide) (KBr).

The reactions of the diaminophenylene derivatives XIV-XVIII with
PMDA have been well studied6 and shown to result in viscous polyamic
acid solutions. For comparative purposes, PTDA was allowed to react
with these diamines and, as expected, gave comparable solution properties.

Because of the expense involved in preparing PTDA, heterocyclic di-
amines XIX-XXV were first reacted with PMDA. Only DATA-2,51
(XX) and diaminotriazole (XXIV) gave indication of polymer forma-
tion. The reaction of PMDA with 3,5-diamino-1,2,4-thiadiazole (DATA-
3,5) (XXI) yielded a red precipitate which was identified by mass spectra



AND BROWN

ROSE,

VAUGHAN,

1122

TYOPNOTL102D J04 pafED "I'uY  |IA

[eotwiayd (D) pue fewdasyl (1) Aq uonezipiw] wody paurelqo spunodwo) [9po 0 Arewwns

31gvl



POLYIMIDES OM PYK/YZINETETIIACAKBOW LIC DIAMIYDL IDI'. |



1121 VAUGHAN, HOSE, AND BROWN

and elemental analysis as the mono-imide (XXVI). In similar manner,
the

reaction between 2 parts plithalic anhydride and 1 part 1)ATA3'"> yielded
the monoaddition product XXV 11, even under severe conditions.

Attempted polymerization of I’'MDA with either 3,4- or 3,5-diamino-
furazan (XXI1 and XXI11) resulted in no viscosity buildup or other indi-
cations of reaction. The insolubility6 of diaminomethyl-s-triazine (XXV)
precluded normal polymerization procedures in a dry organic solvent; a
very low molecular weight polymer was obtained in a water-pyridine sol-
vent system.

The above evidence indicate that low reactivity might be explained on
the basis of a combination of inductive and tautomeric effects.

NH, N H H N H
N— f N-
H.N H N HN”g-~n
NH2
n™ nh* N
hn'V * H NI

Structures similar to those illustrated can be drawn for the other hetero-
cyclic diamines of this work.

The equilibrium of these forms should affect a decrease in basicity, which,
according to a proposed mechanism,7will influence the reactivity for amino-
Ivsis of an anhydride.

Although a detailed study of the diamines is not the intention of this
paper, observations pertaining to their relative basicities were considered
of importance to our work. To establish a correlation between basicity
and reactivity, two approaches were taken.

first, pKd and pK & constants were determined in aqueous media for
each of the diamines of consideration.8 In some cases, pKai values were
unobtainable due to the characteristic low pH (high H+) values encountered.

Secondly, shifts in the NMR for the amine protons were determined in
DMS()-d6 and recorded in terms of r.  Factors which result in increasing
pKavalues also yield a downfield shift in the NMR spectra due to local
diamagnetic deshielding effects. The spectra also demonstrate the magnetic
nonequivalence of the two amino groups in compounds X X1 and XXI11.
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TABLE 11
Correlation of Basicities

Diamine PKd* pKa» rb
X1V 6.08 3.29 5.75
XV « 5.23
XVI 0 5.22
XVII 470 3.63 5.05
XVIII “ 4.54
XXV 4.22 202 472
X1X 6.43 1.67  4.66
XX 3.9 185 3.75
XXI r N2 2.57 154  4.35
hn- 7~ n 2.50
-NIL
XXI1 I'B\t 1.05 d 4.20
NvO/N
N——iph. 178 d 442
XXI111 ) )
hh—1L0/N 273
N—JT-®mh?2
XXV HN—/ N 4.46 1.93
N="-mh3

a Arithmetic mean of ten values.

b Tau values recorded as singlets for amine protons.
0 Insoluble in water.

dToo acidic to obtain value.

* Insoluble in DMSO.
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In order to attempt a correlation, the diamines were first listed in the
order of their observed viscosity buildup on reaction with PMDA as an
estimate of reactivity. A general correlation between ranking achieved
in this manner and decreasing pK, and/or = values does exist and is illus-
trated in Table II.

Since shifts in the NMR reflect the sum of all local diamagnetic and para-
magnetic effects, a linear relation between pK, and = does not exist.

Polyimides

The series of polyimides which were prepared are summarized in Table
III. Inability to obtain a high molecular weight polymer of structure
(XXXVIII-XLVI) based on PMDA appears to be related to the proper-
ties of the diamine. Thermal stability was determined for polyimide

TABLE 1V
Thermogravimetric Analysis of Polymers

Temperature, °C, at various degrees of
weight loss

Polyimide 59, 109, 209, 509,
PMDA-ODA (XXVIII) 500 520 541 565
chemically imidized 510 527 543 563
PTDA-ODA (XXIX) 265 365 439 502
chemically imidized 375 415 455 505
PMDA-MDA (XXX) 472 503 528 553
PTDA-MDA (XXXI) 320 391 452 535
chemically imidized 394 420 454 506
PMDA-PPD (XXXII) 502 535 560 582
PTDA-PPD (XXXIIT) 285 360 430 500
chemically imidized 378 407 445 495
PMDA-DBZ (XXXIV) 505 542 H65H 590
PTDA-DBZ (XXXV) 330 360 400 475
PMDA-DATA-2,5 (XXXVI) 339 374 435 523
PTDA-DATA-2,5 (XXXVII) 342 365 430 539
chemically imidized 167 178 196 331
PMDA-diaminotriazole (X1.) 400 437 460 535
PTDA-diaminotriazole (XLI) 380 432 470 505
PMDA-DMT (XLII) 297 315 395 492
PTDA-DMT (XLIII) 225 232 240 309

films by thermal gravimetric analysis and is reported in Table IV as per-
centage weight loss versus temperature. (All TGA data were obtained
on a Du Pont 950 Thermogravimetric Analyzer. Samples were heated
at 10°C/min under an oxygen atmosphere.) No case was found in which
the thermal properties for a pyrazine polyimide was greater than that of
the corresponding polypyromellitimide.
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DISCUSSION

The objective of this work was to investigate polyimides not containing
hydrogen, similar to the one previously reported! but without the N-N
bond. It was postulated that polymers of such modification would dis-
play an enhanced thermal stability. The results presented clearly in-
dicate that these heterocyeclic-based polyimides present extreme difficulties
in synthesis and are in fact of lower thermal stability than the corresponding
polypyromellitimides.

The synthetic problems are twofold: (1) the heterocyelic diamines used
in this study displayed low reactivity; (2) pyrazinecarboxylic acids readily
decarboxylate. The facile decarboxylation of PTDA is noted in low yields
in the preparation of PTDA, in the model compound studies, and is im-
plicated in the spectral data of the polymers.

The infrared spectra of the imidized polymers prepared from PTDA did
not exhibit a characteristic imide spectra, but instead, retained the amine
absorption pattern. This suggests that the pyrazine polyimides are not
of complete polyimide structures but also contain amide-imide recurring
units of z and z as shown. Additional evidence for this occurrence was
provided by elemental analysis which showed a maximum hydrogen con-
tent of 3—-5%.

|
] N
N s
4/ I~
N—C —>—C—N R—-N—C—\y A’
N
N= i I
0

Z

R =Diamine

Consequently, thermal stability of such structures is, as a limit, no better
than that of a polyamide-imide.

The decarboxylation incurred during thermal imidization was circum-
vented by a chemical method for dehydration. The infrared spectra of
some arbitrarily chosen chemically cured pyrazine polyimides give imide
bands, but only after warming the acetic anhydride—pyridine mixture, con-
tacting the film, to 60°C for 15 min (see Fig. 3). As indicated by a later
inflection point and lower weight loss, the TGA curves of the pyrazine
polyimides XXIX, XXXI, and XXXIII cured by this method actually
showed better thermal stability than previously (Figs. 4 and 5). However,
the TGA data of polymer XXXVII (PTDA-DATA-2,5) showed an early
inflection point followed by an overall diminution of thermal stability.
Apparently, for low molecular weight polymers, as in the latter case, ex-
cess acetylation of the numerous available free amines accounts for early
weight loss. This effect would become less of a factor with polymers of
higher molecular weight.
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In conclusion, the evidence presented is not intended to discourage the
investigation of polymers devoid of hydrogen as a unique class of thermally
stable polymers. The experimental results of this work do indicate that
polyimides prepared from PTDA plus a diamine contain inherent problems
which preclude this pathway as a practical route.
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Fig. 4. Thermogravimetric analysis of thermally cured pyrazine polyimides.
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EXPERIMENTAL
3,5-Diaminofurazan (XXIII)

This compound was prepared9from the reaction of 0.5 mole XH2OH, HC1
with 0.5 mole sodium dicyanamide in 250 ml of MeOH. After the initial
temperature rise, the mixture was refluxed for 30 min, cooled, and the
NaCl filtered off. Evaporation of the filtrate gave 45% yield of white
needles which were recrystallized from water to mp 100-107°C; mass
spectra parent ion = 100.

Anatr. Calcd for CAIND: C, 24.00%; 11,4.03%; N, 55.98%; 0,15 99%. Found;
C, 24.00%; 11,4.01%; N, 55.95%; 0,16.04%.

3,4-Diaminofurazan (XXIl)

A pressure bomb was charged with 11.8 g (0.10 mole) diaminogiyoxime
and 50 ml of a 8% NaOH solution. The container was sealed and heated
for4 hrat 170°C. After cooling in an ice bath, the solid was filtered. The
product, 3,4-diaminofurazan, was crystallized from water as white needles,
mp 179°C (lit.10180°C); vyield 17%; mass spectra parent ion = 100.

3,5-Diamino-l,2,4-thiadiazole (XXI)

Guanyl thiourea (8.0 g, 0,067 mole) was dissolved in a solution of 200
ml EtOH and 9 ml HCL. While heating at reflux temperature, 25 ml of
30% hydrogen peroxide was added over an interval of 30 min. The solu-
tion was cooled and 16 g of tolylsulfonic acid was added. After concen-
trating to a small volume, the thiadiazole tosylate was isolated from a
methanol-water mixture, mp 237-238°C (lit.11 238-240°C). The free
base was obtained by passing the tosylate through a weakly basic ion-ex-
change resin.  3,5-Diamino-1,2,4-thiadiazole was crystallized from dioxane
as white needles, mp 168-169°C (lit.11 16S-171°C); mass spectra parent
ion = 116. The overall yield was 24%.

Anat. Calcd for CHANAS: C, 20.68%; H, 3.47%; N, 48.24%; S, 27.61%. Found:
C, 20.96%; 11,4.13%; N, 47.75%; S, 27.23%.

ArAminothiadiazole-1,2,4-diyl-3,5-phthaliniide (XXVII)

In a 100 ml round-bottomed flask, 0.40 g DATA-3,5 (3.38 X 10 3mole)
was dissolved in 50 ml DAIk plus 5 ml pyridine. Then 1.0 g of phthalic
anhydride (6.76 X 10-3 mole) was added, and the solution was heated at
reflux temperature for 2 hr.  Upon cooling, 1.30 g (61% yield) of yellow
crystals was collected; mass spectra parent ion = 246. No melting point
was observed below 300°C. The position of attack was not ascertained.

Anat. Caled for CHH6ND 2S: C, 48.78%; Il, 2.46%; N, 22.75%. Found: C,
48.50%; 14,2.66%; N, 22.87%.

Pyrazinecarboxyanilide-2-carboxylic Acid

A 5.0-g portion (0.033 mole) of pyrazinedicarboxvlic anhydride, re-
crystallized twice from acetic anhydride, was added with stirring to a solu-
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tion of 3.1 g (0.033 mole) aniline in 25 ml THF. The solution was heated
at 50°C for 40 min and then concentrated to dryness. A quantitative
yield of white product was recrystallized from EtOH, mp 140.1°C.

Anai. Caled for CBHN®3: C, 59.26%; H, 3.73%; N, 17.28%; 0, 19.73%.
Found: C, 59.20%; I, 4.03%; N, 16.96%; 0,19.84%.

Pyrazinecarboxyanilide (1)

A 0.5-g sample of the previous acid was heated under N2to 1S0°C in
the melt state, cooled to solid, and recrystallized from EtOH as white
needles, mp 127.1°C.

Anat. CalcdforcuH N 20: C, 65.99%; H, 5.03%; N, 20.99%; 0,7.99%. Found:
C, 66.05%; H, 5.20%; N, 21.08%; 0,8.14%.

Pyrazine-2,3-dicarboxy-A-phenylimide (1)

A 1.0-g sample of the previous acid anilide was dissolved in a mixture
of 30 ml acetic anhydride plus 15 ml pyridine. After setting for 30 min,
the darkened solution was concentrated to dryness under reduced vacuum.
The residue was charcoaled and crystallized from a mixture of 45 ml EtOH
plus 5 ml DMF as white plates, mp 229.4°C.

Anat. Caled for CIHMND 22 C, 64.00%; H, 3.13%; N, 18.06%, Found: C,
63.18%; 11,3.13%; N, 18.44%.

N,A'-Diphenylpyromellitimide (I1V)

To a solution of 5.5 g (0.025 mole) of pyromellitic dianhydride in 50 ml
THF was added 4.75 ml (0.05 mole) aniline. The mixture was heated at
reflux temperature for 14 hours, cooled, and the precipitate filtered. The
yellow plates were recrystallized from boiling nitrobenzene, yield 8.4 ¢
(91%), does not melt below 300°C.

Anat. Caled for CZHIND4: C, 71.74%; H, 3.28%; N, 7.60%; 0, 17.38%.
Found: C, 71.58%; H,3.26%; N,7.80%; 0,17.61%.

2,5-Pyrazinedicarboxanilide-3,6-dicarboxylic Acid

To a solution of pyrazinetetracarboxylic dianliydride (0.243 g, 1.1 X
10-3 mole) in 10 ml p-dioxane plus 3 ml DMF was added 0.28 g (3.0 X
10~3mole) of aniline.  After stirring for 3 hr, the solution was refrigerated
and filtered, yield 0.110 g (25%0), mp 178°C.

ArAr-Diphenylpyrazinetelracarboxydiimide (VII)

A 0.05-g sample of the previous acid dianilide was treated in a 10 ml
acetic anhydride-pyridine, 5:1, solution for 2.5 hrand filtered. The filtrate
was washed twice with diethyl ether to give a quantitative yield of the
imidized product, which decomposes at 260°C.

Anat. Caled for d»Hi,,ND,: C, 64.86%; H, 2.72%; N, 15.13%; O, 17.28%.
Found: C, 62.13%; 11,2.19%; N, 14.34%.
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Bis(pyrazinecarboxyimino-p-phenylene) Ether (VIII)

A mixture of pyrazinedicarboxylic anhydride (4.0 g, 0.027 mole), oxy-
dianiline (2.7 g, 0.014 mole), and 25 ml of redistilled nitrobenzene was
heated at 200°C for 5 hr. The crystals which precipitated upon cooling
were filtered and recrystallized from boiling nitrobenzene after treatment
with charcoal. A quantitative yield of yellow-green plates was obtained,
mp 300°C (dec.).

Anai. Calcd for CZHIN® 3: C, 64.07%; H, 3.91%; N, 20.38%; O, 11.64%.
Found: C,64.07%; H,4.05%; N, 20.17%; 0,11.68.

2V,fV'-p-Oxydiphenylbis(pyrazine-2,3-dicarboxyimide) (1X)

To asolution of 2.7 g (0.0133 mole) oxydianiline in 35 ml THF plus 5 ml
DMF was added a solution of 4.0 g (0.0267 mole) of pyrazinedicarboxylic
anhydride in 35 ml THF plus 8 ml DMF. A slight exothermic reaction
occurred. After stirring for 6 hr, the solvent was removed under reduced
pressure to yield a yellow solid material. This was dissolved in 100 ml of
acetic anhydride-pyridine, 1; 1 and stirred for 30 min. The solution was
again concentrated under reduced pressure to yield a yellow precipitate.
The product was charcoaled and crystallized from nitrobenzene, washed
with ether to give 3.1 g (66%o yield) of product, mp 321°C (TGA).

Anat. Caled for CIAHINGSE C, 62.07%; H, 2.61%; N, 18.10%. Found: C,
61.65%; H, 2.63%; N, 17.95%.

The assistance of Mrs. Doris Haarr for the thermogravimetric analysis work is ac-
knowledged with thanks.

This work was sponsored by Essex International, Inc.
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Optical Properties of Inherently
Dissymmetric Polyamides*f

C. G. OVERBERGER, A. OHNISHI, and A. S. GOMES, J
Department of Chemistry and the Macromolecular Research Center,
University of Michigan, Ann Arbor, Michigan 48104

Synopsis

A study of the optical rotatory dispersion (ORD), circular dichroism (CD), and ultra-
violet spectra (UV) of polyamides derived from optically active biphenyl acid chlorides,
and aromatic, and aliphatic diamines, was made. The optically active monomers were
(—)-(S)-2,2'-dinitro-6,6'-dimethylbiphenyl-4,4'-dicarbonyl chloride and (—)-(,S)-2,2'-
dichloro-6,6'-dimethylbiphenyl-4,4'-dicarbonyl chloride. The diamines were o-, m-,
and p-phenylenediamine, piperazine, trans-2,5-dimethylpiperazine, and 1,2-pyrazolidine.
The ORD spectra of the o-phenylenediaminepolyamide taken in different solvents in-
dicated the existence of some ordered structure in the least polar solvent. All other
polyamides existed in a random coil conformation in the solvents employed.

INTRODUCTION

Recently, the optical rotatory properties of polymers containing atrop-
isomers have been investigated. Overberger and Yoshimura2have pre-
pared rigid and asymmetric polyamides by incorporation of optically active
biphenyls into the polymer backbone. These polymers, together with
their model compounds, have been investigated by visible optical rotatory
dispersion (ORD). Their polyamides derived from 2,2'-dinitro-6,6'-
dimethylbiphenyl-4,4"-dicarbonyl chloride, and o-phenylenediamine showed
a complex ORD curve in dichloroacetic acid while the curves of the m- and
p-phenylenediamine polymers were simple, using a single term Drude equa-
tion. Schulz and Jung3 have prepared several esters4 including a poly-
vinyl ester of (+)-2-methyl-6-nitrobiphenyl 2'-carboxylic acid and in-
vestigated their optical properties. Schulz and Jung8 later studied the
rotatory power of a polyamide obtained from (+)-2,2'-diaminobinaphthyl
and terephthaloyl chloride and its model compound. In this case, an en-
hancement of rotatory strength and red-shifted bands were observed for
the polymer with respect to its model. However, they did not find any

* In honor of Professor W. Kern on the occasion of his 6oth birthday.

f This is the 22nd in a series of papers concerned with the syntheses and properties
of asymmetric polymers; for the previous paper in this series see Overberger et al.1

} Fellow of the Brazilian National Research Council and the National Academy of
Science overseas research fellowship program.
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enhancement of rotatory power nor red-shifted bands when they studied
the ORD and circular dichroism (CD) of the optically active polyamide
derived from 2,2'-dimethoxy-6,6,-dicarboxylic acid and piperazine in com-
parison with the model compound prepared from piperidine.6 It should be
mentioned that in the above-mentioned cases, the ORD and CD curves
were obtained from the aromatic chromophore groups and in no cases were
they able to observe the amide absorption, mainly because of the lack of
solubility in an appropriate solvent which does not cut off in that ultra-
violet region.

With these problems in mind, we decided to restudy the polyamides,
previously prepared by Overberger and Yoshimura,2 hoping to be able to
observe some of the amide absorptions in the far ultraviolet spectrum.
In order to study the effect of hydrogen bonding and rigidity in these
polyamides, we decided also to prepare some polyamides derived from
(9-(/9)-2,2'-dinitro-6,6'-dimethylbiphenyl-4,4'-dicarbonyl chloride and
(—5-(E)-2,2'-dichloro-6,6'-dimethylbiphenyl-4,4'-dicarbonyl chloride and
secondary cyclic diamines such as piperazine (PIP), trans-2,5-dimethyl-
piperazine (DMP) and 1,2-pyrazolidine (PD) (Table I).

TABLE 1
Polyamides and Model Compounds Derived from
(—9)-(S)-2,2'-Dinitro-6,6'-dimethylbiphenyl-4,4'-dicarbonyl uhloride and
(—)-(S)-2,2"-Dieliloi'i-6,6'-diinethylbiphenyl-4,4'-dicarbonyl chloride

It 11/ = no?2 11/ = Cl
POA
PMA
et - PPA _
W— P-
H
Model A |
0
—N/ = — PIPB
e DMPA DMPB
PDA PDB
1

O Model A Il Model B
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Since the method for preparation of these monomers described in the
literature27 gave poor yields, we decided to improve the overall yield by
using a modified procedure, which is described in a separate paper.1

The ORD, CD, and ultraviolet spectra of the optically active aromatic
polyamides were taken in trimethyl phosphate (TMP), tributyl phosphate
(TBP) and methanesulfonic acid. In these solvents we were able to ob-
serve the beginning of a Cotton effect (ORD), which we believe is associated
with the n-1r= and - «~ transition of the amide chromophore.

Recently, Steigman and co-workers8 studied the behavior of poly-
(y-ethyl L-glutamate) and its model diamide in strong acid-water mix-
tures. They were able to show, by CD measurements, that the polymer
was in the coil conformation in methanesulfonic acid and sulfuric acid
solutions. The addition of water produced the a-helical form of the poly-
mer. In a later publication, Steigman and co-workers9 also showed that
poly(- -ethyl L-glutamate) exists in the coil conformation in dichloroacetic
acid solution because of strong solvation rather than protonation. The
coil-to-helix transition could be observed by using several cosolvents. The
order of decreasing efficiency of these cosolvents in effecting the transition
was: triethylamine > acetic acid ~ methanol > water ~ nitrobenzene >
nitroethane > formic acid > carbon tetrachloride. The hypothesis was
made that dichloroacetic acid in the liquid phase consists of monomers,
cyclic dimers, other cyclic forms and open-chain polymers and that the
order of the cosolvents represented the abilities of the various donors to
form hydrogen bonds with either dichloroacetic acid monomeric molecules
or with the nonhydrogen-bonded terminal carboxyl group of an open-chain
solvent polymer. In either event, a shift in solvent polymer-dimer-
monomer proportions would take place, reducing the concentration of the
chain polymer, and reducing the solvation of the peptide groups of the
polymer.

RESULTS AND DISCUSSION

Optical Rotatory Properties of the Aromatic Polyamides
and the Model Compound from
(—M-(S)-2,2"'-Dinitro-6,6'-Dimethylbiphenyl-4,4'-Dicarbonyl Chloride

The ORD and CD curves of the model compound, at, in trimethyl
phosphate (TMP) are shown in Figure 1

There are four Cotton effects: two negative ones centered around 305
and 260 m/n and two positive ones centered around 282 and 230 m/x. The
positive CD maximum at 231 nyu corresponds to an ultraviolet maximum
at 235 mlu, and two Cotton effects of opposite signs centered at 282 and
260 m/x are related to an ultraviolet inflection at about 270 niuand a nega-
tive CD maximum at 305 nt™ corresponds to another ultraviolet inflection
at 310 m/j.

The ultraviolet spectrum of nitrobenzene contains the maximum at 255
mju and an apparent inflection at 305 m/x, whereas 2,2'-dinitrobiphenyl
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Fig. 1. ORD and CD spectra of the model compound, AT, in trimethyl phosphate and
methanesulfonic acid.

Fig. 2. ORD and CD spectra of the POA polymer in trimethyl phosphate and methane-
sulfonic acid.
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Fig. 3. ORD and CD spectra of the PMA polymer in trimethylphosphate and methane-
sulfonic acid.

has shown the maximum at 257 mix and no such an inflection at all.D
Mislow et al.11'2have found that optically active 2,2,-dinitro-6,6,-dimethyl-
biphenyl exhibits two Cotton effects of opposite signs at 260 and 330 mix.
They estimated that the effect at 260 mp corresponds to the t w* transi-
tion of the nitrobenzene B-band which is a formally forbidden band in a
symmetrical aromatic system. They also assigned another masked nitro-
benzene transition near 330 m’x, which does not appear in the ultraviolet
spectrum. Recently, Schulz and Jung34 have found similar optical ro-
tatory phenomena in the studies of the ethyl and polyvinyl esters of (+)-2-
methyl-6-nitrobiphenyl-2,-carboxylic acid.

Although the CD extremum at 330 mix is not observed in Figure 1, some
evidences of the positive extremum are shown in the figures of the poly-
amides. The ORD tail and CD in the far-ultraviolet region indicate that
there is another Cotton effect centered at around 210 mix

The ORD and CD curves of the polyamide (POA) in TMP are shown in
Figure 2. There are noticeable differences between the curves of the poly-
amide (POA) and those of its model compound. The former shows a
marked enhancement of rotatory strength and red-shifted absorption bands
in both ORD and CD spectra, although there is no particular difference
in their ultraviolet spectra.

The spectra of the polyamide (PMA) in TMP are shown in Figure 3.
A comparison between this polymer (PMA) and POA reveals that the ORD
spectrum of the POA polymer is red-shifted with respect to that of PMA.
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Fig. 4. ORD and CD spectra of the POA and PPA polymers in tributyl phosphate.

The most noticeable difference in their ultraviolet spectra (not shown) is
that the broad shoulder evident in the POA spectrum becomes a dis-
tinguishable ultraviolet maximum at 272 mp in the PMA polymer, together
with ashift of the negative CD maximum from 260 to 265 mp.

The ORD and CD curves of the polyamides derived from o-phenyledi-
amine (POA) and p-phenylenediamine (PPA) in tributyl phosphate are
shown in Figure 4. Here again, the former polyamide is slightly red-
shifted in the ORD spectrum. The ultraviolet spectrum of the polyamide
PPA shows two independent absorption maxima at 235 and 315 mp.
Similarly, the CD spectrum shows two Cotton effects of opposite signs, a
positive one centered at 230 mp and a negative one at 315 mp.

It is summarized that the polyamide (POA) shows a noticeable enhance-
ment of rotatory strength and red-shifted absorption bands compared with
that of the model compound, Al, when TMP is the solvent used. The
ultraviolet spectra of the polymers show the appearance of another max-
imum in addition to the original one at about 235 mp; the shoulder at 260
mp in the polymer POA, and maxima at 272 and 315 mp in the polymers
PMA and PPA, respectively. At the same time, the negative CD maxi-
mum is moved from 260 to 265 and 315 mp, respectively. The rotatory
strength of the strongest band of the polymer is enhanced, to some extent,
upon changing the diamine component from o- to m- and p-phenylene-
diamine. According to the nature of the diamine component of the poly-
amide (p-, m-, or o-phenylenediaming), the negative CD maximum at about
265 mp appears and increases in rotational strength as the intensity of
another negative maximum at about 310 mp decreases.
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In order to study the behavior of these polyamides in a stronger polar
medium in which the polymers are expected to be in a random coil conforma-
tion, we decided to use methanesulfonic acid as the solvent.

Beforehand, one can predict that if all polymers exist in a random con-
formation in the TMP and TBP solvents, no major changes, caused by a
helix-coil transition in the ORD, CD, and ultraviolet absorptions of these
polymers will occur in the methanesulfonic acid solution, except for the ex-
pected changes due to the change in the solvent. These effects (solvation
or some protonation of the amide) are, however, expected to be similar for
all polymers and model compounds.

The ORD and CD curves for the model compound, Al, in methane-
sulfonic acid are shown in Figure 1L A red shift in the ultraviolet from 235
to 251 mz was observed. This shift in ultraviolet band is due to both
protonation and medium effects.8 A red shift in the ORD and CD ab-
sorptions was also observed. A negative CD band, centered at 313 n™
appeared; this band was not present in the spectra taken in TMP. An
increase in the molar elipticity of the CD band centered at 238 mz (A[0] =
35,000) took place

The ORD and CD curves for the polyamide POA in methanesulfonic
acid are shown in Figure 2. A large decrease in the molar rotation
(A[m] = 42,000 in TMP and A[m] = 94,000 in TBP) of the ORD trough
centered at 218 npz took place when methanesulfonic acid was used. At
the same time, an increase in the molar elipticity and a red shift of the CD
maximum centered at 231 mp took place (AJ0] = 30,000 in TMP and
AJ0] 25,000 in TBP). A red shift in the ultraviolet maximum from 236
nfz to 245 miz and the appearance of a new peak in the CD spectrum, cen-
tered at 313 mp, were also observed.

The ORD and CD curves for the polymers PMA and PPA in methane-
sulfonic acid are shown in Figures 3 and 5. A decrease in the intensity of
the ORD curves, a red shift in the ultraviolet maximum were observed in
both polyamides. A new CD absorption centered at 271 mp appeared in
the spectrum of the polyamide PPA.

In brief, the following changes in the spectra of these polyamides and
model compounds could be observed when methanesulfonic acid was used
instead of trimethyl phosphate and tributyl phosphate: a red shift and
decrease in the absorptions of the ultraviolet band at 235-236 ¥ of all
polymers (in the case of the model compound, an increase in the ultraviolet,
absorption was observed instead); a decrease in the intensity of the ORD
peaks at 238-245 mp of all polymers; a decrease in the CD peak at 238 nou
of all compounds. The most remarkable result was observed in the ORD
spectrum of the polyamide POA, in which a drastic decrease in the ORD
trough occurred at 218 mp.

The red shift in the ultraviolet maximum of all compounds could be ex-
plained by solvation in the stronger dielectric medium and by some pro-
tonation of the amide. However, the fact that an increase in the ultra-
violet coefficients of the model while a decrease in the ultraviolet coefficients
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Fig. 5. ORD and CD spectra of the PPA polymer in tributyl phosphate and methane-
sulfonic acid.

for all polymers took place, is still open to discussion. In general, a red
shift and increase in the ultraviolet coefficients are a common rule for the
behavior of amides in strong acidic medium.8

The large decrease in the molar rotation of the ORD trough, centered at
218 m/z, of the polyamide POA, in comparison with the other compounds,
can be explained in terms of relative rigidity or flexibility of a polymer
chain. If a polymer is composed of conformationally rigid monomer units,
portions of the polymer chain will have a fixed molecular geometry. This
allows the coupling of identical chromophores to take place, with conse-
guent enhancement of the rotatory strength.13 In the case of polyamides,
with dipoles aligned in the same direction, one also expects to observe for
the amide band, some of the features displayed by polypeptides in the
helical form: high rotatory strength, splitting of & t* transition, and
shifts of ultraviolet bands.¥4 On the other hand, if the polymer backbone is
somewhat flexible, allowing several conformational arrangements, the ef-
fects mentioned above should be minimized, and eventually loss of in-
tensity because of different geometrical dispositions along the chain should
be observed. Scale models of the POA polymer indicate that its most
stable conformation may be an ordered structure which may allow the
amide chromophores to couple. On the other hand, models of the PMA
and PPA polymers indicate that they should exist in extended forms in
which each amide chromophore may be randomly ordered.

We suggest that the ORD trough centered at 218 m'z is associated with
an W-7r* transition of the amide chromophore; hence the large molar rota-
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tion of the ordered POA polymer is observed. Since the PMA and PPA
polymers exist in a random conformation in TMP and TBP, no such large
change in their molar rotations is observed when a more polar solvent is
employed.

Optical Rotatory Properties of the Polyamides and the Model Compound
Derived from (—)-(<S")-2,2'-Dinitro-6,6,-Dimethylbiphenyl-4,4'-Dicarbonyl
Chloride and Cyclic Diamines

The ORD and CD curves for these polyamides are shown in Figures 6
and 7. There are five Cotton effects: Three negative ones centered
around 305, 265 and 205 m/x, and two positive ones centered around 2S5 and
230 m/x. The positive CD maximum at 225 m/x, and two Cotton effects of
opposite signs centered at 285 and 265 nvx are related to an ultraviolet in-
flection at about 290 m¥x. The magnitude of the optical rotation of these
compounds in TFE was of the same order of that obtained from the above-
mentioned aromatic polyamides taken in methanesulfonic acid. No
noticeable change could be detected in the ORD, CD, and ultraviolet ab-
sorptions of the PDA and IXUPA polyamides in comparison with the spec-
tra of the model compound All. These results indicated that the most
probable conformation of these polymers in TFE solution is a random
coil.

Trifluoroethanol is known to stabilize poly-L-proline Il in solution, by
hydrogen bonding with the amide carbonyl, while pyridine stabilizes poly-

Fig. 6. ORD spectra of the DM PA and PDA polymers and the model compound All in
trifluoroethanol.
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Fig. 7. CD spectra of Ilie DMPA and PDA polymers and the model compound All in
trifluoroethanol.

Fig. 8. Variation of the molar rotation of the ORD trough centered at 213 m/x with the
mole fraction of trifluoroethanol in water.

L-proline 1.5 The interaction of proteins in water-organic solvent mix-
tures has been recently investigated, and preferential binding of either one
or the other solvent has been recognized.HfitT

In order to study the solvation effect of TFE upon these polyamides, we
decided to add a nonsolvent into these solutions and measured the variation
of the molar rotation of the ORD trough centered at 213 mp with the mole
fraction of TFE. The results are shown in Figure 8. An increase in the
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rotation of these compounds was observed, but no unequal behavior for
the polymers in comparison with the model could be found. At a concen-
tration lower than 35% TFE the polymers precipitated. In brief, we can
conclude that the polymers derived from £rans-2,5-dimethylpiperazine and
1,2-pyrazolidine also exist in a random-coil conformation in a trifluoro-
ethanol-water mixture.

Optical Rotatory Properties of the Polyamides and the Model Compound
Derived from (—)-(<S)-2,2'-Dichloro-6,6'-Dimethylbiphenyl-
4,4'-Dicarbonyl Chloride and Cyclic Diamines

In order to further characterize the exact position and type of the amide
absorptions in the polyamides above described, we decided to prepare some

Fig. 9. ORD spectra, of the P1PB, DMPB, and PDB polymers and the model compound
B in trifluoroethanol.

polyamides and a model compound derived from (—)-(/S)-2,2'-dichloro-
6,6'-dimethylbiphenyl-4,4'-dicarbonyl chloride in which the chloro atoms
replaced the nitro groups.

The ORD and CD curves for these polyamides are shown in Figures 9
and 10. There are four Cotton effects: three negative ones centered
around 272, 225, and 205 m/r and one positive centered around 245 mir.
The CD maximum at 241 m/r corresponds to an ultraviolet maximum at
245 mju. Mislow et al.1l have found that optically active 2,2'-dichloro-
6,6'-dimethylbiphenyl exhibits two Cotton effects of opposite signs at
255 and 270 m/i.

The ultraviolet bands of the polymers were red-shifted in comparison
with those of the model compound.



1150 OVERBERGER, OHN1SHI, AND GOMES

Fig. 10. CD spectra of the BIBB, DMBB, and BDB polymers and the model compound
B in trifluoroethanol.

The position of the ORD troughs around 205 mp in these polyamides con-
firmed our previous assignments of an amide absorption for these troughs
(beginning of a Cotton effect resulting from an n-w* transition).

The magnitude of the optical rotations of these polyamides and the
model compound was the same. No data could be found to support the
existence of an ordered structure for any of the polyamides in solution of
trifluoroethanol at room temperature.

One of us (ASG) expresses appreciation lo the Conselho Naoional de Besquisa do
Brasil and Macromolecular Research Center of The University of Michigan for support
of this work. The authors are also grateful for financial support by the U. S. Army, Re-
search OHice-Durham, under Grant DAI1C04-69-C-0050.
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Kinelics of Vinyl Acciaio Emulsion Polymerization

PETER HARRIOTT, School of Chemical Engineering,
Cornell University, Ithaca, New York 11850

Synopsis

The emulsion polymerization of vinyl acetate has generally been considered a special
type of reaction that is not covered by the Smith-Ewart theory. Although the number
of particles depends on coalescence rates and can not be predicted by this theory, the
polymerization rate data are consistent with the general concepts of Smith and Ewart,
including reaction primarily inside swollen polymer particles, escape of radicals from par-
ticles, and termination of chains inside the particles. Allowing for rapid exchange of
radicals following chain transfer leads to a simple equation which fits much of the pub-
lished data for cases of both very low and very high values of n, the average number of
radicals per particle.

= I'kim 1p(2/6 01 1w Twr pr Kh) 1

Background

The emulsion polymerization of vinyl acetate does not follow the sim-
plest form of the Smith-Ewart theory,lwhich predicts that the polymeriza-
tion rate is proportional to the number of particles, with each particle hav-
ing a free radical about half of the time. In the batch tests by Patsiga
et ah,2the particle concentration N was varied three fold by using different
amounts of seed particles, and the polymerization rate was almost un-
changed. In similar tests by Netschey and Alexander,3 N was varied
130-fold with at most a twofold increase in the rate of reaction. Other
authors4'6 have changed N by varying the emulsion stability and have
found about the same maximum rate, except when N was very low and the
particles very large. In the recent study of semi-batch polymerization by
Gulbekian,6N varied from 10%to 2 X 10Bparticles per liter, and the rate
actually decreases as N increased, as shown by an increasing level of un-
reacted monomer at the end of the feed period.

Further evidence of abnormal kinetics comes from the effects of initiator
[IT and emulsifier concentration [E], but the results must be examined care-
fully to separate the effects on N and on the rate per particle. One form
of the Smith-Ewart equation predicts that N and the polymerization rate
vary with [I JW4[E]Jn6 In some studies the rate did vary with a fractional
power of [I], yet measurements showed that N was constant, so such results
would not support the Smith-Ewart theory even if the exponent were close
to 0.4. Fortypical recipes, N varies with the 1to 3 power of emulsifier con-
centration, yet the reaction rate is nearly the same, sometimes increasing

1133
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and sometimes decreasing. Many of these studies are reviewed by Linde-
mann.7

Because of the small or zero effect of N on rate, some authors26 con-
cluded that polymerization takes place mainly in the aqueous phase, and
they cited the moderate solubility of vinyl acetate in water (3% at 50°C)
as an explanation. Dunn and Chong8could not explain their results by
either an aqueous-phase or a polymer-phase reaction and suggested that
Medvedev’s theory9 of a surface reaction might apply. Napper and
Parts,10 working with dilute emulsions of large particles, explained their
results by assuming reaction in swollen particles, with more than one radical
per particle, which is case 3 of the Smith-Ewart theory. However no
general treatment has been proposed which explains the effects of reaction
variables for small and large particle emulsions.

In this paper, published rate data are compared with the cases con-
sidered by Smith and Ewart, including case 1, for which the particles have
a radical less than half of the time. The Smith-Ewart theory of particle
formation is not examined, since it obviously does not apply to vinyl ace-
tate. In atypical vinyl acetate polymerization, a large number of particles
are formed in a short time even when micelles are absent, but the final
number is determined by stabilizer concentration and other factors affect-
ing coalescence.5

Polymerization in the Water Phase

The initial rate of polymerization in the water phase rWcan be estimated
from the normal equation for solution polymerization [eq. (1)], assuming
initiating and termination of radicals only in the water,

= MM Jw (2M TW eIt 1)

where kv, kd, ktare rate constants for propagation, initiator decomposition,
and termination, respectively; [M]wand [I]Jw are the concentrations of
monomer and initiator, respectively, in the water phase. As shown by
Dunn and Taylor,5eq. (1) gives a propagation rate about one twentieth of
the maximum rate observed for a 2% solution of vinyl acetate. After
polymer particles are formed, partition of radicals between the phases de-
creases the radical concentration in the water, and the predicted reaction
rate in the water phase is even smaller. The rate is also lowered by the de-
crease in monomer concentration, and the rate in the water phase may be
less than 1% of the measured rate at 50% conversion. While this is
strong evidence against a significant water phase reaction, the calculation
was based on the rate constants for bulk polymerization, kv = 3000 and
k, = 2,5 X 107 1/mole-sec. The rate constants might be different in a
poor solvent such as water, though an order of magnitude error in the rate
seems unlikely.

Experimental evidence for a negligible reaction in the water phase is the
large increase in rate as the volume of polymer phase increases. This in-
crease is most evident for runs starting with a 1-3% homogeneous solution.
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Time, min

Fig. 1. Hate of polymerization in dilute emulsions [VAClo = 0.33M, 40°C, 0.015.M
KaSiOs; data of Napper and Alexander.4

Some data taken from Napper and Alexander are shown in Figure 1, and
similar results were obtained by other workers.3510 The reaction rate is
small for a few minutes and then increases as polymer molecules precipitate
to form a polymer phase. The initial rate of 1 X 10-5 mole/l.-sec (0.2%/
min) with a neutral soap is about that predicted for aqueous-phase reaction
from eq. (1). The rate increases until 40-50% conversion and then de-
creases, as the effect of reduced monomer concentration offsets that of in-
creased polymer volume. The prolonged increase in rate is quite different
from an induction period. When impurities are present in other polymer-
izations, the rate goes from zero to a maximum value in a very short time.
When oxygen is present in vinyl acetate solution, there is an induction
period, but the conversion-time curve still has the pronounced sigmoidal
shape, with a maximum rate at about 40% conversion.5

In the polymerization of concentrated emulsions (20-30% VAc), the
reaction starts in the water phase, and the rate must increase manyfold
as the polymer phase grows. How'ever the volume of the polymer phase
isa maximum at only 14% conversion, when the monomer phase disappears,
and it is more difficult to separate an increase in rate in this interval from
an induction period. The data of Patsigalll2 for 25% emulsions show
nearly constant rates from about 15 to 85% conversion, and the maximum
rates are 300-400 times those predicted from eq. (1) for water-phase
polymerization.

Equilibrium Theory for Reaction in the Polymer Phase

The rate of polymerization in the polymer phase r\}is assumed to follow
the standard equation:

rP= MM UN/NA @)

where [M]pis the monomer concentration in the polymer phase and Aa is
Avogadro’s number. The value of n, the average number of free radicals
per particle, is the major uncertainty in eq. (2). Applying this equation
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to published data gives values of n from 0.02 to 00 for different conditions.
In studies where N was varied, n varied nearly inversely with N. A value
of V, for n, as predicted for case 2 of the Smith-Ewart theory, occurs only
by coincidence, and the more complex treatment of cases 1 and 3 must be
considered.

The high values of n are consistent with case 3, where all radicals formed
in the water enter the particles, no radicals diffuse out, and particles are
large enough to have more than one radical at a time. Various solutions
of the recursion formula of Smith and Ewart have been presented for the
regionn = I/2to n = 4,n'li but a simpler solution holds for larger values
of n.  With several radicals per particle, the number of radicals per unit
volume would be about the same for different particles, and simple second-
order termination kinetics would apply. The rate of initiation in the water
phase is set equal to the rate of termination in the polymer phase, and the
polymerization rate per liter of emulsion is proportional to the volume
fraction of polymer phase, Fp:

2fed[I wFw = kh[R-]p2F p ©)
W, = MM ]P[R-]PFP (4)
= k,, [Al1, (2kd[I WFwF p/ kb > (5)

Here [It']is the radical concentration. Since eq. (2) still applies, n varies
inversely with N.

n = (Na/N) (2kd[I WTwFp//c,,)11 ®)

The low values of n indicate that radicals can diffuse out of the particles
quite readily, which is plausible for radicals of low molecular weight. The
relatively rapid chain transfer to vinyl acetate provides a source of such
radicals. At (i0°C with [M]p = 6, kv = 3700 I./mole-sec, and a rate con-
stant for chain transfer to monomer Cm = 2.5 X 10 _4, a growing chain
adds monomer at the rate of 22,000 molecules/sec, and transfer to monomer
occurs after 4000 units or 0.18 sec, on the average. A new vinyl acetate
radical might add a monomer molecule to start a chain after 1/22,000 sec,
but in this interval it might instead diffuse out of the particle. The mean
displacement is \ / 2Dt or 1000 A in 5 X 10“6sec for a diffusivity D —10 6
cm2sec and 300 A for D = 10“7cm2sec. As the radical adds monomer
molecules, it will diffuse more slowly, but it still has a good chance of leaving
the particle until several molecules have been added.

The escape of radicals from particles is considered in case 1of the Smith-
Ewart theory, but the equations are complex and require estimates of dif-
fusion rates. A simpler solution can be written for the limiting case when
diffusion of radicals in and out of the particles is rapid enough to establish
an equilibrium between the water phase and the polymer phase and be-
tween the different polymer particles. Then the number of contacts be-
tween radicals would be the same as if all the polymer were in one mass,
and the termination rate per liter of emulsion would be /r[R' Jp2Fp, as for
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suspension polymerization. Note that the radical concentration [R']P
is based on the total number of radicals and the total volume of polymer
phase, and the termination rate would be independent of particle size, even
though n would be much less than 12 for large values of N. Since the
termination rate is the same as given in eq. (3), eg. (5) would then apply to
low or intermediate values of n as well as high values. Therefore the more
general basis for eq. (5) is an equilibrium distribution of radicals which will
be called the equilibrium theory in further discussion.

Although small radicals can diffuse in and out of particles readily, the
large radicals cannot do so, both because of a lower diffusion rate and be-
cause of a higher distribution coefficient in favor of the polymer phase.
For vinyl acetate radicals, the distribution constant K would probably be
about the same as for vinyl acetate, which is 30 at 40°C.10 Oligomeric radi-
cals would have a higher K, and radicals with more than about 50 monomer
units would probably always stay in the polymer phase. (Priest® found
that polymer started to precipitate from the aqueous phase when the de-
gree of polymerization was 53.) Since all but a few of the radicals have
more than 50 units and are therefore confined inside particles, the equilib-
rium assumption and the mechanism of termination must be examined more
carefully. With small values of n, the main termination reaction may occur
between a large radical trapped in a particle and a small, rapidly diffusing
radical, but several small radicals may diffuse in and out of a growing parti-
cle before termination occurs. The termination rate is then proportional
to the number of large radicals per liter of emulsion and to the equilibrium
concentration of small radicals in the polymer phase, which is a small
fraction a of the total radical concentration.

it = fupa[S'Ip)Fp(l - a)[fl Ip= ak,r[R JPFp ©)

Equation (7) implies a lower termination rate than normal because a is
small, but termination in bulk polymerization may also be largely between
small and large radicals because of the difference in mobility, and perhaps
published values of fc, really include a. Therefore the a is omitted, which
leads back to eq. (5) as the proposed rate equation for the equilibrium
theory.

Additional termination in the water phase can be allowed for by adding
aterm to eq. (3)

2{61([\]wa = fhP[R y ip + ku [R IW2T w (8)
[R‘IP = /vave(R")w )
rp = kv[M IPFp [2ka[l W w \khVp + (Kt VWK \ vo)1s e (10)

For vinyl acetate, Kae is probably greater than 1000, which would make
termination in the water phase negligible, even though fcwmight be much
greater than kh. The last term in eq. (8) might be significant for more
soluble polymers or when chain transfer has an even stronger effect in limit-
ing the size of growing radicals. If the major termination is in the water
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phase, the reaction rate in the polymer phase would vary with the first
power rather than the square root of Fp.

Diffusion Effects

The transfer of radicals from the water phase, where they are formed, to
the polymer phase, where most of them terminate, requires external and
internal concentration gradients. The following example shows that both
driving forces should be small for particles as large as 5000 A. For polym-
erization at G0°C with Fp = 0.2, [K*"Og] = 1073 and kh = 2 X 10B the
equilibrium radical concentration from eq. 3is [R'],, = 4.3 X 10-7. For
particles 5000 A in diameter, with D = 10-5 cmZsec, and the mass transfer
coefficient kO = 2D/d = 0.4 cm/sec (where d is particle diameter), the ex-
ternal driving force required for transfer of all radicals to the polymer parti-
cles is 1.5 X 10~12 mole/L, which is negligible. When the particles are
surrounded by a 200 A layer of surfactant molecules®6in which 1) might be
10_e cmZsec, the extra resistance only doubles the required driving force,
which is still negligible.

The diffusion rate of radicals in the viscous polymer phase is more likely
to be important. The problem is similar to that, of diffusion plus reaction
in porous catalysts, but the net flux of radicals into the particles is fixed,
and the diffusion resistance changes the radical concentration gradient
rather than the rate of termination. For very large particles, there would
be high values of [R'Jpnear the outside of the particle, low values near the
center, and a lower average value of [R' ]p, which would give a lower polym-
erization rate. The diffusion modulus 0 for this case is based on the ter-
mination rate constant and the estimated radical concentration at the
particle surface.

0 = d/2(fcIR-Jo/D)v* (11)

For the example cited with d = 5000 A, [R'Jo = 43 X 10 7 and D =
10~8cm2sec, 0 = 0.23, which means a negligible gradient.Z7 However, D
for polymer radicals might be as low as 10-9 cm2sec, which would make 0
close to the critical value of 1, where the gradient becomes significant. For
particles larger than 5000 A or for very high rates of initiation, a decrease in
rate with particle diameter might be expected. Dunn and Taylor5did find
low reaction rates when an electrolyte was added to promote particle
coalescence, but the particle size was not reported.

Tests of the Equilibrium Theory

The equilibrium theory predicts that the polymerization rate varies with
the square root of the volume of polymer phase if the total charge of initiator
is constant ([I ]WFWtonstant). In Patsiga’s study of seeded polymerization
at 60°C,U the rate varied with the 0.35 power of the volume of organic
phase added, over the range 10-50 parts of organic per 100 parts of water.
This is further proof that the reaction takes place in the polymer phase,
and the exponent is not far from the predicted value of 0.5.
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Fig. 2. Monomer concentration in polymer particles.

Fig. 3. Volume of polymer phase and monomer concentration for dilute emulsions.

Another check on the effect of Vpcan be obtained from the studies of very
dilute emulsions, where Vv increases with conversion. However the
volume of polymer phase must be calculated allowing for partial swelling of
the particles in an unsaturated water solution. Figure 2 shows values
of monomer concentration in the polymer phase calculated by using eq. (5) of
Gardon s For a saturated solution, there is a significant effect of particle
size, but for P/P0< 0.9, the curves for 200 and SO0 A particles are prac-
tically identical. The upper dashed line is based on an interfacial tension
; of 3.1 dynes/cm and an interaction parameter %of 0.3, values given by
Vanzo et-al .« The lower lines were included to show the slight effect of ;
and the stronger effect of x on the swelling. The experimental data of
Netschey and Alexander., seem acceptable except near P/P0 = 0.8, but
those of Napper and Parts. are much too high and would correspond to
negative values of % The calculated values of Vp and [M]p in Figure 3
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are based on the theoretical line in Figure 2 for 400 A particles. The
monomer and polymer volumes are assumed additive with a density p of
0.93 g/cm3and 1.21 g/cm 3 though the measured contraction isonly 16%.5

By using the values of Fpand [M]pfrom Figure 3, the rate data of Nap-
per and Alexander were replotted as shown in Figure 4. For the small (800
A) and medium (2000 A) particles formed with anionic or neutral soaps,
the rate divided by "\/Fpis nearly constant until the monomer concentra-
tion is less than 2. For cationic soaps (d ~ 5000 A) the initial rates are
lower, but the maximum rate is about the same. Similar results were ob-
tained in recent work by Netschey and Alexander,3who used different seed
concentrations to vary the particle size. The maximum rate was about the

(M)p

Fig. 4. Polymerization in dilute emulsions: data from Fig. 1.

same for 480 A particles as for 4220 A particles, though the initial rate was
lower with larger particles. The lack of a particle size effect on maximum
rate is good evidence for the equilibrium theory, even though the lower
initial rates for large particles are not explained. If the reaction were con-
fined to the particle surface, the rates would have been inversely propor-
tional to particle size.

Since the rate depends on F,,1*and Vpis almost proportional to the con-
version for dilute emulsions (see Fig. 3), the square root of the conversion
x should be approximately proportional to the reaction time.

rirtU = kVvYl i13) (12
xh ™ 1/2k' (13)

Napper and PartsDderived this equation as a limiting case for large parti-
cles with large values of w, but their data show that it holds for small parti-
cles as well. The square-root relationship only held to a certain conversion,
which ranged from 50 to 20% with decreasing monomer concentration;
these critical conversions correspond to a monomer concentration of 1.4 +
0.2, in agreement with the breakpoint in Figure 4. For concentrated emul-
sions, the rate is constant to about 85% conversion or [M]p = 2. The reac-
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tion is assumed to be first-order to monomer, and the apparent zero-order
reaction down to [M]p = 2 is explained as a compensating decrease in
termination rate as the viscosity of the polymer phase increases.

The polymerization of dilute solutions was also studied by Dunn and
Taylor,6who worked at 60°C and reported only the maximum rate of reac-
tion for most runs.  On going from 0.3 to 1.0% monomer in the charge, the
maximum rate per liter of emulsion increased sevenfold, and between 1and
2% monomer it increased twofold. If the rates were measured at about the
same percent conversion, Fpat that point would be nearly proportional to
[M]0 and the term Vv'®could account for only part of the increase in rate.
The rest of the change in rate must come from the increase in [M]p, which

2

Fig. 5. Test of equilibrium theory.

varied from about 0.2 to 2.0. Analyzing the same or similar data, Dunn
and Chong8found a linear relation between the maximum rate and [M]w,
(not a proportionality as stated) and a square-root relation with [M]p.
However these relationships must be considered coincidental, since the
change in volume of the polymer phase was not considered.

The equilibrium theory predicts that the rate varies with the square root
of the initiation rate, and published data show exponents from 0.5 to 1L
Patsiga et al.2found an exponent of 0.8 for persulfate initiation, Dunn and
Taylor6found 0.04, and Dunn and Chong give 1.0 for low concentrations
and 0.6 for [I] > 2 X 10-4. O’Donnell2lalso found a shift from about 1at
low concentration to 0.7. Values of 0.5 were reported by Napper and
PartsDand by Gershberg.2 Exponents greater than 0.5 may be caused
by impurities, which have more effect at low persulfate levels, or by changes
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in the rate constant for decomposition of persulfate. Morris and Parts23
found an increase in the decomposition rate on adding vinyl acetate or
soap, but the effect diminished after some reaction took place.

For initiation by radiation, Stannett and co-workers,2 found that the
rate varied with the 0.9 power of the dose rate for unseeded emulsions and
the 0.26 power for seeded emulsions. No explanation is apparent for this
difference.

The data for several investigators are compared by plotting rva (kv yi'i)
versus Vp, as suggested by eq. (5).* Figure 5 shows that the data of Dunn
and Taylor for a dilute emulsion at 60°C fall on about the same line as the
concentrated emulsion data of Patsiga et al.2and Okamuraz The the-
oretical lines are based on [M]p = 6, which occurs at 60% conversion for
concentrated emulsion. The dilute emulsion data are for [M]p = 5-1.5,
which does not invalidate the comparison, since the rate is independent of
[M]pin this range. However the value of kt needed to fit the data to eq.
(5) changes from ~T06for [M]p = 6 to ~10>for [M]p = 2, since k, must
vary approximately with [M]p2if rvis constant.

The several results at 40°C indicate a termination constant fourfold
lower than at 60°C. The point for 50°C is based on the maximum initia-
tion rate used by Stannett, et al.Zlassuming a yield of 5 radicals per 100 eV.
The point at 70°C is too low even after allowing for some further increase
in k,, and the low rate is attributed to loss of radicals by chain transfer to
the polymeric stabilizer that was used. Others have shown that such
stabilizers lower the rate even when the particle size is not changed.

The calculated values of kt would afford a final check on the equilibrium
theory if good values from another method were available. No such data
were found for 40-70°C, but the data of Bengough and Melville® for bulk
polymerizations at 25°C are often cited. They found ktto be nearly con-
stant at low conversions and then to drop from about 107 at [M] = 7 to
about 105at [M] = 4. The computed values obtained from Figure 5 are
slightly lower than these published values, in spite of the higher tempera-
tures, and do not change as rapidly with monomer concentration. How-
ever the published values are quite uncertain, and order of magnitude agree-
ment is perhaps all that could be expected. More work is needed to deter-
mine the termination constant as a function of temperature and monomer
concentration and also the propagation constant, which may decrease at
very high viscosities.

In conclusion, the rate data for emulsion polymerization of vinyl acetate
indicate that growth and termination take place primarily inside the swollen
polymer particles. The data support the concept of an equilibrium distri-
bution of radicals, brought about by a high rate of interchange of radicals
between polymer particles. The rapid escape of radicals from particles is
possible because of the relatively high rate of chain transfer to monomer and
the moderate water solubility of monomeric and oligomeric radicals.

*The initiation rates r, were calculated by using k( = 1.9 X 10-7 sec-1 at 40°C and
46 X 10~6sec-1 at 60°C for persulfate.
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ANNOUNCEMENT

The 1971 Internatioiuil Paper Physics Conference, sponsored by the
Technical Section of the Canadian Pulp & Paper Association and by
TAPPI, will take place in September 1971 at Mont Gabriel Lodge,
Mont Gabriel, P. Q., Canada.
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